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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.
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Preface

The earth’s sustainable development is threatened by the energy exhaustion
and rising atmospheric concentrations of CO» linked to global warming. One
of the causes of the energy crisis and the increased atmospheric CO; content
could be the imbalance between the rapid consumption of fossil fuels due to
anthropogenic activities and the slow formation of fossil fuels. An efficient
method for counteracting the imbalance in the carbon cycle and keeping
sustainable development should involve CO, utilization and conversion. To
further promote research and development in CO; areas, and to foster professional
collaboration among researchers, we organized a symposium on “Materials and
Technologies for CO, Capture, Sequestration, and Conversion” as a part of the
246t American Chemical Society National Meeting, which took place September
8-12, 2013 in Indianapolis, IN (USA). This symposium was sponsored by the
ACS Division of Energy and Fuels. This book was developed on this symposium.

This book brings together recent advances in CO; capture, sequestration,
and conversion and consists of 14 peer-reviewed chapters, with emphasis on the
photocatalytic conversion of CO,, chemical fixation of CO,, and CO; reforming
of methane. It also includes novel methods of CO; reduction, such as selective
hydrogenation in supercritical carbon dioxide and hydrothermal reduction of
CO», and the recent advances in CO» capture and storage.

All chapters were written by scientists and researchers who are experts in their
own fields. Most of those chapters were developed from ACS articles presented at
the symposium, and others were from invited contributors in the related research
areas. This book is very useful for researchers and engineers in CO, utilization
and conversion.

We would like to thank all the authors of the chapters for their contributions
to the ACS book and the ACS symposium, along with all of the peer reviewers for
their efforts in evaluating the manuscripts to improve the quality of those chapters.
We also wish to thank the ACS Division of Energy and Fuels and ACS Books for
the opportunities to organize the symposium and to publish this book, respectively.
Thanks as well to Tim Marney and Anne Brenner of ACS Books for their great
efforts in the peer-review process and production of this book.
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Chapter 1

Recent Advances (2012-2015) in the
Photocatalytic Conversion of
Carbon Dioxide to Fuels Using Solar Energy:
Feasibilty for a New Energy

Yasuo Izumi*

Department of Chemistry, Graduate School of Science, Chiba University,
Yayoi 1-33, Inage-ku, Chiba 263-8522, Japan
“E-mail: yizumi@faculty.chiba-u.jp

In this chapter, recent advances in photocatalytic CO>
conversion with water and/or other reductants are reviewed
for the publications between 2012 and 2015. Quantitative
comparisons were made for the reaction rates in umol h-!
geat! to acertain the progress of this field although the rates
depends on photocatalyst conditions and reaction conditions
(temperature, pressure, and photon wavelength and flux). TiO»
photoproduced methane or CO from CO, and water at rates
of 0.1-17 umol h! g, depending on the crystalline phase,
crystalline face, and the defects. By depositing as minimal
thin TiO; film, the rates increased to 50-240 umol h=! gea!.
Gaseous water was preferred rather than liquid water for
methane/CO formation as compared to water photoreduction to
H,. Pt, Pd, Au, Rh, Ag, Ni, Cu, AuzCu alloy, I, MgO, RuO»,
graphene, g-C3Ni, Cu-containing dyes, and Cu-containing
metal-organic frameworks (MOFs) were effective to assist the
CO; photoreduction using TiO, to methane (or CO, methanol,
ethane) at rates of 1.4-160 umol h™! g.,!. Metals of greater
work function were preferred. By depositing as minimal thin
photocatalyst film, the rates increased to 32-2200 pmol h!
gea!. The importance of crystal face of TiO; nanofiber was
suggested. As for semiconductors other than TiO;, ZnO,
ZngTi layered double hydroxide (LDH), MgsIn LDH, KTaOs3,
In(OH);, graphene, graphene oxide, g-C3Ni, CoTe, ZnO,

© 2015 American Chemical Society
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ZnTe, SrTiO3, ZnGax04, ZnyGeOs, Zr—Co—Ir oxides, NbyOs,
HNDO3, NaNbO3, InNbO4, NiO, Co304, CuO, AgBr, carbon
nanotube, and the composites of these were reported to form
methane, CO, methanol, acetaldehyde from CO; and water
at rates of 0.15-300 pmol h1 ge! that were comparable
to rates using promoted TiO,. The band energy designs
comprising appropriate conduction band for CO; reduction
and valence band for water oxidation were made progresses
in these semiconductors and semiconductor junctions in the
three years. If H, was used as a reductant, Ni/SiO>-Al,0O3
formed methane at 423 K under pressurized CO> + H> at a rate
of 55 mmol h™! ge,~!. This rate was not enabled by heating
the system under dark, suggesting photoactivated reaction
followed by thermally-assisted reaction(s) via Ni—H species.
As pure photocatalytic reactions from CO, + H,, methanol
formation rates were improved up to 0.30 umol h1 g,~! by
the doping of Ag/Au nanoparticles, [Cu(OH)4]?~ anions, and
Cu-containing dyes to Zn—-Ga LDH. Furthermore, sacrificial
reductants, e.g. hydrazine, Na»SOs3, methanol, triethanol
amine, and triethyamine, were also utilized to form CO,
formate, and methanol at rates of 20-2400 pmol h™! gea!
using semiconductor or MOF photocatalysts. Finally, similar
to the integrated system of semiconductor photocatalyst for
water oxidation and metal complex/enzyme catalyst for CO»
(photo)reduction, two semiconductors (WO3, Zn—Cu—Ga LDH)
were combined on both side of proton-conducting polymer
to form methanol at a rate of 0.05 umol h™1 g1 from CO;
and moisture. These promotion of photoconversion rates of
CO; and new photocatalysts found in these three years have
indicated the way beyond for a new energy.

Introduction

To enable carbon neutral cycle in modern industrial society, CO> conversion
into fuels utilizing natural (sustainable) energy is one of the ideal methods.
Carbon monoxide, methane, methanol, acetaldehyde, and ethane obtained from
CO; are attractive products because they can be easily intergrated into the existing
fuel and chemical technology. Although various review articles have been
published dealing with the conversion of solar energy into fuels (/, 2) and the
conversion of CO; into fuels (3—8) until 2012, the researches and developments
are more intensive during 2012 and 2015 for the target of CO; reduction into
fuels that enables carbon neutral and suppresses the anthropogenic increase of
CO; concentrations in the atmosphere.

In this chapter, recent advance based on various intensive researches between
2012 and 2015 in the CO; photoconversion into fuels is reviewed in hope for a new
energy. Similar to previous review for studies before early 2012 (4), the scope
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of this chapter is limited to semiconductor photocatalysis for the conversion of
CO,. Especially, some orders of increase for the CO; conversion rates and new
photocatalysts are focused.

Photon Energy Conversion of CO; to Fuels with Water
1. TiO; Photocatalysts
1.1. Difference of Crystal Phases
The CH4 formation rate was 0.19 umol h=! gg,~! in atomospheric pressure of
CO; and moisture using TiO (9). Under similar reaction conditions using some

crystal phases of TiO», the CO formation rates were in the order

anatase (3.3 pmol h™' g ') > brookite (1.5 pmol h™" g., ") > rutile (0.82 pmol
h™' g ') (Table 1)." (1)

If the TiO; photocatalysts were preheated at 483 K in a flow of helium to make
defects, the CO formation rates were in the order

brookite (17 pmol h™" gg, ") > anatase (10 pmol h™' g, ") > rutile (4.0 pmol h™*
-1
Seat ) 2).

The order did not change if minor methane formation was added to the CO
formation (Table 1). The binding of CO> on Ti3* sites and the reduction of the
bound CO»~ species by O-defect sites were suggested (10).

CO, + Ti*" — Ti*'-CO,~ (3)
CO, +H +e¢ — CO+ OH™ 4)
CO, + Ti¥"-Vo-Ti*" - CO + Ti*"-0* -Ti* (3)

The activity order reported in reference (//) was consistent with equation 1.
Furthermore, the anatase:brookite phase ratio was varied by changing the amout
of urea used during the TiO; synthesis. The improved photoconversion of CO;
suggested heterojunction effects of two crystalline phases.

anatase (75%)-brookite (25%) > P25 (anatase 80%, rutile 20%) > anatase >
brookite ©"
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Table 1. Reported CO; Photoreduction Catalysts, Reaction Conditions, and the Formation Rates in Water/with Moisture Using TiO»

Photocatalyst Reactants T (K) Light source Reactor Major product Ref
{formation rate
Brand name Amount (mg)  CO; H>O (umol h™! gear™ 1)}
P25 10 Atmosph. P Atmosph. P Room 7' 100W Hg Closed CHa4 (0.19) €9)
TiO> (anatase) 100 99 kPa 2.3 kPa 150 W solar Stainless steel, CO (3.3) (10)
simulator Flow
TiO; (rutile) CO (0.82) (10)
TiO; (brookite) CO (1.5) (10)
Defective TiO CO (10.4), CH,4 10)
(anatase)? 2.5)
Defective TiO2 CO (4.0) (10)
(rutile)2
Defective TiO; CO (17.0), CH4 (10)
(brookite)? (1.9)
TiO; (anatase) 100 Atmosph. P Saturated 150 W solar Stainless steel CO (1.2) 00))
simulator
TiOs CO (2.1) (11)
(atatase:brookite
=3:1
TiO» (brookite) CO (0.7) (11)
TiO, (anatase) 100 101 kPa Liq (1 mL) 293 300 W Hg Pyrex CH4 (1.2) (12)

{010}
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Photocatalyst Reactants T (K) Light source Reactor Major product Ref

{formation rate
Brand name Amount (mg)  CO: H;O (umol h™" gea™1)}

TiO; (anatase) CH4 (0.74) (12)

{101}

TiO; (anatase) CH4 (0.19) (12)

{001}

TiO» (anatase) 100 CH4 (0.15) (13)

{001}:{101}

=11:89

TiO; (anatase) CH4 (1.4) (13)

{001}:{101}

=58:42

TiO» CH,4 (0.55) 13)

(anatase){001}:

{101}=83:17

P25 20 200 kPa 12.3 kPa 323 100 W Xe Stainless steel CO (1.2), CH4 15
(0.38)

P25 20 200 kPa Liq (4 mL) 323 100 W Xe Stainless steel CO (0.80), CHy4 (15)
(0.11)

TiO; (anatase) 500 Saturated Lig(1L) 303 UV lamp Pyrex CHa4 (11) (18)

TiO; nanofiber 5 Atmosph. P Satur. P 500 W Xe CO (12), CH4 (6) (20)

TiO; (anatase) Film Atmosph. P Satur. P Room 7" 400 W Xe Stainless steel, CO (240) (206)

Flow

In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;
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Table 1. (Continued). Reported CO; Photoreduction Catalysts, Reaction Conditions, and the Formation Rates in Water/with
Moisture Using TiO;

Photocatalyst Reactants T (K) Light source Reactor Major product Ref
{formation rate
Brand name Amount (mg)  CO:> H>O (umol h~! geai1)}
P25 1.25 cm? 190 kPa Satur. P <333 1000W Xe Aluminum CH4 (50) (27)
Film
TiO, 100 CH4 (0.52) (29)

a Heated at 493 K for 90 min in a flow of He.
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1.2. Difference of Crystal Facets

The reactivity order for facets in the CO, photoreduction to methane using
anatase TiO; was reported

{010}>{101}>{001} (7) (Table 1)."

The ratio of exposed {0 0 1} face versus thermodynamically stable {1 0 1}
face was progressively varied between 11:89 and 83:17 for anatase TiO» utilizing
the F~ as stabilizing agent for the {0 0 1} face (/3). The conduction band (CB)
and valence band (VB) for {0 0 1} face were calculated to position at slightly
negative energy, thereby photoexcited electrons and holes move to {1 0 1} and
{0 0 1} faces, respectively, similar to normal heterojunction of two kinds of
semiconductors (Figure 1). The rates of CO; photoreduction to methane reached
the maxium when the exposed face ratio of 58:41 (1.4 pumol h™! gcac!; Table 1).

Related to the study, hollow anatase TiO, dominating {1 0 1} face was
synthesized and the methane formation rate using TiO, doped with 1 wt% RuO;
was by a factor of 1.5 higher than general hollow anatase TiO> (Table 2) (/4).

1.3. Difference of Reactant Water Phases

The photoreduction CO; (200 kPa) with gaseous water (12.3 kPa) and liquid
water was compared (Figure 2) (/5). Total formation rates of CO and methane
using TiO, were improved by a factor of 1.7 with gaseous water (1.6 pmol h™!
geat”!) rather than with liquid water.

HF0 =—> HF45 —> HF9

Figure 1. The control of {001} and {101} exposed face ratio for anatase TiO;
for photocatalytic CO; reduction (13). Reproduced from reference listing (13).
Copyright 2014, ACS.
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¥
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Figure 2. Reactors used for photocatalytic reduction of CO; with H>O. Left: TiO:
under moisture, right: TiO; immersed in liquid water. The distance between the

Xe lamp and the catalyst was adjusted to be the same for the two reaction modes
(15). Reproduced from reference listing (15). Copyright 2014, ACS.

2. Metal-Loaded TiO; Photocatalysts

2.1. Comparisions of Metal

The photoreduction CO; (200 kPa) with gaseous water (12.3 kPa) and liquid
water was compared (Figure 2) (/5). The improvement of total photoreduction
rates of CO; using Pt-TiO, was by a factor of 2.9 (6.3 umol h™! ge. 1) (Table
2). This improvement was greater compared to the case for TiO> (Table 1). The
comparison between solid—gas and solid-liquid interface reactions was also made
for CO; photoreduction over layered double hydroxide (LDH) photocatalyst (/6).
The major pathways were CO; reduction to methanol and proton reductions to Ha,
respectively.

Total photo-formation rates of methane and CO from CO, and gaseous water
were in the order:

Pt-TiO, (6.3 pmol h™" g ") > Pd-TiO, (5.4 umol h™' g, ") > Au-TiO, (4.6
pmol h™' g, ") > Rh-TiO, (4.1 pmol h™" g, ™) > Ag-TiO, (3.8 pmol h™" e ")
(Table 2)"° 8)

following the order of work function (WF)

Pt (5.12-5.93 V) > Pd (5.22-5.6 eV) > Au (5.31-5.47 eV) > Rh (4.98 eV) >
Ag (4.52-4.74 ¢V)." )
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The selectivity for CO, photoreduction as compared to H>O photoreduction
to H> was 56% using TiO,, but it decreased to 39—45% by the addition of Pt, Pd,
Au, Rh, and Ag because the trapped electrons on these metals thermodynamically
preferred to transfer to protons [E° =0—0.0591 x pH V, versus standard hydrogen
electrode (SHE)] rather than both CO; and protons (E° =-0.32 — 0.0591 x pH V,
versus SHE) (/6).

Solvothermal synthesis of anatase TiO» with Ni ions was done and the band
gap slightly decreased from 3.16 eV for TiO; to 3.00 eV for Ni-TiO». Accordingly,
photocatalytic production rate of methane from CO; increased from 11 (TiO) to
14 pmol h™! gt (Ni-TiO;; Table 2) (18). Ni-TiO; prepared via sol—gel method,
coated on monoliths, and threaded with quartz plate photocatalytically converted
CO> into methanol at a rate of 20 pmol h=! ge,~! (Table 2) (/9). The reduction
of CO; on TiO; and oxidation of water on NiO were assumed utilizing the p—n
heterojunction.

The effects of Au and Pt loading on TiO, were also tested by preparing
nanofiber TiO; by electrospinning by appling 15 kV between needle for sample
precursors and collector (20). Under atmospheric pressure of CO; saturated
with moisture irradiated by UV-visible light, the TiO» nanofiber formed CO
and minor methane (Table 1). The selectivity changed to form major methane
by the loading of Au (62 pmol h™! g 1) and Pt (84 pumol h™! ge!). The
generation rate of mehane further improved to 110 pmol h™! gea! using Au(0.25
atomic%)-Pt(0.75%)-TiO; nanofiber (Table 2). Au was metallic state whereas Pt
was Pt0, Pt2+) and Pt#* states in these photocatalysts. Electron trap effect due to
greater WF for Pt and surface plasmon resonance (SPR) effect at 540-590 nm for
Au worked synergetically in the Au(0.25 atomic%)-Pt(0.75%)-TiO2 nanofiber.
The relatively higher formation rates compared to reference (/5) would be the
difference of amount of photocatalyst used (5 mg (20) versus 20 mg (15)).

Doubly doping of Cu(0.1%) and 1(10%) to TiO, was effective to photoconvert
CO; into CO at a rate of 12 pumol h™! ge,! in comparison to that (0.7 pmol h™!
geat 1) using undoped TiO; (Table 2) (27). Double-walled TiO2 nanotube promoted
Cu and Pt with the ratio 1:2 showed good hydrocarbon generation rates of 154—164
pmol h™1 geq! in pressurized CO; conditions (Table 2) (22).

The combination of graphene and TiO, was reported to effectively form
ethane at a formation rate of 17 pmol h™1 gc! (23) and CO at a formation rate of
8.9 umol h™! gear ! (24) from CO; and water (Table 2). Nitrogen-doped TiO» was
combined with graphitic carbon nitride (g-C3N4) (25). The assembly prepared
from urea and Ti(OH)4 with the molar ratio of 7:3 at 853 K was the best to form
CO at a rate of 12 pmol h™! ge,! (Table 2). While graphene is regarded as a
media to shuttle electrons from TiO (23), g-C3N4 (CB minimum: —1.12 V versus
SHE) was considered as electron donor to TiO3 (25).
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Photocatalyst Reactants T (K) Light source Reactor Major product Ref

{formation rate
Brand namea Amount (mg)  CO: H>O (umol h™! gear )}

RuOs-hollow 100 60 kPa Satur. P 300 W Xe Teflon lined CHa4 (1.7) (14)

TiO, {101} Stainless

major

Pt(0.5%)-P25 20 200 kPa 12.3 kPa 323 100 W Xe Stainless steel CH4(5.2),CO(1.1) (I5)

Pd(0.5%)-P25 CH4(4.3),CO(1.1) (15

Au(0.5%)-P25 CH4(3.1),CO(1.5) (15)

Rh(0.5%)-P25 CH4 (3.5), CO (15)
(0.62)

Ag(0.5%)-P25 CH4(2.1),CO(1.7) (15)

MgO(1.0%)- CH4 (11), CO (15)

Pt(0.5%)-P25 (0.03)

Pt(0.5%)-P25 20 200 kPa Liq (4 mL) 323 100 W Xe Stainless steel CHs (1.4), CO 15)
(0.76)

Ni-TiO; 500 Saturated Liq(1 L) 303 UV lamp Pyrex CH4 (14) 18

(anatase)

Ni(1.5%)- 200 Atmosph. P Satur. P 200 W Hg Pyrex CH30H (20) (19)

TiO2 monolith

Au(1%P)-TiO, 5 Atmosph. P Satur. P 500 W Xe CH4 (62), CO (40)  (20)

nanofiber
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Photocatalyst Reactants T (K) Light source Reactor Major product Ref
. {formation rate
Brand name Amount (mg)  CO: H>O (umol k! gear™)}
Pt(1%9)-TiO» 5 CH4 (84), CO (16)  (20)
nanofiber
Au(0.25% 5 CH4(110), CO (54)  (20)
5)-Pt(0.75%b)-
TiO; nanofiber
Cu(0.1%)- 100 Atmosph. P Satur. P 450 W Xe CO (12) @n
1(10%)-TiO2 (2>400 nm)
Cu-Pty/TiO; 6.7 99.9% Satur. P Solar High P cell CH4 (120) CO (12) 22)
Nanotube Simulator,
AM1.5

1.0% Satur. P CH4 (160) (22)
graphene(2%)- 100 Atmosph. P Liq (0.4 mL) 300 W Xe arc Glass CyHs (17), CHa4 23
TiO» (8.0)
graphene-TiO; 10 Atmosph. P Liq (0.4 mL) 300 W Xe arc CO (8.9) 24
g-C3Ny-N- 100 Atmosph. P Satur. P 303 300 W Xe arc Teflon CO (12) (25)
TiO,
Pt(0.21%pb)- Film Atmosph. P Satur. P Room T 400 W Xe Stainless steel, CHs (420) (26)
TiO, Flow
Pt(0.94%pb)- CHj4 (1400) (26)
TiO>
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Table 2. (Continued). Reported CO; Photoreduction Catalysts, Reaction Conditions, and the Formation Rates in Water/with
Moisture Using Metal, Metal Oxide, or Other Additive-Loaded TiO;

Photocatalyst Reactants T (K) Light source Reactor Major product Ref
. {formation rate
Brand name Amount (mg)  CO: H>O (umol h~! gea 1)}
Pt(1.3%pb)- CH4 (630) (26)
TiO;
Pt(2.5%b)- CH4 (63) (26)
TiO,
Au(1.5%)-P25 50 190 kPa Satur. P <333 1000W Xe Aluminum CHs4 (32) (27)
Au(0.5%)- 50 CHs (44) (27)
Cu(1%)-P25
25 125 W HP Hg none (27)
25 150 W Xe CH4 (0.89) 27)
(2>400 nm)
Cu(1.5%)-P25 50 CH4 (40) (27)
Au(1.5%)-P25 0.6 (1.25 cm?) CH4 (210) (27)
Au(0.5%)- CH4 (2200) 27)
Cu(1%)-P25
Cu(1.5%)-P25 CH4 (280) 27)
Cu(bpy)2-P25 100 Gas Gas 2>400 nm CH4 (0.3) 28)
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¢l

Photocatalyst Reactants T (K) Light source Reactor Major product Ref
{formation rate
Brand names  Amount (mg)  CO: H>O (umol k! gear™)}
Cus(btc)a- 300 150 kPa Liq (S mL)not 313 300 W Xe arc ~ Stainless steel CHjy (2.6) 29
core|TiOz- immersed (4>400 nm)
shell
Cus(btc)z 200 none 29)

a The loading ratio is weight % except for 2.

b Atomic %.
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2.2. Effective Thin Layer Photocatalysts

The CO; reduction rates using moisture and Pt-supported TiO» were improved
by the deposition of photocatalyst thin layer (26). Ti(i-OC3H7)s was bubbled by
N> gas and deposited on indium tin oxide (ITO)-coated glass maintained at 773
K. Then, platinum was sputtered on the TiO, film. Based on the images of field-
emission scanning electron microscopy (FE-SEM), the TiO» film comprised single
crystal rods grown on the glass with a typical column diameter of 250 nm and
height of 1.5 pm and possessing an orientation of anatase {1 1 2} plane (Figure 3).

CO, + H,O

|
J

Figure 3. FE-SEM image of thin Pt-TiO: film deposited from Ti(i-OC3H7)4 and Pt
sputtering (26). Reproduced from reference listing (26). Copyright 2012, ACS.

Due to the high dispersion, the TiO; film produced CO at higher rate per unit
amout of photocatalyst: 240 pumol h™! ge,! from CO; and moisture (Table 1).
When the Pt atomic % was 0.21, 0.94, 1.3, and 2.5, the average Pt particle size
was 0.63, 1.0, 1.3, and 1.9 nm, respectively. By the doping of Pt, the selectivity
changed from CO to CH4. This selectivity change was ascribed that sufficient
electrons were accumulated in Pt and thermodynamically stable CH4 was produced
rather than CO. The CH4 formation rates were maximal at 0.94 atomic % of Pt. By
checking the TiO; surface coverage of Pt nanoparticles, the increase of methane
formation rates until 0.94 atomic % of Pt was ascribed to the increased number of
effective Pt sites. The decrease above 0.94 atomic % of Pt was ascribed to particle
size effects of Pt. Namely, the reduction potential for Pt nanoparticles is similar
to the CB of TiO2 (=0 V versus SHE) and electrons excited in CB of TiO, would
shift to Pt (Figure 4, middle). In contrast, when the Pt nanoparticle size increase
at the higher loading, the potential shift to +1.21 V versus SHE as the WF of Pt is
5.65 eV, thereby both electrons and holes tend to shift to Pt and recombine (Figure

4, right) (26).
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The CO; reduction using moisture and metal-supported TiO» was further
improved irradiated by 1000 W-Xe lamp, pressurized reactor cell (190 kPa of
CO»), and also the deposition of photocatalyst thin layer (0.6 mg per 1.25 cm?)
(27). Using sequentially-deposited and hydrogen-reduced (@673 K) Au(0.5
wt%)-Cu(1.0 wt%)-TiO, photocatalyst, methane was formed at a rate of 2200
pumol h=1 g, ! (Table 2). In comparison to the performance of Au(1.5 wt%)-TiO
and Cu(1.5 wt%)-TiO, photocatalysts (210-280 pmol h™! gea!), Au—Cu alloy
phase detected in high-resolution transmission electron microscopy (HR-TEM)
seemed to be specifically effective. The role of hydrogen-reduced Ti3* sites was
also suggested to donate electrons to CO,.

=
Vacuum level \
CO; (gas)
0408V
2.128 eV
e Py
—| Pt e COzonPUTIO,
— T —
—— Plage
= Ptbulk
-5.65 eV ]
f

Figure 4. CO; photoreduciton mechanism using Pt-TiO:z nanostructured film.
The photogenerated electrons move fast inside the highly-oriented TiO; single
crystals and flow to the Pt nanoparticles, where the reduction reaction occurs to
convert CO; into CO or CHy (middle) (26). Reproduced from reference listing
(26). Copyright 2012, ACS.

Using 125-W high-pressure Hg and 150-W Xe lamps (with cutoff filter of 1
> 400 nm) for ultraviolet (UV) and visible irradiations, respectively, for Au-Cu-
TiO; photocatalyst, no product and methane only were formed, respectively (Table
2) (27). Thus, SPR (the wavelength 570-580 nm) effect of Au in visible light
region was suggested to transfer the hot electrons to Cu sites (Figure 5). Carbene
pathway was proposed based on Fourier transform infrared (FTIR) rather than
formaldehyde pathway (Scheme 1) (5).
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H,
UV light
% 0,+ 2H*
Visible light it W co,
] Au—%u 0,
cB CB e ) H,0
b Bandgap | ——— > Tio, Bandgap % 0,+ 2H*
- > _ e~ + H* - s+ _@a- 4+ H*
0=c=0-50=¢=041H5 o5 ¢o L5 ¢

e gy et oy e+ oy e+ Hy oy,

Figure 5. Proposed photocatalytic reaction mechanism of CO; reduction with
moisture using Au(0.5 wt%)-Cu(1.0 wt%)-TiO: photocatalyst (27). Reproduced
from reference listing (27). Copyright 2014, ACS.
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0=C—0H CO + OH"
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le +H* C +OH
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| .
HO—C—OH CH
. e +H"
le‘*H l
H CH,
| 1e‘~vl-{+
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H.._(I;_()' CH,OH CH,
I
i
H—C—OH
le +H"
CH;—OH
l e +H"
‘CH; + H,0
le‘+ H*
CH,

Scheme 1. Two proposed mechanisms for the photoreduction of CO; to methane:
formaldehyde (left) and carbine pathways (right) (5). Reproduced from reference
listing (15). Copyright 2013, John Wiley and Sons.
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3. Metal Oxide or Metal-Organic Framework (MOF)-Loaded TiO;
Photocatalysts

The Pt-TiO, photocatalyst in previous section was further doped with MgO
(15). Tt became methane selective and total formation rate of methane and CO (11
pmol h7! g, 71) increased by a factor of 1.8 compared to that using Pt-TiO, (Table
2). Doped MgO layer would help CO; chemisorption over the catalyst and improve
the selectivity for CO» reduction versus proton reduction. The Cu bipyridyl (bpy)
dye to TiO» also promoted the photoreduction of CO; to methane at a rate of 0.3
pmol h=! g, (Table 2) (28).

The assembly of TiO, with MOF was also reported (29). Cus(btc), (btc
= benzene-1,3,5-tricarboxylate) microcrystals synthesized in the presence of
polyvinylpyrrolidone were mixed with tetrabutyl titanate in ethanol and then in
HF aqueous solution. By heating at 453 K for 12 h, anatase-phase TiO; shells of
mean thickness of ~200 nm over the Cus(btc), cores were formed (Figure 6).

Methane was formed using Cus(btc),-core|TiO2-shell from CO, and water
irradiated by visible light (4 > 400 nm) at a rate of 2.6 pmol h™! ge !, much
higher than than the sum of rates using each component (0.52 and ~0 umol h-!
geat”l; Tables 1, 2). Exclusive selectivity to methane rather than H, was also
claimed, probably due to high electron density in the core-shell structure for
the eight electron reduction to methane. A 1-ps build-up time in the transient
absorption (TA) spectroscopy for the Cus(btc),-core|TiO2-shell suggested electron
transfer/relaxation from CB of TiO; to the interface state with Cus(btc), (29).

Figure 6. (a) Core—shell structure, (b) TEM, and (c) SEM images of
Cus3(btc)@TiO: (29). Reproduced from reference listing (29). Copyright 2014,
John Wiley and Sons.

4. Semiconductor Photocatalysts Other Than TiO;

4.1. Photocatalysts Comprising Single Compound

4.1.1. Metal Oxides and Hydroxides

By the irradiation of deep UV light at 185 nm from Hg lamp and using the
synthetic quartz windows for the reactor (Figure 7), CO; (9.6 kPa) was converted
into CHy4 with saturated moisture at a rate of 2.1 umol h™! for 13.9 h in the absence
of catalyst (Table 3). It was suggested that water photolysis was the exclusive
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hydrogen source for the CO> conversion (see Photon energy conversion of CO>
to fuels with hydrogen or sacrificial reducing agents, section I). The conversion
of CO; was accelerated (7.7 umol h™!; Table 3) in the presence of ZnsTi LDH
(100 mg), but the addition of MgO, TiO», CeO,, or HY-zeolite rather reduced the
photocomversion rates of CO» (30).

A series of LDHs of [NisMI(OH)g],CO3-mH>0,
[Mg3Mm(OH)g]2CO3'mH20, and [Zl’l3Mm(OH)g]2CO3'mH20 (MHI = Al, Ga, and
In) was tested for CO» photoreduction in water (37). [MgsM!I(OH)z].CO3-mH>0
was relatively active, e. g [MgIn(OH)s].CO3-mH20O produced CO and
O, at the formation rates of 3.2 and 17 pumol h™! ge.!, respectively (Table
3).  [MgsMI(OH)3],CO3'mH>O was selective to form hydrogen whereas
[NisMI(OH)3].CO3-mH20 was relatively selective to CO formation. The affinity
of the surface with CO; may be related.

Hexagonal nanoplate-textured micro-octahedron Zn,SnO4 as large as a few
microns was synthesized and tested for CO» photoreduciton with 0.4 mL of water
(32). Due to its small (quantum) size, the band gap was relative wide (3.87 eV)
in which the VB maximum at 2.7 eV and CB minimum at —1.17 eV. The methane
formation rate increased from 4.8 to 35 ppm h7! gea! by loading of 1 wt% of
Pt and 1 wt% of RuO»> to nanoplate-textured micro-octahedron ZnoSnO4. KTaO3
photocatalytically reduced CO; with water irradiated by Xe arc lamp to form CO
at a rate of 0.34 umol h™1 g¢,~1 (Table 3) (33).

Mesoporous In(OH); photoproduced methane from CO, and water at a rate
of 0.8 pmol h=! g1 (Table 3). The rate was by 20 times greater thant that using
In(OH)3 without mesoporous structure due to the difference of specific surface
area and pore volume (34). Monoclinic BisMo0,015 sub-nanowires photocatalyzed
CO; to methane and the rate was maximal by the preheating at 1073 K. Surface
oxygen vacancy created by the heating was considered as an electron trap (35).

Figure 7. Left: Photoreactor composed by 185 nm-Hg lamp (1), synthetic quartz

windows (2), and gas chamber (3). Right: Upper view showing the shallow bed

of the photocatalyst placed in the photoreactor (30). Reproduced from reference
listing (30). Copyright 2012, ACS.
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Table 3. Reported CO; Photoreduction Catalysts, Reaction Conditions, and the Formation Rates in Water/with Moisture Using

Semiconductor Photocatalysts Other Than TiO;

Photocatalyst Reactants T (K) Light source Reactor Major product Ref
{formation rate
Brand name Amount (mg)  CO; H>O (umol h~! geai 1)}
No catalyst - 9.6 kPa Satur. P 338 Hg (185, 254 Quartz CHs4 (2.19) (30)
nm)
KY-zeolite 500 CH4 (3.1) (30)
Zn¢Ce LDH 500 CH4 (4.3) (30)
ZneTi LDH 500 CH4 (3.3) (30)
ZneTi LDH 100 CH4 (77) (30)
MgsIn LDH 100 500 pmol Liq (4 mL) 200 W Hg-Xe  Quartz CO (3.2) (€2))
KTaOs3 100 Atmosph. P Liq (6 mL) 300 W Xearc  Borosilicate CO (0.34) 33)
Pt(0.5 200 80 kPa Liq (2-3 mL) 300 W Xearc  Circulated CHs4 (0.8) (34)
%)-In(OH)3
Graphene 200 101 kPa Satur. P 298 300 W halogen  Stainless CH30H (0.17) (36)
Oxide
g-C3Ny (bulk) 20 60 kPa Liq (0.1 mL) 300 W Xe Teflon-lined CH3CHO (3.9) 37)
g-C3Ny CH4 (4.8) (37)
(nanosheet)
CoTe — 124 kPa Satur. P 288 300 W Xe (4>  Quartz CH4 (5.0) 38
420 nm)
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Photocatalyst Reactants T (K) Light source Reactor Major product Ref
{formation rate

Brand name Amount (mg)  CO; H>O (umol h! gear™)}
ZnTe(3.4%)- 10 Saturated Liq (80 mL) 288 300 W Xe arc ~ Quartz CH4 (44) 39)
ZnO (A>420 nm)
ZnTe(25%)- 20 Atmosph. P Satur. P 300 W Xe arc  Quartz CH4 (2.4) (40)
SrTiO3 (4> 420 nm)
ZnGaxOq4 100 Atmosph. P Liq (0.4 mL) 300 W Xe arc Glass CHs4 (0.26) “1
ZnGa204:Zn2GeO4 100 CH4 (3.9) 41)
(4.5:1)
Zr-Co-Ir- 5 101 kPa 13 Pa 355 nm laser CO (1.7) (45)
SBA-15
Pt(0.5%)-c- 100 80 kPa Satur. P 300 W Xe arc Pyrex CH4 (4.9), CO (46)
NaNbO; (0.82)
Pt(0.5%)-o0- 100 CH4 (2.5) (46)
NaNbO3
Pt(0.4%)- 100 89 kPa 12 kPa 333 350 W Xe Quartz CH4 (0.15) 47)
Nb>Os
Pt(0.4%)- 100 CH4 (0.47) 47)
HNb3Og
Pt(0.4%)- 100 CH4 (2.9) (47)
Si02-HNb3Og
Pt(0.4%)-Si0, 100 81 kPa 20 kPa CH4 (3.8) 47)

pillar-HNb3Og
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Table 3. (Continued). Reported CO; Photoreduction Catalysts, Reaction Conditions, and the Formation Rates in Water/with
Moisture Using Semiconductor Photocatalysts Other Than TiO,

Photocatalyst Reactants T (K) Light source Reactor Major product Ref
, .
{formation rate
Brand name Amount (mg)  CO: H>O (umol k! gear )}

InNbO4 140 Saturated 0.2M KHCOs3 500 W halogen  Pyrex CH30H (1.4) 48
NiO(0.5%)- 140 CH30H (1.6) (48)
InNbO4

Co0304(1.0%)- 140 CH30H (1.5) (48)
InNbO4

Pt-0-NaNbO3 50 Atmosph. P Liq (4 mL) 300 W Xe arc  Pyrex vessel none 49)

(A >420 nm)

Pt-g-C3Ny CH4 (0.8) 49)
Pt-g-C3Ny/o- CHa (6.4) (49)
NaNbO3

Zn0-g-C3Ny 10 400 kPa Liq (4 mL) 353 500 W Xe (1>  Stainless steel ~ CO (29) (50)

420 nm)

Pt(0.5%)-red 20 Atmosph. P Liq (0.2 mL) 500 W Xe arc CHj4 (300) (&2))
P-g-C3N4

g-C3Ny CH4 (0.26) (52)
graphene CH4 (0.59) 52

(15%)-g-C3Ny
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Photocatalyst Reactants T (K) Light source Reactor Major product Ref
ti t
Brand name Amount (mg)  CO; H>O g‘;;?lahfo,”g:z,e, )}

RGO(0.5%)- 500 Atmosph. P Liq (3 mL) 150 W Xe Glass CO (0.43) 43
Cu0

Ag/AgBr/ 500 7.5 MPa 0.2M KHCO;3 150 W Xe (4>  Stainless steel ~ CHs (30), 54
CNT (100 mL) 420 nm) CH30H (18),

CO (8.0)

« umol of CH4 h~1.
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4.1.2. Carbon-Related Materials

Graphene oxide (GO) with lateral dimension of several micrometers and
thickness of 1-3 nm was exfoliated from graphite in acids and tested for CO;
reduction with moisture irradiated by UV-visible light (36). The methanol
formation rate (0.17 pmol h™! geo 1) was by a factor of 5.8 higher compared to one
using TiO; under the reaction conditions (Table 3). The CB minimum estimated
for GO (—0.79 V versus SHE) would bend to nearly close to reduction potential
from CO; to methanol (—=0.38 V versus SHE) if the GO with electron-drawing
oxygenated functional groups was p-type semiconductor.

Bulk g-C3N4 with the Bruanuer—Emmett—Teller surface area (Sget) of 50
m?2 g1 was compared to g-C3N4 nanosheet with Sger of 306 m2 g1 (37). Clear
difference of selectivity to acetaldehyde and methane (—0.24 V) was observed
and one of the major reasons was the difference of band gap (BG), 2.77 and
2.97 eV, respectively. More negative electron potential for the latter sample was
considered to effectively reduce CO; via glyoxal to acetaldehyde and then to
methane (9).

4.1.3. Other Materials

As one of the metal calcogenide compounds, the CB of hydrothermally-
synthesized CoTe positioned at relatively negative potential and the BG was 2.05
eV. The methane formation rate using CoTe was 5.0 umol h~! gear! (Table 3) (36).

4.2. Assembled Photocatalysts

4.2.1. Zn, Cu-Containing Compounds

The doping of high-potential ZnTe to ZnO was reported (39). The BG of ZnTe
was 2.2 eV and the CB minimum was at —1.8 V versus SHE. Due to the excited
electrons to CB of ZnO and holes remained at VB of ZnTe, methane was formed
irradiated by visible light (1 > 420 nm). ZnTe was a sensitizer for visible light, but
the reason of quite high formation rate (44 umol h=! g¢,!; Table 3) from CO; to
methane via electron transfer from CB of ZnO is not known and control reaction
tests are needed. High-potential ZnTe was also combined with SrTiO3 and formed
methane from CO, and moisture (Table 3) (40).

The performance of CO» photoreduction to methane using cubic spinel
ZnGayO4 was improved by mixing pseudo cubic inverse spinel Zn,GeO4 from
0.26 to 3.9 pmol h™1 gea! (Table 3) (41). One of the reasons was suggested to
be the reduction of band gap from 4.45 to 4.18 eV to utilize wider spectrum of
light (42).

Zn-doped (100)-oriented p-GaP was utilized for CO» photoreduction with
water irradiated by a laser light at 532 nm. To prevent the photocorrosion of
GaP, atomic layer deposition of Ti choloride and water vapor was performed to
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create 1-10 nm-thick TiO> layers over GaP (43). Methanol was formed on the
GaP photoelectrode covered with 5 nm-thick TiO; at a rate of 1.2 pmol h™! cmcai2
at the applied voltage of —0.5 V (versus SHE) in 0.5 M NaCl and 10 mM pyridine
solution. Thin TiO; layer seemed not just the passivation layer to transmit the light
at 532 nm, but also to serve to form p—n junction for charge separation (43).

Cuz0 electrodeposited on CuO nanorods perpendicularly grown on Cu foil
photoreduced CO; in CO»-saturated 0.1 M Na»SO4 aqueous solution at the electric
potential smaller than 0.37 V (versus SHE) irradiated by simulated AM 1.5 light.
The geometry of CuO nanorod and CuO shell should facilitate charge separation
irradiated by light and CO; reduction on CuO (44).

4.2.2. Zr, Co, Ir-Containing Compounds

Stepwise synthesis of photoreduction sites of CO, and photooxidation sites
of water in single sample was reported. Zirconocene dichloride was reacted
with an ordered mesoporous SiO», SBA-15, to form Zr-SBA-15 (45). The Co
precursor preferably reacted with Zr—OH group to form links of Zr'V-O-Coll in
Zr(1.1 mol%)-Co(0.7 mol%)-SBA-15. Irl acetylacetonate was photodeposited
on Zr-Co-SBA-15, but not on Zr-SBA-15 and Co-SBA-15, suggesting electron
transfer by the irradiation of 355 nm laser light from Co to Zr (Zrll-O—Coll)
coupled with the electron transfer from Ir to Co (Irlll---O-Cdll — IrlV-O—Coll).
Though the Ir'V-O-Coll link may be lost upon calcination later than the
electrodeposition, Zr'V-O—Co!! and IrO, nanocluster were formed in the vicinity
over SBA-15.

The CO formation at a rate of 1.7 pmol h™! ge ! under 101 kPa of CO;
and 13 Pa of water irradiated by laser at 355 nm (127 mW cm=2; Table 3) was
ascribed to water oxidation on IrOy nanocluster and the resultant electron transfer
to neighboring Co!l and then to Zr1V (45). Spectroscopic insight for the interaction
of Zr!l and CO; would be expected.

4.2.3 Nb-Containing Compounds

Two phases of perovskite-type NaNbO3 doped with 0.5 wt% of Pt were tested
(Table 3) (46). One is cubic NaNbOs3 (c-NaNbOs3) and the other is more common
orthorhombic NaNbO3 (0-NaNbO3). The Pt-c-NaNbO; photocatalyst produced
major methane (4.9 umol h™! ge!') and minor CO (0.82 pmol h™! geo 1) from
gaseous CO; and moisture, and the methane formation rate was by a factor 2.0
greater compared to that using Pt-o-NaNbO3. Two reasons of the difference was
suggested to be (1) minor difference of band gap value and (2) homogeneous
frontier orbital [highest occupied molecular orbital (MO), lowest unoccupied MO]
distribution in x, y, z-direction for c-NaNbOj versus the distorted distribution in
z-direction for 0-NaNbOs.

Pt-photodeposited layered HNb3Og was superior to Pt-photodeposited layered
KNb3;Os for CO; photoreduction at 333 K (47). The methane formation rates were
improved to 3.8 umol h~! gc.~! when the moisture pressure increased from 12 to
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20 kPa and also SiO; pillared between the layers of HNb3Og (Table 3). However,
not O, or H» was detected in the study, suggesting incomplete photocatalytic cycle.

For InNbOs, the doping of NiO (0.5%) or Co304 (1.0%) slightly promoted
the methanol photoformation (1.6—1.5 pmol h™! ge!) from CO, compared to
unpromoted one (1.4 umol h™1 g¢,1; Table 3) (48).

4.2.4 C-Containing Compounds

0-NaNbO; nanowire was combined with polymeric g-C3N4 (49). Methane
was photogenerated using Pt-g-C3N4/NaNbOj3 at a rate of 6.4 pumol h~! ge, ! higher
by a factor of 8 compard to that using Pt-g-C3N4 (Table 3). Pt-0-NaNbO3 was
inert in the conditions. The advantage of Pt-g-C3N4+/NaNbOj3 was ascribed to the
chage separation at the heterojunction of p-type g-C3Nj to attract holes and n-type
NaNbOs to attract excited electrons.

g-C3N4 was also combined with ZnO (50) and red-P (5/) to form
heterojunction and converted CO; into major CO and major methane at rates of 29
and 300 umol h! gea!, respectively. The reason of quite high methane formation
rate using red-P-g-C3Ny is unclear and control reaction tests are needed.

The disadvantages, low electric conductivity and rapid recombination
of photogenerated electrons and holes, of 2-dimensional(D) g-CsNj4 for
photocatalysis were solved by assembling graphene with g-C3N4 (52). The
electrons at N 2p was photoexcited to C 2p (CB: —1.42 V versus SHE) in g-C3Ny
and could move to conducting network graphene (Fermi level: —0.08 V versus
SHE). Thus, CO; photoreduction rate into methane was boosted from 0.26 pmol
h! gea ! (g-C3N4) to 0.59 umol h! gea ! for graphene (15 wt%)-g-C3N4 assembly
(Table 3).

Cuz0 assembled with 0.5 wt% of reduced graphene oxide (RGO) was also
reported. CO was produced from CO, and water at a rate of 0.43 pmol h™! ges!
(Table 3) (53). Similar to reference 44, negative potential of CB for Cu,0 (—1.44
V versus SHE, pH 0) should be advantageous for electron donation toward CO,-
derived species.

A part of Agt of AgBr/carbon nanotube (CNT) was photoreduced to form
Ag/AgBr/CNT (54). The photocatalyst was immersed in weak alkaline solution
pressurized with 7.5 MPa of CO,. Methane, methanol, and CO were formed at a
total formation rate of 56 pmol h=! ge! (Table 3). Longer CNT was preferable
than shorter one probably due to better charge separation efficiency.

Photon Energy Conversion of CO; to Fuels with Hydrogen or
Sacrificial Reducing Agents

1. Photon Energy Conversion of CO; to Fuels with Hydrogen

If oxidation of water produces O», protons, and electrons, utilizing natural
light, photon energy conversion of CO, to fuels with hydrogen (H atom equivalent
to a proton and an electron) is also important as a latter half cycle of artificial
photosynthesis (4).
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By the irradiation of deep UV light at 185 nm from Hg lamp and using
synthetic quartz windows for the reactor, CO> (9.6 kPa) was converted into
major CHs and minor CO with H» (45 kPa) at a rate of 4.5 umol h™! for 82 h in
the absence of catalyst (Table 4) (30). This rate was faster than the photolysis
of CO, with water (see Photon energy conversion of CO: to fuels with water,
section 4.1.1; Table 3). Light of 185 nm was confirmed to be responsible for the
photolysis of CO» rather than light of 254 nm from the Hg lamp.

High conversion of CO» with H, was reported using Ni/SiO>-Al,O3 in similar
reactor to Figure 7 at a methane formation rate of 55 mmol h™! g, ! (Table
4) (55). By the effects of high-power solar simulator and heat of reaction for
CO; hydrogenation to methane (165 kJ mol-!), the temperature reached 423 K
and gas pressure would be some hundreds kPa. Control experiment at 453 K
in dark formed methane at significantly lower rate of 8.9 pumol h™! ge,!. Thus,
the photocatalytic reduction was photoactivated and accompanied by thermal
catalytic step(s). Ni/SiO2-Al,03 when UV light was filtered showed similar
activity to NiO irradiated by UV-visible light (13 mmol h=! ge,!; Table 4). The
performance irradiated under UV-visible light was in the order

H, activation i

Ha
Ni/Si, Al O H
o [
hy @ \ .
[Ni/SiXAlyOz]"‘[Ni/SiXAfyOZ] iISILALO, | (2)
@ oxX © /
R, (NifSiALO,

H*

CO; activation

i
o
| | Ni-H

co
Ni/Si,ALO,| —%(NiSLALO,| —==,  CH, @)
e

Scheme 2. Proposed reaction mechanism of photocatalytic CO; reduction with
H), presumably assisted by later thermal catalytic step(s) using Ni/SiO»-A1,03
(55). Reproduced from reference listing (55). Copyright 2014, ACS.

Ni/Si0,-AL0; > NiO (BG 3.5 eV) > Fe,05 (BG 2.2 eV) > CoO (BG 2.6 eV)
(10).

It was difficult to find the direct relationship between the reactivity and BG
values or the conduction band level. Instead, formation of active Ni—H species
was proposed by reducing/oxidizing H> to H/H" and reacting with Ni*/Ni-,
respectively (Scheme 2) (55).

27
In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.


http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1194.ch001&iName=master.img-017.png&w=220&h=151

Publication Date (Web): September 119%015 | doi: 10.1021/bk-2015-1194.ch001

Table 4. Reported CO; Photoreduction Catalysts, Reaction Conditions, and the Formation Rates Using Various Semiconductors
with Hydrogen

Photocatalyst Reactants T (K)
Brand name Amount (mg)  CO; H;

No catalyst — 9.6 kPa 45 kPa 338K

Ni/Si0,-Al,03 250 3.7 mmol 17 mmol <423

NiO

Fe O3

CoO

Ni/Si0,-Al,03 250 3.7 mmol 17 mmol

NiO

Zn3Ga|CO3 100 2.3 kPa 21.7 kPa <313

LDH

Ag(0.36%)- 100 2.3 kPa 21.7 kPa <313

Zn3Ga|CO3

LDH

Au(4.1%)- 100 2.3 kPa 21.7 kPa <313

Zn3Ga|CO3

LDH

Light source

Hg (185, 254 nm)

Solar simulator
(AM1.5 filter)

Solar simulator (4
> 420 nm)

500 W Xe arc

500 W Xe arc

500 W Xe arc

Reactor

Quartz

Aluminum

Aluminum

Pyrex

Pyrex

Pyrex
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Major product
{formation rate
(umol h™! gear™")}

CHy (4.5%)
CHs (55 000)

CH, (13 000)
CO (7 200)

CO (2 500), CH4
(1 600)

CH; (13 000)

CH, (210), CO
(170)

CO (0.08), CH;0H
(0.05)

CH;0H (0.12),
CO (0.10)

€0 (0.20), CH;0H
(0.03)

Ref

(30)

(CR))

(55
(55
(55

(55)

(CR))

(56)

(57)

(57)
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Photocatalyst Reactants T (K) Light source Reactor
Brand name Amount (mg)  CO: H,

CuPcTs- 100 2.3 kPa 21.7 kPa <313 500 W Xe arc Pyrex

Zn3Ga|CO3

LDH

Zn3Ga|Cu(OH)4 100 2.3 kPa 21.7 kPa <313 500 W Xe arc Pyrex

LDH

a umol of CHs h™l.

In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;
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Major product Ref
{formation rate
(umol h™! geai™!)}

CO (0.11), CH;0H  (58)
(0.096)

CH;0H (0.30), (60)
CO (0.13)
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A LDH [Zn3Ga(OH)3]>,CO3-mH>0 (m~4; Zn3Ga) exhibited direct electronic
transition and the BG value was 5.6 eV (56). This wide-BG LDH was combined
with SPR of Ag and Au nanoparticles (Scheme 3) (57). The SPR peaks appeared in
visible light region centered at 411 and 555 nm, respectively. By the irradiation of
UV-visible light, the total formation rates of CO and methanol using Zn3Ga LDH
(0.13 pmol h™! gy 1) increased to 0.22 pmol h! gea ! using Ag/Zn3Ga LDH and
t0 0.23 pmol h~! geac ! using Au/Zn3Ga LDH. The selectivity to methanol was also
improved from 39 to 54 mol% (Table 4) by the doping of Ag, whereas the Au dope
led to selective CO formation (13 mol%).

Ag/Zn3Ga LDH and Cu phthalocyanine tetrasulfonate (PcTs)-doped Zn3;Ga
LDH were active irradiated by visible light (1 > 420 nm; total formation rate 0.12
and 0.15 pmol h™! geo7!, respectively) (57, 58). The mechanism could be explained
by the electron shift due to SPR in Ag to wide-BG Zn3;Ga LDH then to CO»-derived
species (Scheme 3, right) and electron shift from wide-band gap Znz;Ga LDH to
LUMO of CuPcTs then to CO»-derived species (Scheme 4). Conversely, as the
WF of Au was larger than that for Ag (/7), the electrons could not be supplied
to the CB of LDH (Scheme 3, left). Thus, Au worked as electron trap from LDH
irradiated by UV light and SPR in Au was ineffective for CO, photoreduction (57).
The electron flows originating from SPR were in consistent with charge transfer
mechanism reviewed previously (59).

vaccum (eV) SHE (V)
0 r
{4
-1t
e 13
CB ——— CB
-2F Yy b | S
surface J=2
Lo _| plasmon .
. £ |resonance: & 1
surface & 3.02eV P \
I .—|plasmon i COy +6H" + Be™ — CHyOH + H0 -0.32 V
" |resonance: E: 1 CO, + 2H" + 26 — CO + HO 011V
w238V b Ag BG
A Er excitation: WF: excitation: { 1
s M 56eV 452-474 566V
: eV 2
5.31-5.47
- eV
R — 3
sl VB VB
ZnGa|CO; LDH ZnyGa|CO; LDH

Scheme 3. The energy diagram and proposed electron flows in Ag/Zn3sGa LDH
(right) and Au/Zn3Ga LDH (left) (57). Reproduced from reference listing (57).
Copyright 2015, Elsevier.
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The CO» photoreduction ability of [Zn; sCu; sGa(OH)g],CO3;-mH>0 (Figure
8A) was also improved by the interlayer anion substitution by [Cu(OH)4]*-for
CO32~ (Figure 8B) (60). Especially, methanol formation rates increased
from 0.05 to 0.30 umol h™! ge, ! by the anion substitution (Table 4). X-ray
absorption near-edge structure (XANES) was applied to monitor the diffusion of
photogenerated electrons to active Cull sites as the 1s-3d pre-edge peak intensity
(61). Electron diffusion to Cu sites was an order of magnitude faster in the
direction of the cationic layers of [Zn; 5Cui sGa(OH)g],CO3-mH>0 (580 umol h-!
geat 1; Figure 8A) than in the perpendicular direction to interlayer [Cu(OH)4]?~ in
[Zn3Ga(OH)s]2[Cu(OH)4]-mH20 (36 pumol h™! gea!; Figure 8B) (67, 62). With
the information of FTIR, selective methanol formation mechanism via hydrogen
carbonate (bicarbonate) and step-by-step reduction with proton and electron was
proposed using [Zn3Ga(OH)sg]>[Cu(OH)4]-mH>O LDH (Scheme 5).

vaccum (eV) SHE (V)
0 -
S
91
3l
-4} ,~ R CO,/CHgOH -0.32 V
e | €[ — C0O,/CO  -0.11V
5 56eV 22eV
Y L
_6 B 0,8
E, b g ay ey
- =X} .I_.":_% e | 3
gl (0] 2p .460._
ZnaGalCOs LDH CuPcTs

Scheme 4. The energy diagram and proposed electron flows in CuPcTs/Zn3Ga
LDH.
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[¢

580 umol h' geat™
Zn or Ga Zn or Ga

Figure 8. Structure of [Zn; 5Cu; 5Ga(OH)s]>2CO3mH>0 (A) and structure of
[Zn3Ga(OH)s]:[Cu(OH)4]-mH>0 (B). Interlayer carbonates are not drawn in
(A) for clarity (62). Reproduced from reference listing (62). Copyright 2014,

High-Energy Accelerator Research Organization.
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Scheme 5. Proposed photocatalytic cycle of CO; reduction to methanol or
CO using LDH catalysts comprising Zn, Ga, and interlayer Cu sites (61).
Reproduced from reference listing (61). Copyright 2014, Elsevier.

2. Photon Energy Conversion of CO; to Fuels with Other Sacrificial
Reducing Agents than H;

CO; photoreduction into major CO using AuzCu alloy on SrTiO3/TiO;

nanotubes and hydrous hydrazine was reported at a formation rate of 730 umol
h7! geo ! (Table 5) (63). Cuboid CuyO powder was superior (20 ppm h™! gea 1)
to octahedral CuxO for CO» photoreduction to CO in water and the rate was by
several times enhanced by the addition of 0.25 wt% of RuO, using Na,SO3 as
sacrificial reducing agent (64).
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Na>SO; was also used as sacrificial reducing agent, and the CO; pressure
to water suspension of Au-TiO; was raised to 1.0 MPa at 298 K. The methane
generation rate increased to 20 umol h™! gea! (Table 5) (65). Methanol was used
as sacrificial reducing agent, and the generation rates of methyl formate from CO;
was in the order using hexagonal ZnIn>S4 > cubic ZnIn,S4 > microspheric Znln,S4
(Table 5) (66).

The progress of MOF as photocatalysts for CO» reduction was fast in these
three years. MIL-101(Fe) comprising Fe;O clusters linked by terephthalates to
form quasi-spherical cages produced formate at a rate of 150 pmol h™1 gea!
in the presence of triethanol amine (TEOA) as reducing agent from dissolved
COs in acetonitrile irradiated by visible light (420 < 1 < 800 nm; Table 5) (67).
MIL-53(Fe) comprising chains of hydroxy corner-sharing FeOg octahedra linked
by terephthalates to form 1D pores and MIL-88(Fe) comprising oxo-centered
Fes3O clusters linked by terephthalates to form 3D porous network were less
active (74-23 pumol h™! gea!) compared to MIL-101(Fe) (Table 5). The electron
transfer from O2- to Fe3* irradiated by visible light was proposed as the first step
for the CO> reduction.

When 2-aminoterephthalic acid was used for the syntheses of MOF’s above,
the generation rates of formate were improved to 450—75 pmol h™! gea ! compared
to MIL’s unfunctionalized by the amine group (150-23 pumol h™! ge,l; Table
5). Amine group significantly extended the UV absorption edge toward visible
region, and proposed to create second electron transfer pass from NH> to Fe-O
center. The flat band position for MIL-101(Fe), MIL-53(Fe), and MIL-88(Fe)
were —0.52,—0.70, and —0.48 V, respectively, versus SHE. The values were clearly
more negative than the reduction potential of CO; to formate (—0.28 V), however,
the order of photocatalysis

MIL-101(Fe) > MIL-53(Fe) > MIL-88(Fe) (11)

was not correlated to the flat band potential (67).

A combination of Zn-containing MOF (called ZIF-8) and Zn,GeO4 was
reported (68). In aqueous solution with 0.1 M Na,SO3 aqueous solution saturated
with CO,, methanol was photogenerated at a rate of 0.22 pmol h=! ge,! (Table 5).
A Co-containing MOF, Co-ZIF-9, was tested with the aid of CdS photocatalyst
and sacrificial reductant, TEOA irradiated by visible light (69). CO was formed
at a rate of 2400 pmol h™! ge, ! (Table 5). Co ions in ZIF-9 was suggested to
received excited electrons in CdS.

5,10,15,20-Tetrakis(4-carboxyphenyl)porphyrin coordinated to Al3* to form
MOF. The methanol formation rate from CO> utilizing triethylamine (TEA; 38
ppm h7! ge,!) was improved by introducing Cu?* to the porphyrin in the MOF
(260 ppm h! ge,l; Table 5) (70). The surface of GO was carboxylated and
was functionalized with -CH,—COCI and then reacted with Co phthalocyanine
tetrasulfonamide (77). Sensitization by CoPc and transferred electrons to GO were
suggested to reduce CO» into methanol at a rate of 79 pmol h™! gea! compared
to 39 umol h™! ge,! using unsensitized GO by using TEA as sacrificial reductant
(Table 5).
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Table 5. Reported CO; Photoreduction Catalysts, Reaction Conditions, and the Formation Rates with Sacrificial Reducing Agents

Photocatalyst Reactants T (K) Light source Reactor Major product Ref
‘ormation rate
Brand name Amount (mg)  CO: Reducing ({;ftmol B! gear 1))
agent
AusCu/ 5 33.7 kPa N2H4-H,O 300 W Xe CO (730) 63)
SrTiO3/TiO;
Cu0 500 Saturated 0.7 M NaySO3 300 W Xe (4>  Glass CO (64)
350 nm)
Au(0.1%)- 500 1.0 MPa NaySO3 298 125 W Hg High P cell CH4 (20) (65)
TiO»
hex-ZnIn,S4 10 Saturated CH;0H 298 250 W Hg MF (190) (66)
cub-Znln,S4 MF (160)
sph-ZnIn,S4 MF (50)
MIL-101(Fe) 50 Saturated in TEOA 300 W Xe (420  Flask HCO>~ (150) (67)
CH;CN <4 <800 nm)
MIL-53(Fe) HCO2 (74) 67)
MIL-88(Fe) HCO> (23) 67)
NH,-MIL- HCO;,™ (450) (67)
101(Fe)
NH,-MIL- HCO;>™ (120) 67)
53(Fe)
NH,-MIL- HCO;y (75) 67)
88(Fe)
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Photocatalyst Reactants T (K) Light source Reactor Major product Ref
) {formation rate
Brand name Amount (mg)  CO; Reducing (umol h! gea™1)}
agent
Zn>GeOgy- 200 Saturated Liq (100 mL), 500 W Xe arc CH30H (0.22) (68)
ZIF-8 0.1 M NaxSO3
CdS-Co- 101 kPa TEOA (I mL) 303 300 W Xe (4> CO (2400) (69)
ZIF-9 20, 1 420 nm)
Al-porphyrin 30 Atmosph. P TEA (1 mL) 278 300 W Xe (4> CH;0H (70)
MOF 420 nm)
Al-Cu- CH3;0H (70)
porphyrin
MOF
GO 100 TEA (10 mL) 20 W white Borosil CH30H (39) (71)
cold LED
CoPc-GO CH30H (79) (71)
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Photon Energy Conversion of CO; to Fuels Using Combination
System with Photooxidation Catalysts

Although the homogeneous photocatalysts and enzymes for CO; reduction are
out of scope of this chapter that is limiting to semiconductor photocatalysts, several
studies were reported/reviewed to combine homogeneous complex or enzyme for
CO; photoreduction with semiconductor photocatalyst, e.g. Ru bpy-like complex
with Ag/TaON (72, 73).

The phenomena of photocatalytic oxidation of water and photocatalytic
reduction of CO, were combined using a cell (Figure 9A), in which the two
photocatalysts, WO3; and [Zn;sCu;sGa(OH)g]o[Cu(OH)4]'mH2,O LDH, were
separated by a polymer electrolyte (PE) film (Figure 9B) (/6). WOj3; was used
for the photooxidation of water, whereas Zn—Cu—Ga LDH was used for the
photoreduction of CO,. Protons and electrons, which were formed on WO3
under the flow of moisture (solid—gas interface mode; Figure 9B), were used on
Zn—Cu—Ga LDH instead of reactant H, in Photon energy conversion of CO: to
fuels with hydrogen or sacrificial reducing agent, section 1 (56-58, 60). For
this process, photocatalysts pressed on both sides of the PE film were irradiated
by UV-visible light through quartz windows and through the space in carbon
electrode plates set for both gas flow and light transmission. Methanol was the
major product on LDH at a formation rate of 0.045 umol h=! ge,~! under the flow
of CO» (Table 6). This rate accounted for 68—100% of photocurrents between the
two redox photoelectrodes.

In comparison, liquid-type another cell, which consisted of WO3 and
LDH immersed in acidic solutions, with the PE film distinguishing the two
compartments was reported (Figure 9C). The photocurrent from LDH to WO3
was increased by 2.4-3.4 times in comparison to gas—solid mode cell (Figure 9B)
tested under similar conditions. However, major product from LDH was H» at a
formation rate of 0.67 pmol h™! gco”!. The difference of phase of water (moisture
in panel B, liquid in panel C; Figure 9) directed the selectivity to methanol
(equation 12) versus H» (equation 13) (/6). This trend of phase difference was in
consistent with that found for metal-loaded TiO, (Photon energy conversion of
CO: to fuels with water, section 2.1) (15).

CO, + 6H" + 6¢ — CH;0H + H,0 (12)

2H +2¢ — H, (13)

Using a similar tandem twin reactor separated by PE film, CO; conversion
to methanol was also reported at rates of 1.6—1.8 umol h=! ge, ! using WO3
on photoanode and Pt(1 wt%)-CuAlGaOs and/or Pt(0.8 %)-SrTiO3:Rh on
photocathode (74). A clear difference to reference 16 was the photocatalysts were
not mounted on electrode and redox mediator (Fe3* in anode and Fe2* in cathode)
was used. However, it is not certain whether electrons or Fe2* would transfer
through the PE film.
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CH4OH

Zn—Cu—Ga LDH
photocatalyst

Cco,

'H +
wo; |
photocatalyst /=
. rd p =

H0 Polymer
electrolyte

(B)

GOs
—p

Figure 9. The reaction path in photofuel cell (4), cell-1 to flow moisture to WO3
(B, front) and to circulate CO: to LDH (B, back), and cell-2 to flow N> to WOj3
(C, right) and CO; to LDH (C, left) immersed in HCI solutions (16). Reproduced
from reference listing (16). Copyright, 2014, The Royal Society of Chemistry.
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Table 6. Reported CO; Photoreduction Catalysts, Reaction Conditions, and the Formation Rates Combined with Photooxidation

Publication Date (Web): September 119‘25015 | doi: 10.1021/bk-2015-1194.ch001

Catalysts
Photocatalyst Reactants T (K) Light source  Reactor Major product Ref
Brand name Amount (mg) CO; H>O ?}}:%Zla}iliolng:z{e] )}
anode:
WO; 95 (Ne/N2) Satur. P <315 500 W Xe arc PEFC (16)
cathode:
Zn;5Cu;5GalCu(OH)4 45 3.5kPa CH;30H (0.045)
anode:
WO; 300 (Ar) 225 mL (Fe3+*: 300 W Xe Twin R separated (74)
2mM) by PE
cathode:
Pt(1 300 Saturated (Fe2*: 2mM) CH;30H (1.8)
%)-CuAlGaOg4
anode:
WO; 300 (749
cathode:
Pt(1 %)-CuAl- 150 CH30H (1.6)
GaOy,
P(0.8 150

%)-SrTiOs:Rh
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Concluding Remarks

Recent advances in photocatalytic CO> conversion with water and/or other
reductants in these three years were reviewed in comparison to classic studied prior
t0 2012 (4) using TiO2 (75-81), ZnO (81), CdS (81), GaP (81), SiC (81), WO3 (81),
ZnyGeO4 (82), Bi2WOs (83), HNb3Os (84), CuGai-Fe, 02 (85), AlLasTisO15 (86),
[Zn; 5Cu1.5Ga(OH)3]2CO3-mH,0 (56, 60), ZrO2 (87), GaP (81, 88), GaAs (88, 89),
and InP (89). Starting from CO» and water, methane or CO formation using TiO>
was improved to 0.1-17 umol h™1 g.,! by choosing approperiate crystalline phase
(brookite or anatase), crystalline face, and the defects. Metals, e.g. Pt, Pd, Au,
Rh, Ag, Ni, Cu, AusCu alloy, I, MgO, RuO,, graphene, g-C3N4, Cu-containing
dyes, and Cu-containing MOFs were effective to assist TiO to form methane,
CO, methanol, or ethane at rates of 1.4—160 umol h~! g¢,! and further to 32-2200
pmol h=! ge! if minimal thin photocatalyst film was well deposited.

Semiconductors, e.g. ZnO, ZneTi LDH, Mgs3In LDH, KTaOs3, graphene,
GO, g-C3Ng4, CoTe, TiOz-coated p-GaP, Zn,SnO4, ZnO, ZnTe, SrTiO3, ZnGay04,
ZnyGeOy, Zr—Co-Ir oxides, Nb2Os, HNbO3, NaNbO3, KNb3;Og, InNbO4, NiO,
C0304, Cu20, and their assemblies were effective to photogenerate methane, CO,
methanol, acetaldehyde at rates of 0.15-300 pmol h™! gc,! in good competition
with promoted TiO,.

If H, was used, new photoactivation of CO> followed by thermal assisted
reaction(s) was reported using Ni/SiO2-Al,O3 to produce methane at 423 K under
pressurized CO; + H» at a rate of 55 mmol h=! g¢,~! presumably via Ni—H species.
As pure photocatalytic reaction, methanol formation rates were improved up to
0.30 umol h™1 gea ! by the doping of Ag/Au nanoparticles, [Cu(OH)4]?~ anions,
and Cu-containing dyes to Zn—Ga LDH. The combination of two semiconductors
(WO3, Zn—Cu—Ga LDH) were reported to from methanol at a rate of 0.05 pmol
h7! geo™! from CO; and gaseous water.

In this chapter, the improvement of CO, conversion and new materials
for the photoreduction were focused, and the importance of wavelength (deep
UV, UV, and visible light) and flux of incident light, temperature, and form
(powder, nanofiber, and/or film) of photocatalysts, pressure of reactants, were
critical to determine the photoconversion of CO; for the stage of new energy
application levels. To enable the optimum reaction and photocatalyst conditions,
the importance of reactor cell (30, 55) was also suggested.

However, reaction mechanisms of CO» activation, e.g. via glyoxal (9), via
O-defect to form CO (equations 3-5) (/0), multiple-step formaldehyde pathway
(5), mutiple-step carbene pathway (5, 27), via metal-H active species (55), and
via hydrogen carbonate (bicarbonate) (56, 61), are still in debate. To clarify the
mechanism and responsible sites, spectroscopic studies, e.g. FTIR (27, 45, 61,
67, 70), diffuse reflectance infrared Fourier transform (/0), electron paramagnetic
resonance (9, 67), FE-SEM (22, 26, 49, 57), HR-TEM (20, 26, 27, 46, 47, 49, 54),
photoluminescence (/5), action (in-profile) spectrum (55, 57, 58), time-resolved
TA (26, 29, 55), valence X-ray photoelectron (35, 39, 49), XANES (57, 61),
EXAFS (90), and density functional theory calculations (9, 13, 29, 34, 46) are
inevitable.
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Chapter 2

Transition Metal-Promoted CO; Conversion
under Mild Reaction Conditions

Qing-Wen Song and Liang-Nian He"

State Key Laboratory and Institute of Elemento-Organic Chemistry,
Collaborative Innovation Center of Chemical Science and Engineering
(Tianjin), Nankai University, Tianjin 300071, P. R. China
*E-mail: heln@nankai.edu.cn

Carbon dioxide can be regarded as an inexpensive, abundant
sustainable feedstock for producing value-added chemicals.
Therefore, development of efficacious processes using CO>
as chemical feedstock under mild conditions particularly low
CO; pressure (ideally at 1 bar) could be still highly desirable.
Accordingly, only if we understand the underlying principles of
CO activation can the goal of using CO; as an environmentally
friendly and economically feasible source of carbon under
mild reaction conditions be achieved. In this regard, transition
metal catalysis based on CO; activation for efficient chemical
transformation of CO; with outstanding selectivities is
appealing from a standpoint of sustainable chemistry. In this
context, great efforts have been devoted to constructing C-N
and C-O bond on the basis of selecting high-energy starting
materials and CO» activation through molecular catalysis to
overcome its thermodynamic stability and kinetic inertness.
The aim of this chapter is to draw attention to the chemical
fixation of CO, with propargylic alcohols or propargylmines
to a-alkylene cyclic carbonates, f-oxoalkylcarbamates and
2-oxazolidinones through various transition metal catalysis.
This is an attractive strategy to utilize CO; to produce useful
products. A thorough overview of the catalytic utilization of
CO» with propargylic alcohols with gaining insights into the
reaction mechanism is also presented.
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Carbon Dioxide Chemistry

With increasing awareness of the elevated CO» levels in the atmosphere,
there has been great effort placed into the development of strategies towards
its potential use as an inexpensive and abundant C; building block since it is
nontoxic, noncorrosive, non-flammable, and renewable (/-3). However, only a
small proportion of the total abundance of CO; is currently being consumed by
chemical industry due to its low reactivity as a result of its high thermodynamic
stability and kinetic inertness (4—7). As expected, large numbers of metal catalytic
systems sprang up thanks to the unique advantages associated with high reactivity
and selectivity towards CO; conversion.

Much importantly, chemical utilization of CO> as green carbonyl source holds
great promise as an alternative to conventional phosgene processes in organic
synthesis. In particular, catalytic formation of C-N and C-O bond from CO;
would be important in both industry and academia because such processes offer
economical and environmental advantages such as perfect atom efficiency and
formation of water as only by-product (5). To overcome the intrinsic inactivity
of CO», highly reactive reagents are usually investigated to couple with CO,.
Accordingly, the introduction of various nucleophiles is a primary consideration
(8). Notably, these nitrogen or oxygen-containing nucleophiles exhibit much
better reactivity than general carbon nucleophiles, which are commonly limited
with organolithium and Grignard reagents, phenolates in classic C—C bond
formation via CO; activation. In the past decades, many publications have
appeared, focusing on incorporation of CO> into propargylic alcohols to generate
a-alkyldine cyclic carbonates, 2-oxazolidinones and/or f-oxoalkylcarbamates
in the presence of amines. Through great progress has been made, high CO;
pressure and reaction temperature are usually required for performing the reaction
efficiently. In other words, chemical transformation of CO; at atmospheric
pressure and room temperature still remains a great challenge. As expected,
further enhanced reactivity and selectivity could depend on the transition-metal
catalysis which could be capable of activating the carbon-carbon triple bond of
propargylic alcohols on the basis of mechanistic understanding on a molecular
level.

The purpose of this review is to feature recent advances on metal-promoted
incorporation of CO» as both carbon and oxygen source into propargylic
alcohols/amines through carbonylative or carboxylative cyclization under
milder reaction conditions particular low pressure in the production of
carbonyl-containing heterocycles including cyclic carbonates, 2-oxazolidinones
or S-oxoalkylcarbamates. We believe that this type of reactions will open new
avenues in the field of upgrading use of CO, from waste to sustainable chemical
feedstock in organic synthesis. This review will stimulate further interest in
research that may lead to the development of complementary strategies.
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Synthesis of a-Alkylidene Cyclic Carbonates from
Propargylic Alcohols and CO;

The -catalytic carboxylative cyclization of propargylic alcohols with
CO; holds great promise for direct incorporating CO> into high value-added
chemicals as depicted in Scheme 1; that is, a-alkylidene cyclic carbonate, an
important framework in natural products with potential bioactivities (9) and
a broad range of applications as intermediates in organic synthesis (/0—12).
To date, several metal-free catalytic systems, such as tertiary phosphine (/3,
14), N-heterocyclic carbene (NHC)/CO; adduct (/5), bicyclic guanidine (/6),
N-heterocyclic olefin/CO; adduct (/7), and alkoxide-functionalized imidazolium
betaine/CO; adduct (/8) have been developed for the preparation of a-alkylidene
cyclic carbonates. However, higher CO» pressure and reaction temperature are
usually required for performing the reaction efficiently. In this regard, further
enhanced reactivity and selectivity could depend on the transition-metal catalysis.
Therefore, efforts to convert CO; to useful chemicals will inevitably rely on its
activation through molecular catalysts, particularly transition-metal catalysts on
the basis of mechanistic understanding at a molecular level.
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Scheme 1. Incorporation of CO; into a-alkylidene cyclic carbonates and their
derivatives.

In early years, several catalytic systems such as Ru (/9), Co (20), Pd (21), Cu
(22) were founded to synthesize a-alkylidene cyclic carbonates from propargylic
alcohols and CO,. However, those procedures pose a number of drawbacks, in
particular, using complicated catalysts, requirement of higher CO; pressure, strict
avoidance of moisture and air. To be delighted, these problems can be overcome
through rational design of robust metal catalytic system.

Recent years, a number of novel effective catalytic systems well up. Ionic
liquids (ILs) have some very attractive properties, such as being non-volatile,
non-flammable, and having high thermal stabilities and excellent solubility in
both organic and inorganic substances (23). Additionally, catalytic reactions have
been widely studied using ILs as solvents and/or catalysts. Deng and co-workers
pioneered the use of effective CuCl/[BMIm][PhSO;] catalytic system with high
selectivity (IL media, 2 mol% copper catalyst, 120 °C, 1.0 MPa, 8 h) (Scheme 2)
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(24). In this system, ILs as a novel reaction medium could promote the reaction
smoothly and be easily recovered and reused after completing the reaction.
Notably, direct distillation of cyclic carbonates from the reaction mixture after the
reaction, the copper catalyst immobilized in ILs could be reused 3 times without
losing activity.

o .
R oA
[BMImIPhSO4J/CuCl ; Ny
OH , co, R O 1 BMim= NN
= R €O, (10 atm) R? i ~
120°C :

Scheme 2. CuCl/[BMIm][PhSO3]-promoted carboxylative cyclization of
propargylic alcohols and CO;.

The reaction between CO; and propargylic alcohols catalyzed by AgOAc
in  l-ethyl-3-methylimidazolium diethylphosphate ([EMIM][(EtO),PO.])
was conducted at 30 °C under 4 MPa CO, developed by Han group (25).
[EMIM][(EtO)2PO;] acted as both base and solvent in the reaction. Moreover,
the AgOAc/[EMIM][(EtO),PO>] catalytic system could be reused three times
without considerable loss of the activity.

Herein, task-specific basic ILs have displayed superior performance for
CO» conversion through carboxylative cyclization of propargylic alcohols with
CO,. Recently, our group developed a two-component catalytic system of
1-butyl-2-methyl-3-methylimidazolium halogen ((BMMIM]X, X = Cl or Br) in
combination with basic silver compounds (AgOAc, Ag>COs3 or Ag>0O), which was
able to promote CO, conversion in the synthesis of a-methylene cyclic carbonate
from 2-methyl-3-butyn-2-ol with CO; as shown in Scheme 3 (26). Using catalytic
loading of [BMMIM]Br/AgOAc (2 mol% [BMMIM]Br, 1 mol% AgOAc), up to
96% yield of product was obtained under CO> balloon at 60 °C for 12 h. In this
reaction, acetate anion/halogen anion acts as Lewis base and silver/imidazolium
cation performs as Lewis acid.

=t
x : O N-m o
| on AgX + [BMMIM]Br(CI) o /nyN BU = [BMMIMBR(CI)
/'Q + €0, ———————————= o \ BrorCr
// {1 atm) 60°C, 12h :

neat X = OAc, 0%, CO4%

96% NMR yield |

Scheme 3. [Ag]/ILs-catalyzed carboxylative cyclization of propargylic alcohols
and CO:.

Supercritical carbon dioxide (scCO») as a reactant and promising reaction
medium has recently received much attention, not only because of its benign
character, but also greatly improving the catalytic activity and the product
selectivity (27). Jiang and co-workers (28) presented a heterogeneous
polymer-supported catalyst containing cuprous iodide and amino functions
promoted cyclization of propargylic alcohols with CO; to a-alkylidene cyclic
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carbonates under supercritical conditions (8 mol% catalyst, 40 °C, 14 MPa, 24 h)
(Scheme 4). The bifunctional polymer containing organic base and Lewis acid
was demonstrated to be effective and reusable catalyst.

@(?Meﬂm 5
1

R OH Cul ’ OJ<
/ / -~ R 0O
= R scCO, RH

Scheme 4. Carboxylative cyclization of propargylic alcohols with scCO;
catalyzed by DMAM-PS-Cul.

Polystyrene-supported N-heterocyclic carbene-silver complexes [PS-NHC-
Ag(I)] was confirmed to be an effective catalyst with high activity and and
selectively yielding the corresponding a-alkylidene cyclic carbonates in good
yields under mild conditions (2 mol% catalyst, 40 °C, 5 MPa, 24 h) (Scheme 5)
(29). NHC, as a strong nucleophile behaving basic feature, could promoted the
cyclization in combination with silver. More importantly, the supported catalysts
could be separated easily from the products and reused up to 15 times without
loss of their high catalytic activity, showing excellent stability.

a i : [PS-NHC-Ag()]
N
15

Ag” N
Cl Me /é)
(2 mol%) O

R1
/0:' + CO, - R 0o
g R 5 MPa, 40 °C, 24 h R2

Scheme 5. Synthesis of various cyclic carbonates catalyzed by
polystyrene-supported NHC-Ag.

Recently, our group (30) described a sustainable and cost-competitive
catalytic process promoted by AgoWO4/PhsP system for efficient chemical
fixation of CO; to produce a-alkylidene cyclic carbonates as illuminated in
Scheme 6. Such CO; fixation protocol proceeded smoothly with only 1 mol%
of AgaWO4 and 2 mol% PPh; as well as atmospheric CO, at room temperature
under solvent-free conditions, featuring environmentally benign and low
energy-consumption manner along with easy operating procedure. Importantly,
the catalytic system is not sensitive to air and moisture. In addition, dual activation
for both propargylic substrate and CO, by AgoWO4/PhsP was also characterized
by NMR technique (see Figure 1 for 13C NMR), which based on the cooperative
catalytic mechanism by silver cation and tungstate anion.
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Scheme 6. Ag2WO.4/PhsP-promoted fixation of CO:.
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Figure 1. 13C NMR investigation for CO; activation by Ag>WO.4/Ph3P.

Terminal propargylic alcohols and internal propargylic alcohols have
different reactivity which is related to the substituent at the position of
terminal alkyne. One of the most effective catalytic systems could be
Ag(1)/1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) system (3/) for the cyclization
reaction of CO, with internal propargylic alcohols (Scheme 7, Base A). The
combined use of a catalytic amount of silver acetate and a stoichiometric amount
of DBU efficiently promoted the reaction under mild reaction conditions (room
temperature and 1-10 atm CO») into a wide range of internal propargylic alcohols
to afford the corresponding cyclic carbonates in high yields. Moreover, all
the cyclic carbonates were found to be single isomers. Additionally, when the
chiral Schiff base ligand was used (Scheme 7, Base B) instead of DBU (32),
enantioselective chemical CO; incorporation into various bispropargylic alcohols
was achieved by the combined use of a catalytic amount of silver acetate.

! Base/ligand
AgOAc }
O"k1 base ( or ligand) i /j 7N
/< e OO ﬁ 3
Z PhCHj or CH,Cl, or CHCl3 ;

R
room temperature

Scheme 7. Proposed mechanism of CO; incorporation into propargylic alcohols.
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Mechanistic Consideration on Carboxylative Cyclization of
Propargylic Alcohols with CO;

The strategy to produce a-alkylidene cyclic carbonates is fundamentally
based on the cyclization of the propargylic carbonate species HC=CCH,OCO,—
into the corresponding a-alkylidene cyclic carbonate (16, 19, 20, 28, 30, 31).
The propargylic alcohols initially reacted with CO, to generate the carbonate
intermediate in the presence of large amount of organic base (Scheme 8). Then,
an intramolecular ring-closing reaction would then proceed at the alkyne, which
would be activated by the metal species to afford the corresponding cyclic
carbonate with the release of the catalyst. The activation of the alkyne by the
metal complex was proposed to be crucial to promote the present reaction in the
literature (31).

£
0
0 R?
R Rt [M] + base Hoﬁ\
2 R
R SR
BH*

co,

o} O
)k BH"_ )]\

0" "o e o
R! R!
R~ R R%iz
M]
~_ M]

[M] = metal complex
B = organic base

Scheme 8. Plausible mechanism for the transition-metal-catalyzed carboxylic
reaction of propargylic alcohols and CO>.

In the process of our recent study, we found that higher CO, pressure or
additional energy is eventually inevitable for getting desired yield, despite nice
selectivities can be reached with the transition-metal catalysis in most of previous
reports. Generally, alkylcarbonic intermediates I involving in the two-component
“metal-base”-catalyzed reaction of propargylic alcohols and CO, was brought
forward in previous work. We made judgments that higher CO; pressure and
temperature still be indispensable due to the strong interaction between base-H*
and HC=CC(R!R2)OCOy which limits the O-nucleophilicity of alkylcarbonic
anion (I) based on the understanding and analysis of reaction mechanism. As
previous reported, bulky cation, e.g. in KoCOs/crown ether (33) could enhance
the catalytic roles of anion (e.g. enhanced O-nucleophilicity and basicity).
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Scheme 9. Activation mode by two-component catalyst system (I) and
well-defined bifunctional metal complex (II).

Recently, based on the well-developed silver-promoted chemical fixation
of CO, at ambient conditions, mechanistic insights into the bifunctional
silver-catalyzed carboxylative cyclization were further explored (34). The
single-component basic silver complex (e.g. [(PPh3)>Ag].CO3) (35). could
perform excellent catalytic roles via the intermediate generated with the
aid of [(PPh3)2Ag]2COs3 (Scheme 9, II). Presumably, intermediate II, bulky
[(Ph3P),Ag(I)] can enhance O-nucleophilicity of alkylcarbonic anion, activate
C=C triple bond to facilitate subsequent attack through an intramolecular mode,
rendering the reaction to efficiently perform at ambient conditions. On the basis
of understanding and insight into the reaction mechanism at molecule level,
we put forward the postulate that the ideal catalytic system would be a kind of
bifunctional ones with both Lewis acid and Lewis base sites in combination with
another key bulkier counterions cation compatibly.

Based on this assumption, a few experiments on reaction of propargylic
alcohols with 13CO; were designed and monitored by using NMR technique to
elucidate the catalytic role of [(Ph3P),Ag].COs. Results revealed that the silver
complex could effective activate CO, and propargylic alcohol i.e. OH group and
C=C bond.

Density functional theory (DFT) calculations were also performed in order
to gain a deeper insight into the reaction and activation mode I and II as shown
in Scheme 9. As illustrated in various parameters including electron charge of
oxygen atom, stabilization energy and relative activation energy in comparison
with that of I, the DFT results supported the effective activation model II.

To further confirm the catalytic conversion of CO; to cyclic carbonate at this
study, 13Ccarbonyl-labelled experiment was performed (Scheme 10). The presence
of 13Ccarbonyl-labelled a-methylidene cyclic carbonate verified successful CO;
conversion.

0
Ag,CO;3 (0.5 mol%) 13"
PhsP (2.0 mol%) o’C\ o
}<OH + 13co,
(balloon) CHCl3, 25°C, 2 h
92%

Scheme 10. 13Ccarponyi-labeled experiment.
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Without using Lewis acid in the catalytic system, we (36) designed and
prepared the ammonium tertiary phosphate catalyst, aiming to use for activating
CO; and nucleophilic substrate due to its strong nucleophilicity and basicity to
further support our postulate on ingenious interreaction model on a molecular level
during the reaction (Scheme 11). Gratifyingly, up to 96% yield of a-methylidene
cyclic carbonate was obtained by employing 1 mol% of ("BusN);PO4 under
atmospheric pressure of CO> at 60 °C for 12 h. Phosphate anion (HPO42-) bearing
negative charge after trapping one proton leads to the evitable interaction with
carboxylate anion. Additionally, bulkyl cation can enhance the O-nucleophilicity
of carboxylate anion via the steric effect.

("BugN)sPO, ("BuN)HPO, o )OL
(1 mol%) /lk o o
:‘<OH + CO. -0 0 | —
2 CO; balloon, neat 3 ﬂ
60 °C, 12 h. T 4 96%
(]
bulkyl cation

Scheme 11. Elaborately designed experiment on ("BuyN)3POy-catalyzed
carboxylic reaction in the absence of any metal.

In summary, efficient protocols to generate a-alkyldine cyclic carbonates has
been well-developed in which CO> has been utilized as a carboxylating reagent
through the metal-promoted carboxylative cyclization of propargylic alcohols.
The metal-promoted procedure offers salient advantages and features: (1) it
generally requires no organic solvent; (2) the catalytic system is very effective
under mild conditions; (3) excellent yields, region-, and chemoselectivity towards
the target products are obtained; (4) simple work-up procedure is required.

Reaction of CO; with Propargylamines

Synthesis of a-alkylidene oxazolidinones through carboxylative cyclization
of propargylic amines and CO is regarded as one of the most attractive synthetic
methods. These heterocyclics are useful intermediates for further preparation of
functional carbamates or oxazolidinones. As a consequence, great efforts have
been made to accelerate this carboxylative cyclization through transition-metal
catalysis including Cu (37), Ru (38), Pd (39, 40), Ag (41, 42), Au (43), basic
species like guanidine derivatives (44—47), basic alumina (48), and (#~-BuOlI)
(49) or using electrochemical method (50) (Scheme 12). This strategy is
fundamentally based on the cyclization of the propargylic carbonate species into
the corresponding a-alkylidene cyclic carbonate in the presence of metal catalyst.
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Scheme 12. Various catalytic systems for the preparation of oxazolidines from
propargylic amines and CO;.

Silver salts have been demonstrated to be one of the most efficient catalysts
for the preparation of oxazolidinones from CO; and propargylic amines (417).
This procedure could be successfully applied to various terminal and internal
N-substituted and N-unsubstituted propargylic amines to afford the corresponding
1,3-oxazolidin-2-ones in high to excellent yield at ambient reaction conditions
(2 mol % AgOAc, 0.1 MPa CO», 25 °C, 12 h). In the ring-closing reaction,
silver catalyst capable of activating the alkyne is the key step which avoids the
additional energy input. And free propargylic amine could work as a base to assist
with the carbamate formation as shown in Scheme 13.

0
" ® H-Amine (@]
NHR Ag. . o R,
AgOAc " N /u\ Ry
4 - - ZA —— | R~ — = [e N\
R cozbaloon | R7 oA I -
25°C, 12 h S gA 9 R
DMSO mine

Scheme 13. The AgOAc-promoted carboxylative cyclization of propargylic
amines and CO;.

In general, high CO» pressure is required for CO, conversion. Therefore,
the fixation of atmospheric CO, thus represents an attractive research area in
both organic and green chemistry and still faces great challenge. Yoshida and
coworkers developed a methodology for the synthesis of oxazolidinones by the
fixation of CO, from the air with propargylic amines (42). The efficient process
has been achieved by using the silver/DBU dual-catalyst system. Atmospheric
CO; is initially trapped by DBU to form the DBU—CO, adduct in sifu, and
thus reacts with the silver-coordinated propargylic amine (Scheme 14). Then,
intramolecular 5-exo-cyclization followed by proto-demetallation produces the
oxazolidinone with regeneration of the silver complex and DBU. As a result, the
reaction afforded a variety of substituted oxazolidinones in good yields, and the
process provided an alternative practical protocol for the utilization of air as a
source of COx.
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Scheme 14. Proposed reaction mechanism for the [Ag]/DBU dual-activated
fixation of atmospheric CO:.

Recently, Ikariya group (43) described the NHC-Au(I) complexes-promoted
carboxylative cyclization of a range of propargylic amines to afford
(Z2)-5-alkylidene-1,3-oxazolidin-2-ones in methanol under mild conditions
(0.5-1 atm CO,, 40 °C, 16-91% yield). The highly active catalyst permits
CO; transformation under a mixed gas atmosphere containing CO or Ha. The
chlorogold(I) precursor can form a catalytically active cationic species via facile
dissociation of the anionic ligand in a polar methanol medium as depicted in
Scheme 15. The alkyne moiety of propargylic carbamate formed through a
spontaneous carboxylation of the amine substrate is activated by the cationic
Au(l) center. The carbamate anion attacks nucleophilically on the triple bond in
an anti fashion to generate the corresponding neutral alkenylgold intermediate,
followed by proto-demetallation with liberation of the urethane product.

0
/U\N’R1 [Au-Cl] 1
JO—/ l P NHR
R~/ [Au] /
R +
CO,
H+
o
0
O//<N—R1 ’O/U\NR1
R%/ 4
RTTN
Au \/ \ (A

Scheme 15. Proposed mechanism for the NHC-Au complexes-catalyzed
carboxylative cyclization of propargylic amines and CO..
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Moreover, they successfully identified the key alkenylgold(I) intermediate
from a stoichiometric reaction of Au(OH)(IPr) and 1-methylamino-2-butyne
in THF (Scheme 16). In this reaction, the methanol would pose two unique
advantages: (1) promoting the formation of catalytically active cationic gold
species; and (2) facilitating proto-demetallation especially with regard to the
COz-mediated acceleration due to in situ generation of methylcarbonic acid in
the product-releasing step.

¢}
NHCH4 o )LN,CHa
AUCH(PT) + + co, —— +  HO
HaC 1 atm THF, 40 °C HyC—/
Au(IPr)
54% yield

Scheme 16. Formation of the alkenylgold(I) complex.

Allenes have the similar reactivity to alkynes. Therefore, 2,3-allenic amines
can also react with CO» to form 5-vinyl-1,3-oxazolidin-2-ones (57, 52). Takao
Ikariya et al. (51) first accomplished the Pd-catalyzed cyclic urethane synthesis via
intramolecular addition of carbamic acids across the carbon-carbon double bond
in allenic substrates. The dense CO; proved to be crucial for smooth CO; fixation.

The catalytic reaction is likely initiated by the oxidative addition of the
carbamic acid generated from the allenic amine and CO,, which is responsible
for the formation of hydridopalladium species. The allene moiety inserts into the
Pd-H bond to give an n3-allylpalladium intermediate, and the following reductive
elimination would afford the cyclization product as described in Scheme 17.

0
A
R Pd(OCOCH;), 97 \—r
\/\H "o toluene \%/
\/\”,R + CO,
o] AN ﬂ

Pq N-R :T/\N R
O_ﬁo H—Pd—o’go
\_/

Scheme 17. Proposed mechanism for the Pd-catalyzed reaction of allenic amines
with CO..

58
In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.


http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1194.ch002&iName=master.img-016.png&w=268&h=58
http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1194.ch002&iName=master.img-017.png&w=180&h=167

Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch002

Recycling of Intramolecular-Produced CO; Molecule
into Valuable Chemicals

In traditional decarboxylation reactions, CO> is produced as a co-product,
which are disadvantageous from an economic point of view. However, there are
few reports on the recycling of this in situ-formed CO; molecule. Delightedly,
in recent years, more and more attention has been paid to converting the CO>
molecule produced intramolecularly into value-added chemicals.

In 2001, Thara and co-worker (53) reported a novel synthesis of cyclic
carbonates by Pd-catalyzed domino reaction of 4-methoxycarbonyloxy-2-butyn-
1-ols with phenols (Scheme 18). This protocol enables the efficient construction
of cyclic carbonates in a one-pot process with recycling of the CO, molecule.
It is the precursory example of efficient re-fixation of the CO> molecule from a
decarboxylation reaction featuring as convenient and environmentally friendly

procedurg
0
OMe HOOOR1
HO o— o)ko
RF: o) R
R 5 mol% [Pd,(dba)s] CHCl, WON

R
20 mol% dppe

R = alkyl dioxane, rt, 4 h 42-99%

Scheme 18. Domino reactions of various propargylic carbonates with substituted
phenols.

A plausible mechanism is shown in Scheme 19. In the presence of the
palladium catalyst, the propargylic carbonate A would undergo elimination
of CO; to give the allenylpalladium methoxide B, which would be subject to
nucleophilic attack by phenols to give the m-allylpalladium complex D through
the intermediate C. Finally, D would re-fix CO; to afford the carbonate species
E, which would subsequently cyclize to produce the aryloxy-substituted cyclic
carbonate.

)k HO OCOzMe

OY
R PdL," MeO"
c © \'XPdL +
R R OAr ArOH
ArO”
o \>< MeOH
PdL,* HO OAr
RR oar~__ R
D R PdL,
C

Scheme 19. Possible reaction mechanism of the domino reaction.
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Additional typical example of one-pot process with recycling of the CO;
molecule is the synthesis of oxazolidin-2-ones via copper(I)-catalyzed tandem
cyclization of propiolic acid, primary amine and aldehyde (54) (Scheme 20). This
is an efficient approach for the synthesis of oxa-zolidin-2-one under mild reaction
conditions and the procedure is applicable to a broad scope of aldehydes, primary
amines and propiolic acids. The reaction is mainly through the decarboxylative
and carboxylative cyclization procedure.

O
/L Cu-catalyzed NHR! Cu-catalyzed o
= OH decarboxylative 5 carboxylative R1\
R = coupling = R reaction NJ<
+ ———— | R . —— O
o) R\
1 2
R'-NH, + R ﬁ co, R

Scheme 20. Cu(l)-catalyzed tandem cyclization of propiolic acid, primary amine
and aldehyde.

Firstly, propiolic acid undergoes a Cu(I)-catalyzed decarboxylation affording
copper acetylide and CO; (Scheme 21). Then the copper acetylide attacks the
in situ formed imine resulting in the formation of the intermediate propargylic
amine. Finanlly, a Cu(I)-catalyzed addition of CO; released from the propiolic acid
to propargylic amine gives the desired product via a Cu(I)-catalyzed cyclization
carboxylatio

)
1_ 2
R'-NH, + R —{H NHR! H

o
— ‘OJ\ HR'
R? N

l Ré =’
~. R! R \
R2TN o
u R A
/‘3 N o
=
>_%/R
Cu
H* R //?
N0
S
\ R

Scheme 21. Proposed mechanism of Cu(l)-catalyzed three-component reaction of
propiolic acid, primary amine and aldehyde.
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Synthesis of Oxazolidinones Derivatives from Propargylic
Alcohols, Primary Amines, and CO;

Oxazolidinones are important heterocyclic compounds, and meanwhile they
can be used as chiral synthons or chiral auxiliaries in asymmetric syntheses. In
addition, they usually acts as necessary moiety in pharmaceutical chemistry due to
significant antibacterial properties (55) Thus, synthesis of this heterocyclic system
is of much interest, and a number of procedures have been developed (56-60). A
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method in which CO; has been utilized as a substrate is through the cyclization
of easily available propargylic alcohols and primary amines to generate functional
oxazolidinones bearing exocyclic alkenes (5-methylene-1,3-oxazolidin-2-ones or
a-methylene oxazolidinones), which could allow further transformation of the 1,3-
oxazolin-2-one and the preparation of synthetically useful derivatives. This route
offers economical and environmental advantages such as high atom efficiency and
water as only by-product.

To date, several metal-free systems, such as tertiary phosphine (67),
organic bases (/6), and ILs (62) have been developed for the preparation of
S-methylene-1,3-oxazolidin-2-ones. However, high CO; pressure and reaction
temperature (5-14 MPa CO,, 100-140 °C) are usually required for performing
the reaction efficiently. In this regard, further enhanced reactivity and selectivity
could depend on the transition-metal catalysis including Cu (63-65), and Ag (30,
34, 36, 60).

In 2005, Deng group (63) developed a CuCl/[BMIm]BF4 system for the
three-component reaction under relatively mild conditions (2.5 MPa CO,, 100
°C, 10 h). Therefore, several 5-methylene-1,3-oxazolidin-2-ones were prepared
in excellent yields. Moreover, IL as well as CuCl catalyst can be recovered and
reused three times without appreciable loss of activity. This methodology offers
significant improvements with regard to yield of products, simplicity in operation,
cost efficiency, and green aspects avoiding toxic or expensive reagents.

Later, Jiang and coworkers (64) developed an efficient and eco-friendly
Cu-promoted process to synthesize 4-methyleneoxazolidin-2-ones and
4-methyloxazol-2-ones in scCO> as shown in Scheme 22. CO» was employed not
only as reaction medium, but also as starting material. This is the first example for
the synthesis of 4-methyloxazol-2-ones from secondary propargylic alcohols with
high yield. By using CuCl as catalyst, 4-methylene-1,3-oxazolidin-2-ones could
be prepared via the cycloadditon reaction of propargylic alcohols with primary
amines with atmospheric CO; at 60 °C without any additional solvent (65). This
methodology affords an ecofriendly, mild, and easy approach to chemical fixation
of CO»

(0]
R, R? = alkyl or aryl R OJ<N,R
L maxioray

8

0
R' = alkyl, aryl, H
O4N/R
~

R2=H
R1J\<

Scheme 22. Cul-catalyzed three-component reaction of propargylic alcohols,
primary amines and scCO:.

scCO,, Cul
R2 60 °C

Afterwards, they (66) also reported the silver-catalyzed synthesis of
4-alkylidene-1,3-oxazolidin-2-ones through the reaction of internal propargylic
alcohols in scCO;. The catalytic system was effective for various alcohols, but
invalid for internal propargylic alcohols with alkyl group at terminal site as
illustrated in Scheme 23.
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R? [e]
"BuNH, OJ(N _/Bu

R'=H, R® = CHj;, 0%
R'=R3=Et, 0%

R1)\QM
R = Alkyl R3

Scheme 23. AgOAc-catalyzed three-component reaction of propargylic alcohols,
primary amines and scCO..

Recently, the successful transformation of propargylic alcohols to
a-alkylidene cyclic carbonates through CO, fixation at ambient conditions
prompted us to expand potential application of this functional AgrWO4/PhsP
system to synthesis of a-alkylidene oxazolidinones via the three-component
reaction of propargylic alcohols, primary amines and CO; under mild conditions
(30) (Scheme 24). Pleasingly, the transformation was performed smoothly with
a variety of propargylic alcohols and primary amines in the presence of 0.5 MPa
CO; at 50 °C for 12 h.

AngO4 (1 mol%) ji
R’ PhsP (2 mol%) o °N-R
= <{OH + RNH, + CO; e
2 1
R (0.5 MPa) o R,

Scheme 24. Ag:WO4/PhsP-promoted three-component reaction of propargylic
alcohols, primary amines and scCO>.

The mechanism of three-component reaction via a tandem aminolysis of a-
alkylidene cyclic carbonates/intramolecular cyclization was generally described
as depicted in Scheme 25.

RS
R—=—<{0H + CO,
R2

J Cat.

o

o)
)k R*NH, O>\_NHR4 o>\_( g

oS e oH — ° — o " RS OJ<NR4
Rﬂﬁ o3 HRZ ( R ‘\Rz /< R3>(iR1 -Hz0 R;/‘\&
1

R

Scheme 25. Proposed mechanism for the three-component reaction of propargylic
alcohols, primary amines and CO,.

The three-component assembly of aldehydes, alkynes, and amines is well
known as an A3 coupling reaction, which has been extensively and intensively
studied because of its wide use in pharmaceutical chemistry and synthetic
organic chemistry (67, 68). Li et al. (69) developed an efficient Cul-catalyzed
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four-component, tandem A3-coupling/carboxylative cyclization between
aldehydes, aliphatic amines, terminal alkynes, and CO> under atmospheric
pressure for the synthesis of important oxazolidinone products (Scheme 26). It
is a rare example in which CO; acts as both a promoter and substrate for the
tandem A3-coupling/carboxylative cyclization reaction. Remarkably, the copper
is regarded as twice activation of the alkyne in A3-coupling and carboxylative
cyclization procedure.

NHR' j\
o) RL
R—=— + R“NH, + R4 — /\RZ] _CC N" o
H R™ 2>_K\/R
lCUl Cul R

Scheme 26. Copper-catalyzed four-component coupling between aldehydes,
amines, alkynes and CO:.

Ketones are much less reactive than aldehydes for both steric and electronic
reasons. Recently, it has been reported that ketones could be coupled with alkynes,
amines and CO> catalyzed by Cul/SnCl; to provide the oxazolidinones in DMSO
at 70 °C (70). Experiment results show steric hindrance has an extreme effect on
the four-component coupling and aliphatic ketones, basic primary amines, and aryl
alkynes are good substrates.

Synthesis of f-Oxopropylcarbamates from Propargylic
Alcohols, Secondary Amines, and CO;

One of the most promising examples of CO> fixation is the three-component
reaction of propargyl alcohols, secondary amines and CO> to access
[-oxopropylcarbamates (Scheme 27), which stands for an important class of
carbamate compounds in agriculture and pharmacology, as useful intermediates
in organic synthesis and as protective groups of an amine function in peptide
chemistry (7). In this context, early reported catalytic systems include metal
complex of Ru (72, 73), Fe (74), Cu (22), which most gave only moderate
yield even in the high CO» pressure (>3 MPa) with the aid of the additional
heat (>70 °C). Recently, AgOAc/DBU was found to be an effective catalytic
system for the f-oxopropylcarbamates synthesis under 2 MPa CO; at 90 °C (75).
Without using catalyst, excess amines (2 equiv.) combined with much higher CO;
pressure (14 MPa) and reaction temperature (130 °C) are needed to gain satisfied
yield (76). Moreover, bicyclic guanidines (/6) have been developed for the
synthesis of f-oxopropylcarbamates from propargyl alcohols, secondary amines
and CO; under supercritical conditions (up to 82% GC yield at 100 °C). Despite
well-established synthetic protocols, effective methodologies using CO> as a
feedstock under atmospheric pressure with low energy input are still challenging.
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R = alkyl
Reported catalytic systems: RuCl,(NBD],,, Ru3(CO)4», (BPPF)Fe(CO)s,
[Cu(L)]PF,4 complex, MTBD, AgOAc/DBU, Ag,WO,/Ph3P, [(Ph3P),Agl,CO4

Scheme 27. Various catalytic systems on three-component reaction of propargylic
alcohols, secondary amines and CO;.

In the course of our continuing efforts in developing silver-catalyzed
carboxylative cyclization of propargylic alcohols and CO; under atmospheric
pressure (30, 34), we have discovered that a silver catalyst combined with
PPh3 ligand could promote the generation of the silver propargylic carbonate
intermediate, and the resulting intermediates could further undergo a subsequent
attack through an intramolecular mode to produce the a-alkylidene cyclic
carbonates (Scheme 28). We hypothesized that chemical transformation of
three-component reaction of propargylic alcohols, secondary amines and CO;
could be achieved by using silver complexes as catalysts. Subsequently, we
disclosed the first catalytic protocol utilization atmospheric pressure of CO»
for the synthesis of f-oxopropylcarbamates directly from propargylic alcohols
and secondary amines at 30 °C, revealing an unprecedented reactivity for silver
complex under mild conditions.

o) 0
34 R3
JU o Remenn )-NRR ; j\ R*
0 —— 9 o | =R O)gfo
RE N R® R2 /\\

Scheme 28. Proposed mechanism for the three-component reaction of propargylic
alcohols, secondary amines, and CO:.

R’ Cat
= {O0H * CO, =,
R2

Conclusions

CO, fixation and conversion hold great promise for recycling CO; into
value-added products due to the great potential of CO;, as sustainable and
renewable C; feedstock. Great efforts and wonderful progress have been made
on CO; as a C; feedstock in synthetic chemistry for producing bulk chemicals,
fuels, and materials. In this regard, we particularly presented the transition
metal-promoted CO; conversion under mild conditions for the synthesis of
specialized/commodity chemicals based on the carboxylative cyclization of
propargylic alcohols, propargylic amines and their derivatives. There remain
many challenges to be overcome, such as reaction control and reactivity
enhancement, and opportunities to be explored further on the topic of CO; in
synthetic chemistry, especially in terms of functionalization of CO; through
CO; activation by using metal catalytic systems. We hope this presentation will
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provoke further interest in academic research and industrial development that
may lead to the development of CO» as an environmentally benign C; feedstock
for organic synthesis.
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Chapter 3

CO; Chemistry in SCUT Group:
New Methods for Conversion of Carbon
Dioxide into Organic Compounds

Chaorong Qi and Huanfeng Jiang*

School of Chemistry and Chemical Engineering,
South China University of Technology,
Guangzhou 510640, P. R. China
*E-mail: jianghf@scut.edu.cn

This paper reviews our recent work on the conversion of carbon
dioxide (CO») into useful organic compounds. Many new
methods have been developed for the efficient synthesis of
cyclic carbonates, oxazolidinones, carbamates and carboxylic
acids using CO»> as the raw material. ScCO> or compressed CO>
provides a platform for successfully performing the catalytic
reactions with epoxides/aziridines, propargylic alcohols and
amines, leading to environmentally friendly processes for the
synthesis of a wide range of important heteroatom-containing
compounds. CO; was further proved to be a powerful and
versatile building block in the synthesis of 3(2H)-furanones
and a-hydroxy ketones, although in these cases only one of the
oxygen atoms of CO; was incorporated into the final products.
Electrochemical methods for the conversion of CO,, including
the electrochemical oxidative carboxylation of alkenes and
electrochemical carboxylations of unsaturated hydrocarbons
(alkenes and alkynes) with CO,, will also be discussed with
special emphasis placed on the mechanistic aspects.
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Introduction

Carbon dioxide (COy) is a greenhouse gas. Due to human CO; emissions, the
level of CO; in the atmosphere has been rising extensively during and after the
industrial revolution, which began in 1850. This has caused serious environmental
problems, including global warming and climate changes. Therefore, the capture,
utilization and storage of CO; have drawn much public attention (/—6). Chemical
fixation of CO» into value-added organic chemicals is of great interest from
the viewpoints of protection of the environment as well as the utilization of C;
resources (7—11). Although CO; is abundant, readily available and renewable,
the relative thermodynamic stability and high oxidation state of the linear
molecule limit its widespread use in chemical reaction as a raw material, and
its transformation often requires reaction with high-energy starting materials or
electroreductive processes. By far the development of efficient and eco-friendly
processes for chemical fixation of CO, remains a significant challenge.

This paper reviews our recent work in the conversion of carbon
dioxide into useful organic compounds, including the catalytic reactions and
electrochemical reactions of CO» with different substrates. Many efficient and
eco-friendly catalytic systems have been developed for the fixation of CO;
with epoxides/aziridines, propargylic alcohols and amines. Moreover, several
novel reactions have also been developed for the synthesis of carbamates,
oxazolidinones, 3(2H)-furanones and a-hydroxy ketones. The electrochemical
reactions of CO; including the electrochemical oxidative carboxylation of alkenes
and electrochemical carboxylations of unsaturated hydrocarbons with CO, were
investigated with inexpensive and easily available metals as electrolyte materials.

Catalytic Reactions
Reaction with Epoxides or Aziridines

One promising methodology in chemical fixation of CO; is to efficiently
convert CO» to the five-membered heterocycles such as cyclic carbonates or
oxazolidinones. The resulting cyclic carbonates are excellent aprotic solvents,
pharmaceutical and fine chemical intermediates, precursors for polycarbonate
materials, intermediates in organic synthesis (/2—/6). Oxazolidinones are also
important heterocyclic compounds showing a large application as intermediates
and chiral auxiliaries in organic synthesis (/7-21).

The cycloaddition of CO, with epoxides or aziridines is known to be
catalyzed by alkali metal salts (22—24), organic bases (25, 26), metal oxides
(27, 28), transition metal complexes (29-35), supported quaternary ammonium
and phosphonium salts (36—40), Although the addition of CO, with epoxides or
aziridines to produce five-membered heterocycles has been studied extensively,
there is continuing motivation for developing efficient catalysts for chemical
fixation of CO, which would ideally carboxylate both epoxides and aziridines.

In early 2007, we reported our initial results using naturally occurring amino
acids as catalyst for this transformation (47). In this study, the coupling reaction
of CO, with propylene oxide catalyzed by L-phenylalanine was chosen as the
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model reaction and was first investigated. The best reaction conditions were
as follows: propylene oxide (20 mmol), dichloromethane (1 mL), catalyst (0.6
mol%); CO; pressure: 6 MPa; reaction temperature: 130 °C; time: 48 h. Under
the optimized conditions, all of the monosubstituted terminal epoxides surveyed
could be transformed to the corresponding cyclic carbonates as a sole product
in good to excellent yield. Cyclohexene oxide reacted with CO; to yield the
cis-cyclic carbonate cyclohexyl-1,3-dioxolan-2-one in 36% yield, and the lower
yield could be attributed to the effect of high steric hindrance of cyclohexene
epoxide (Scheme 1).
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Scheme 1. Synthesis of Cyclic Carbonate from CO; and Epoxides Catalyzed by
L-Phenylalanine.

A catalytic cycle for the coupling reaction of CO; with cyclohexene oxide
using amino acids as catalyst is postulated in Scheme 2, in which the cooperation
of the Lewis acid activation of the ammonium group and the nucleophilic attack
of the carboxylate ion (Lewis base) on the epoxide were proposed as a key
activation factor for this transformation. Initially, a cyclohexene oxide molecule
(1) coordinates to the -NH3* group of an amino acid to form an active intermediate
2, which then undergoes a nucleophilic attack by the carboxylate ion of another
amino acid on the methine carbon of the cyclohexene oxide to yield a oxy anion
species 3, which finally reacts with CO> to afford the cis-cyclohexene carbonate
product 5 via intermediate 4

73
In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.


http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1194.ch003&iName=master.img-000.png&w=263&h=231

Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch003

o H
L %

By 0 . _ o
NHs—CHR—COO H
5 1

H o} H N
zo-¢ CD N CHR— GO0 OO\ N
S+ - Q-NHs—CHR—COO A
Oz/\\o NHs—CHR—COO T or P

ZH - Q ) . (’H CHR
{60C-CHR—NH; 2 ~00C-CHR—NH, oG
[¢]
4
favoured disfavoured
\ QO=C=0 /
H 7) + -
@O NHz;—CHR—COO
> +
OOC—CHR—NH;
3

Scheme 2. Proposed Mechanism for the Coupling of Cyclohexene Oxide with
CO; Catalyzed by o-Amino Acids.

Further study showed that by using amino acids as catalysts, the reaction
of CO; and epoxides could be carried out in supercritical carbon dioxide in the
absence of any organic solvents, and L-histidine exhibited the highest catalytic
activity under supercritical conditions (42). More importantly, this catalytic
system could be successfully extended to the coupling reaction of CO, with
aziridines (43). As seen in Table 1, at 8 MPa of CO; pressure and 110 °C,
various monosubstituted aziridines underwent the cycloaddition with CO; in the
presence of L-histidine (0.6 mol%), affording the corresponding oxazolidinones
in moderate to excellent yields (54-99%) and high levels of regioselectivity
(87:13 to 100:0). 5-Substituted products were obtained as the major isomer. Due
to the self-oligomerization, 2-phenylaziridine and 1-methyl-2-phenylaziridine
afforded relatively low yields of the desired products. The product regioselectivity
mainly depends on the substituent group at the nitrogen atom. Increasing
steric hindrance of N-substituted group R leads to an enhancement of the
regioselectivity of the product. Aziridines with either an electron-donating group
or an electron-withdrawing group on the C-1-aryl group could react with CO» and
give oxazolidinones in high yield and regioselectivity.
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Table 1. Synthesis of Oxazolinones from CO; and Aziridines

R 0] o)
4 Lhisidine 0.6 mol%) /U\N’R Rey o
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A mechanism was proposed to account for the regioselective formation of
5-substituted oxazolidinones as the major product in this transformation (Scheme
3).
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Scheme 3. Proposed Mechanism for the Coupling of CO: and Aziridines
Catalyzed by a-Amino Acids.

Once having established that the small organic molecules a-amino acids are
highly efficient catalysts for the coupling of CO, with epoxides or aziridines,
we further envisioned that functionalized polystyrene, with a-amino acids as
a catalytically active species being covalently grafted onto polystyrene, could
be utilized as an active and recyclable heterogeneous catalyst for the reaction
of CO; with epoxides or aziridines. Four new polystyrene-supported amino
acids catalysts were then synthesized and their structures were shown in Scheme
4. After careful catalyst characterization through IR, SEM, TGA/DSC and
elemental analysis, we studied the catalytic activity of these catalysts towards
the carboxylation of epoxides and aziridines with CO,. To our delight, these
catalysts showed higher catalytic activity than the small molecule analogues
for the carboxylation of epoxides and aziridines with CO; under supercritical
conditions. Furthermore, they could be easily separated from the product just by
simple filtration and reused up to 5 times without loss of their high efficacy (44).
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Scheme 4. Structures of the Four Cross-Linked-Polystyrene-Supported Amino
Acids.

Metal-organic framework (MOF) heterogeneous catalysts have recently
attracted much attention for the conversion of carbon dioxide into cyclic
carbonate due to their excellent properties such as extremely large surface areas
and well-ordered porous structures. However, these studies mainly rely on the
intrinsic catalytic activity of the metal-connecting points, such as weak Lewis
acidity (45, 46), whereas introducing well-defined metal complexes into MOF
structures is a more rational strategy to develop more efficient heterogeneous
catalysts. Recently, with the use of dicarboxylfunctionalized nickel salphen
complex 8 as bridging metalloligand, we successfully synthesized a novel 3D
MOF, which could be used as a self-supported heterogeneous catalyst for the
coupling of CO» with epoxides in the presence of quaternary ammonium salts
(47). This is the first example showing that a M(salen)-based MOF material is
efficient both as a CO; adsorbent and as a recycle catalyst for CO, conversion.
Inspired by this work, asymmertic cycloaddition of CO> with racemic propylene
oxide has also been achieved under relatively mild conditions by using a chiral
MOF (CMOF) as heterogeneous catalyst, which contains chiral Ni(saldpen)
[saldpen =(R,R)-N,N'-bis-(salicylidine)diphenylethylenediamine] complex 9 as
bridging metalloligand (48).

@
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Reaction with Propargylic Alcohols

The cyclization of CO» with propargylic alcohols is also an atom-economic
route to a-alkylidene cyclic carbonates, which are versatile intermediate in organic
synthesis. Many transition metals as well as organic compunds, including Cu (49,
50), Co (51), Ag (52-55), tertiary phosphanes (56, 57), N-heterocyclic carbenes
(58), tert-butyl hypoiodite (59), functionalized imidazolium betaines (60), and N-
heterocyclic olefins (61), have been investigated for the reaction. However, in
most cases, the reactions have been accomplished under homogeneous catalytic
conditions and the catalysts could not able to be recycled.

In 2008, we reported the use of (dimethylamino)methyl-polystyrene-
supported copper(I) iodide (DMAM-PS-Cul) (10) as an efficient and
environmentally benign heterogeneous catalyst for the reaction of CO, and
propargyl alcohols under supercritical conditions (62). In this study, the reaction
of 2-methylbut-3-yn-2-ol and CO> was chosen as model reaction to test the
catalytic activity of DMAM-PS-Cul. Under 14 MPa of CO, at 40 °C, the
reaction proceeded smoothly and gave the product in almost quantitative yield
in the presence of 8§ mol% of DMAM-PS-Cul. For comparison, a yield of 77%
was obtained with Cul alone as the catalyst and Et;N as base under the same
conditions, which shows that the Cul catalytic activity is significantly enhanced by
fixing it to the polymer-supported base. Following this test, recycling experiment
for the same reaction was carried out and the results showed that the supported
catalyst could recycle up to five times albeit with obvious decrease of yield.
By ICP analysis we suggested that leaching of Cu combined with physical
destruction of the polymer matrix by stirring might be responsible for the decline
of yield. Under the optimized reaction conditions, various aliphatic-substituted
secondary and tertiary terminal propargylic alcohols were allowed to react with
CO» and afforded the corresponding products in good to high yields with excellent
selectivity (Scheme 5). When primary and internal propargylic alcohols were
used as substrates, the desired products were not detected, which indicates that
the present methodology could be specific to aliphatic-substituted secondary and
tertiary terminal propargylic alcohols.

A plausible mechanism for the reaction is postulated in Scheme 6. Firstly,
carbonate intermediate 11 is formed from the reaction of propargylic alcohol and
CO; activated by the amine group of DMAM-PS-Cul. Then the cyclization of
intermediate 11 takes place with the assistance of Cul to yield the cyclic carbonate
13 through intermediate 12, along with the release of the catalyst 10.
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Scheme 5. Synthesis of a-Methylene Cyclic Carbonates from Propargylic
Alcohols with ScCO: Catalyzed by DMAM-PS-Cul.
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Scheme 6. Proposed Mechanism for CO; Incorporation into Propargylic
Alcohols Catalyzed by DMAM-PS-Cul.
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Subsequently, in order to develop more robust heterogenous catalysts,
we synthesized a polystyrene-supported N-heterocyclic carbene—copper
complex [PS-NHC-Cu(I), 14] and three polystyrene-supported N-heterocyclic
carbene—silver complexes [PS-NHC-Ag(I), 15] catalyst and then investigated
their catalytic activity for the reaction of propargylic alcohols and carbon dioxide.

AW SR YN

L9 L
‘ S

B .Ag
| CH, Cl
14 PS-NHC-Cu(l) 15 PS-NHC-Ag(l)
R= CHj, 15a
R= n-Bu,15b

R= C5H5CH2, 15¢

Although PS-NHC-Cu(I) (14) showed no catalytic activity to the reaction, PS-
NHC-Ag(I) (15) exhibited high activity and selectivity for the transformation. For
example, with 2 mol% 15a as the catalyst under 5 MPa of CO», a variety of terminal
propargylic alcohols could be transformed into the corresponding a-alkylidene
cyclic carbonates in high to excellent yields (Scheme 7). It is noteworthy that
the supported catalysts showed excellent stability and could be reused up to 15
times without loss of their high catalytic activity (63).
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Scheme 7. Synthesis of a-Methylene Cyclic Carbonates from Propargylic
Alcohols and CO; Catalyzed by PS-NHC-Ag(I).
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Reaction with Propargylic Alcohols and Secondary Amines

Organic carbamates are compounds of great interest because of their growing
application in agriculture, pharmacology and as useful intermediates in organic
synthesis. The classical method for the synthesis of carbamates involves the use of
highly toxic phosgene as starting material which may cause serious environmental
pollution and safety problems (64).

One-pot three-component coupling reaction of propargylic alcohols,
secondary amines and CO; is a promising route to [B-oxoalkylcarbamates.
Pioneering work has been carried out by Dixneuf and co-workers, who used
ruthenium(I) complexes as catalysts (65, 66). Although subsequently other
catalysts such as iron complexes (67), lanthanide chlorides (68), and copper(I)
complexes (49, 69) have been developed for this reaction, their catalytic activity
and/or selectivity remained low, and large amount of solvent were required.

In 2007, we reported a simple, efficient and environmentally benign
methodology for the synthesis of B-oxopropylcarbamates (70). As shown in
Scheme 8, a series of secondary amines such as diethyl amine, pyrrolidine
and morpholine could undergo the three-component assembly with various
terminal propargyl alcohols in the absence of any additional catalyst and organic
solvent just by heating in compressed CO, at 130 °C. The corresponding
B-oxopropylcarbamates were afforded in moderate to high yields. It should be
noted that secondary amine was supposed to act not only as a reaction reagent
but as an active catalyst in this reaction. Recently, He and co-worker reported the
synthesis of B-oxopropylcarbamates under solvent-free conditions with the use of
a combination of Ag;WO4 and PhsP as catalytic system (55).

Although the three-component coupling reaction of terminal propargylic
alcohols, secondary amines and CO; proceeded smoothly under metal-free
conditions, internal propargylic alcohols failed to go through such an assembly.
With the goal of broadening the scope of the reaction, we further examined other
catalytic systems with different transition metal catalysts. After the systematic
investigation, we finally found that the combination of silver acetate and DBU
is a highly active catalytic system to convert an extensive variety of internal
propargylic alcohols into the corresponding B-oxoalkyl carbamates in high yields
(Scheme 9) (71).
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Scheme 8. Synthesis of p-Oxoalkylcarbamates from CO,, Secondary Amines,
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Scheme 9. Synthesis of p-Oxoalkyl Carbamates from CO;, Internal Propargylic
Alcohols, and Secondary Amines Catalyzed by AgOAc/DBU.
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Reaction with Amines and N-Tosylhydrazones

Recently, N-tosylhydrazones have been extensively used as valuable building
blocks to construct versatile molecules via transition-metal-catalyzed or metal-free
cross coupling reactions (72—74). However, N-tosylhydrazones have never been
used for the fixation of carbon dioxide. We first developed a base-promoted
three-component coupling reaction of CO,, amines and N-tosylhydrazones under
transition-metal free conditions, which provides an efficient route to carbamates
(75). As seen in Scheme 10, with the use of K,COj; as the base in a mixed
MeCN/H2O (15:1) solvent system, a range of carbamates could be prepared
from various amines and N-tosylhydrazones. However, N-tosylhydrazones
derived from aliphatic ketones or aldehydes and aniline could not undergo the
transformation.
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Scheme 10. Synthesis of Carbamates from a Variety of Amines and
N-Tosylhydrazones

It is interesting to find that when the reaction was carried out with
N-tosylhydrazone 16 as substrate, two regioisomers 17 and 18 were isolated
in 43% and 14% yield, respectively, indicating that the reaction may proceed
through the formation of an allylic carbocation intermediate. On the basis of
this observation and the results of control experiments and deuterium-labeling
experiments, we proposed a plausible mechanism for this transformation (Scheme
11). First of all, N-tosylhydrazone 16 undergoes thermal decomposition in the
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presence of base to provide diazo component 19, which could be protonated by
carbonic acid formed from water and CO> to yield a diazonium ion 20. After
the generation of an allylic carbocation species 21, the nucleophilic attack of
carbamate anion, generated in situ from the reaction of the amine with CO,, will
takes place to afford the desired product 17 and 18.

o
N-NHTs
©/\) — K>COj3 (3 equiv) K
NH————
Y/ MeCN/H,0(15:1) (j
120 °C, 24 h
16 €0, 17, 43% 18, 14%
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2 Et2NH
H2NEt2
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Scheme 11. Proposed reaction mechanism of the coupling of CO,, Et:NH, and
N-tosylhydrazone 16.

Reaction with Propargylic Alcohols and Primary Amines

The three-component reaction of propargylic alcohols, primary amines,
and CO; is an attractive method for the synthesis of oxazolidinones. Although
many catalytic systems have been developed for the reaction, they usually
suffered from harsh conditions, poor yields and use of hazardous and expensive
catalysts (76—78). In 2008, we first reported the results of the investigation of
the three-component reaction under supercritical conditions (79). When terminal
tertiary propargylic alcohols were employed to react with aliphatic primary
amines at 60 °C under 8 MPa of CO, for 24 h, the corresponding 4-methylene
oxazolidin-2-ones were obtained in good to high yields in the presence of
copper(I) iodide (5 mol%) (Scheme 12). The steric hindrance of the sustituents on
the primary amines affected the cycloaddition significantly. When tert-butylamine
or aromatic primary amines such as 2-pyridylamine were used as the coupling
partner, no desired products were detected under the standard conditions.
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Scheme 12. The reaction of CO;, Terminal Propargylic Alcohols, and Primary
Amines Catalyzed by Cul.

Unexpectedly and interestingly, terminal secondary and primary propargylic
alcohols provided 4-methyloxazol-2-ones as the sole products under the same
reaction conditions. This was quite different from the previously reported
processes in which only tertiary propargylic alcohols could react with primary
amines and CO» yielding 4-methyleneoxazolidin-2-ones (77, 78). Although it
is not clear why this happen, we suggest that scCO; as reaction medium might
play an important role in the reaction. This might be due to the reason that scCO>
could facilitate the formation of reaction intermediates.
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A proposed mechanism is illustrated in Scheme 13. Cyclic carbonates 24
was initially formed form the reaction of propargyl alcohols and scCO> catalyzed
by Cul/amine, which then undergo aminolysis to give the 2-oxoalkyl carbamate
25, followed by intramolecular cyclization to yield the key intermediate 26. The
regioselectivity derives from alternative elimination via 26: the 4-hydroxy group
is eliminated together with 5-H to form conjugated oxazolones 28 if there is a
hydrogen atom in the 5-position; if not, 4-hydroxy is eliminated with hydrogen
atom of 4-methyl to afford the oxazolidinones 27.

-
0 .
RONH; 0
1 - +
_ R RONH, OJKO o)ko NH,R?
?FOH + 002 7\‘ R2 —_— 5
R cul T %R1 R j_g\-(:u
Cu H
o)
JU — R°NH,
0" "NR® l —Cu
R! R', R%H

RZ
27

\ ji i Rl 0 R3NH, i
9 Q" NR® R3Hr<2Lo%—< QP

R'=H 2
oLt U 3

2
R 26 25 24

oy

28

Scheme 13. Proposed Mechanism for the Reaction of Propargylic Alcohols with
Amines and scCO>.

In comparison with terminal propargylic alcohols, internal propargylic
ones were less reactive. They needed more active catalyst and higher reaction
temperature to work. By rising the temperature to 120 °C and replacing the Cul
with silver acetate, internal proparylic alcohols could be activated to react with
primary amines and CO» to yield the corresponding oxazolidinones in good to
high yields under supercritical conditions (Scheme 14). The silver-catalyzed
reaction mechanism was proposed to be similar to that of the Cu(I)-catalyzed
process descried above (80).
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Scheme 14. Synthesis of 4-Alkylene-1,3-Oxazolidin-2-ones from Internal
Propargylic Alcohols and Primary Amines in scCO; Catalyzed by Silver Acetate.

Reaction with Ketones, Primary Amines, and Alkynes

The carboxylative cyclization of propargylic amines with CO; is an alternative
route to oxazolidinones, which can be performed under catalytic or catalyst-free
conditions (§/-85). Since propargylic amines can be synthesis through a A3-
coupling reaction of aldehydes, amines and alkynes (§6-88), it is reasonable to
envision that oxazolidinones can be synthesized via a four-component, tandem A3-
coupling/carboxylative cyclization between aldehydes, amines, terminal alkynes,
and CO,. Li and co-worker first reported such an approach by using Cul as catalyst
under an atmospheric pressure of CO» (89). However, in their study, ketones were
not examined for the transformation, which may be due to their poor reactivity. We
found that by employing a combination of Cul and SnCl; as a catalyst system at
higher CO; pressure (1.5 MPa), various aliphatic ketones could smoothly undergo
the four-component reaction to furnish the corresponding products (Scheme 15)
(90).
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Scheme 15. Synthesis of Oxazolidinones via Cul/SnCl, Co-Catalyzed
Four-Component Coupling of Various ketones, Amines, Alkynes, and CO..

Reaction with Primary Amines, and Alkynes

1,3-Oxazolidin-2-ones could also be produced from alkynes, amines, and
COz. As can be seen from Scheme 16, by using copper (I) iodide as catalyst at 90
°C under 2 MPa of CO; pressure, various terminal aryl alkynes could react with
aliphatic primary amine and CO; to yield the desired oxazolidinones in good to
high yields under the solvent-free conditions. However, 4-nitrophenylacetylene
and aliphatic alkyne failed to furnish the desired 1,3-oxazolidin-2-ones (91).

The reaction was proposed to proceed through a tandem process (Scheme
16). Firstly, two alkyne molecules react with one amine molecule via a
copper-catalyzed tandem anti-markovnikov hydroamination and alkyne addition
to furnish a propargylamine intermediate, which then undergoes the cycloadditon
with CO» to afford the product 5-arylidene-1,3-oxazolidin-2-one.
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Scheme 16. Cul Catalyzed Synthesis of 1,3-Oxazolidin-2-ones from Alkynes,
Amines, and CO5.

Reaction with Propargylic Alcohols and Nitriles

The 3(2H)-furanones have attracted tremendous interest in biologically
active natural product research and synthetic chemistry (92—97). Although many
approaches to substituted 3(2H)-furanones have been developed (93—96, 98—107),
most of them suffer from limited substrate scope or the lack of readily available
precursors and the synthetic procedures are usually tedious.

During the course of our continuing investigations on the reaction between
propargylic alcohols and CO,, we developed a novel and efficient method for the
synthesis of highly substituted 3(2H)-furanones from CO;, propargylic alcohols
and nitriles (Scheme 17) (/08). It is important to note that, in contrast to the
reactions discussed above, in which the whole CO, molecule is incorporated into
the final products, only one of the oxygen atoms of CO» is found to be incorporated
into the product in this transformation.

A domino process is proposed in Scheme 18. Firstly, the cycloaddition
of CO; to the propargylic alcohol in the presence of the copper salt and DBU
generates the Z-alkylidene cyclic carbonate 29, followed by the hydrolysis to
yield the intermediate 30. Then, the nucleophilic attack of 30 on the nitrile
promoted by copper gives the intermediate 31, which can be converted to the ester
32 in the presence of water. Subsequent intramolecular Claisen condensation of
32 provides 33 which eventually affords the product 34 via dehydration.

89
In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.


http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1194.ch003&iName=master.img-018.png&w=317&h=259

Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch003

Cul(20 mol%) ]
DBU (50 mol%) R 0

R .
R—=—(0H + RCN + CO, HO @equy) o /ZFS/VRZ
R® O

(2-6 MPa) 70-100°C, 24 h R3
R? = R3 = Me, 82%
R? = Me, R®=Et, 73% R?R3 =-(CHy)s -, 74%
R2 = Me, Ha = FPr, 75% O HZRS =-(CH2)6 , 55%
Rz = R3 = Et, 85% / RZ RZRS =-(CH2) 24%
R2 = Me, R® = n-CgHy3, 61% 0 o3 R® - n-Bu, R? = Et, 21%
R? = Me, R® = CgH,, 78% R

R2 = R® = /-Bu, 55%
R2R3 ={(CHy)s -, 79%
R2R =-(GHy)s -, 58%

R! = p-BrCgHg, 45%
= p-MeOOCCgH,, 33%
= p-MeOCgH,, 40% R = CH=CHPh, 28%

R' = p-MeCgH,, 45% 23% R = Ph, 76%

R' = m-MeCgH,, 42% R = 2-pyridyl, 87%

R = n-Bu, 43%
R = cyclopro, 91%

Scheme 17. Synthesis of 3(2H)-Furanones from CO; and Nitriles and Propargylic

Alcohols.
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Scheme 18. Plausible Reaction Mechanism for the Synthesis of 3(2H)-Furanones
from CO,, Nitriles, and Propargylic Alcohols
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The steps from 29 to 30 and from 30 to 34 were confirmed by the control
experiments (eq 1). Moreover, when the transformation was performed in the
presence of H,O!8, the 180-labeled product was not detected (eq 2), indicating
that the oxygen atom of the carbonyl group of the product originated from carbon

dioxide.
)J\ Cul (20 mol %)
o o DBU (0.5 equw DBU (0.5 equw
N/ H20 (2 equiv) MeCN (1 mL)
N—?/  MeCN (1 mL) 70 °C, 12h
[o]
70°C, 12h 92% yield 73% yield
N Cul (20 mol %)
| DBU (0.5 equiv)
S OH + MeCN + CO.
N 2 MeCN (1 mL) @)
(2MPa)  Hz0"™ (2 equiv)
70°C,24 h
78% yield
(80 is not incorporated into
the 3(2H)-furanone product)

More interestingly, diyne alcohols could also afford substituted 3(2H)-
furanones when treating them in a mix-solvent of MeCN/Et;N under 2 MPa
of CO; pressure in the absence of Cul (Scheme 19) (109). However, in this
transformation, MeCN acted only as a solvent and did not react with the substrates.
It was also proved by control experiments that the oxygen atom of the carbonyl
group in the product results from carbon dioxide, and the other oxygen atom

o) Ry=p-BuCsHq, 75%

Ry=p-PhCgHa, 76%
at Ry=p-MeOCgH,, 47%
o R=p-FCgH4, 86%
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Scheme 19. Synthesis of 3(2H)-Furanones from Diyne Alcohols and CO:.
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Reaction with Propargylic Alcohols and Water

a-Hydroxy ketones are versatile building blocks for different syntheses
(110-112). Conventional method for accessing such compounds is based on the
hydration of propargylic alcohols using toxic mercury salts as catalyst, which can
easily have a detrimental influence on the environment. During the investigation
of the synthesis of 3(2H)-furanones from propargylic alcohols and nitriles
(108), a-hydroxy ketones was selectively formed when silver salt was used as
catalsyst. After intensive optimization of the reaction conditions, we successfully
established a facile and efficient method to synthesize tertiary a-hydroxy ketones
via a tandem incorporation of CO> into propargylic alcohols/hydrolysis process.
As can be seen from Scheme 20, with the use of AgOAc/DBU as catalyst system in
mixed solvent MeCN/H»0 (10:3) under CO; atmosphere (2 MPa), various tertiary
propargylic alcohols could readily undergo hydration to afford the corresponding
a-hydroxy ketones in moderate to excellent yields. Importantly, the hydration
exhibits complete regioselectivity and high functional group tolerance (/13).

AgOAc (10 mol%)

DBU (0.5 equiv) 0
Rﬁ%OH + CO, + H0 RK)%?H
(2 MPa) MeCN/H,0 (10:3) R2 R®

90-120 °C, 24 h

N 0
X~ 0 |

91% 69% 829, 78%
o} 0 o
7\ OH I\ OH /A OH R 0]
S S S OH
0 R=H, 67%
76% 70% o1% R=F, 87%

R = COOMe, 85%

o ? ’
9 on OH OH R = NO,, 80%
ON R=CN, 90%
NO, R = OMe, 61%
77% 89% 72%

Scheme 20. Synthesis of Various a-Hydroxy Ketones.

Electrochemical Reactions
Electrochemical Reaction with Alkenes

The direct synthesis of cyclic carbonates from alkenes instead of epoxides
through a one-pot oxidative carboxylation is a promising strategy for the fixation
of CO», because alkenes are cheaper and more easily available in comparison
with epoxides. Many catalytic system have been successfully investigated for

92
In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.


http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1194.ch003&iName=master.img-024.png&w=320&h=239

Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch003

such a transformation (//4—116). But some drawbacks still exist such as the need
for stoichiometric hazardous oxidants or highly reactive catalysts, low yield and
selectivity. Electrochemical method could provide an alternative solution to these
problems. We recently developed a new and efficient electrochemical route to
directly convert CO» and olefins into cyclic carbonates under very mild conditions
without the need for sacrificial metal anodes, dangerous oxidants or expensive
catalysts. As can be seen from Scheme 21, with NH4l as the supporting electrolyte
and graphite as the inert anode, a wide range of olefins could be smoothly
transformed to cyclic carbonates in good to excellent yields at room temperature
within 3 hours under 0.5 MPa of CO,. It is noteworthy that the electrochemical
process is compatible with a variety of functional groups, including halogen, CN,
NO,, OMe, NH; and OH groups (/7).

€] ]
0.1 mol L™ NH4I-DMSO | o
. Constant current (16 mA ¢cm?)
Ni 3F mol™, rt C O)]\O
R + CO, +H,0
R
0.5 MPa
't 0 o
)k 1 o )j\
o o  R'=H 90% J o
R' = F, 88% Q0
=Br, 93% R' = 4-Me, 87%
=CN, 48% & R'=2-Me, 85%
RT=NHp, 40% / R' = 3-Me, 89%
R! R = OMe, 86% 6%
X 3 i 0 2
O 0 e} O)J\ D\;_/ 0
$ d o
88% 75% 78% ( 70 °C) 65% 81%

Scheme 21. Electrochemical Route to Cyclic Carbonates from Alkenes, CO;,
and Water.

Mechanism investigation concluded that the synergistic action of I, and NH3,
which are generated in situ at the anode and cathode, respectively, plays a key
role in this process (Scheme 22). Initially I, reacts with olefins and water to give
intermediate iodohydrin, which then react with CO, under the assistance of NH3,
followed by an intramolecular cyclization to give the product cyclic carbonates.
During the electrolysis, I~ and NH4* ions are recyclable, so the transformation only
consumes electrons besides substrates.
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Scheme 22. Proposed Mechanism of the Electrochemical Route to Cyclic
Carbonates.

Electrochemical Reaction with Aryl-Substituted Alkenes

2-Arylsuccinic acids are valuable compounds which are used as anti-tumor
agents or as synthetic intermediates for the production of macromolecular
materials (//8). Many electrochemical routes to 2-arylsuccinic acids using
CO; as a raw material have been developed, however, they usually suffer
from the low yield and selectivity, the need of expensive electrodes, or the
requirement of additional catalysts (//9—-7/23). We have successfully achieved
the electrochemical dicarboxylation of aryl-substituted alkenes with CO; using
non-noble metals as the electrode without the addition of any catalysts (/24).

After a systematic investigation, the efficient electrochemical dicarboxylation
of styrene with CO, was accomplished in a undivided cell with Ni as cathode
and Al as anode containing n-BuyNBr-DMF as the supporting electrolyte
with a constant current (10 mA cm-2), affording 2-phenylsuccinic acid in 87%
yield under 4 MPa pressure of CO> at room temperature in the absence of
additional catalysts (eq 3). Other aryl-substituted alkenes could also afford
the corresponding dicarboxylic acids in moderate to good yields (50-85%) and
high selectivity (98%) under the optimized reaction conditions. Noted that,
1-phenylcyclohexene, which did not work in the previously reported nickel
complex-catalyzed electrochemical carboxylation (/27), could be converted into
1-phenylcyclohexane-1,2-dicarboxylic acid in 50% yield in our reaction system.
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Interestingly, when 4-chlorostyrene and (F)-B-bromostyrene used as
substrates, the insertion of CO; into the C-ClI/C-Br bond instead of the C=C
double bond was occurred and related carboxylic acids 35 and 36 were obtained
in 61% and 70% yields, respectively, which showed that the C-Cl or C-Br bond is
easier reduced (or cleaved) than the C=C double bond or C-F bond (eq 4-5).

© @
~ D | 0.05 mol L n-Bu,NBr-DMF |
Ni Constant current (10 mA cm®) p| COOH
cl 3 Fmol™, . /@/\ /@)VCOOH (4)
+ +
002 2) HSO+ HOOC Cl
4 MPa 35,61% 8 %
© @
B 1) [ 0.05mol L nBuNBrOME | COOH
Ni Constant current (10 mA cm™?) A|
3F molt, rt. . _-COOH COOH  (5)
+ T
+
Cco, 2) H;0
4 MPa 36, 70% 2%

A possible mechanism for the electrochemical reaction of styrene and COx is
outlined in Scheme 23. Firstly, CO; is reduced to its radical anion, which then
attacks styrene to give carboxylate radical anion 37. Alternatively, a one-electron
reduction of styrene generates its radical anion, which will also react with CO;
to afford intermediate 37. Further reaction of 37 with CO» radical anion gives a
dicarboxylate anion 38, which will be captured by Al3* ions generated at the anodic
Al metal to form stable aluminum carboxylate 39. Finally, treatment of the metal
carboxylate with acid gives dicarboxylic acid 40.
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Scheme 23. Electrochemical Reaction Mechanism of Styrene with CO>.

Electrochemical Reaction with Arylacetylenes

The electrochemical dicarboxylation of arylacetylenes with carbon dioxide
has also been studied using Ni as the cathode and Al as the anode in an undivided
cell (125). With n-BusNBr-DMF as the supporting electrolyte at a constant current
under CO; pressure of 3 MPa and room temperature, various arylacetylenes gave
aryl-maleic anhydrides 41 in good yield and selectivity, along with a small amount
of 2-arylsuccinic acids 42 as a byproduct under dry conditions (Scheme 24).

Interestingly, the ratio of 41 to 42 was found to be dependent on the amount
of water present in the electrolyte solution. For example, in the case of the
electrochemical reation of phenylacetylene, when a small amount of water (from
0 to 0.30 g) was added to electrolyte solution, the yield of 41a dramatically
decreased from 89% to 3% while the yield of 42a increased from 4% to 90%
(Scheme 25). These results indicated that the presence of water in the electrolysis
system could provide protons to make phenylacetylene easily be reduced into
styrene, which will subsequently undergo electrochemical dicarboxylation with
CO; to give the saturated phenylsuccinic acids 42a (/24).

Moreover, further investigation on this transformation showed that when
adding catalytic amount of some common metal salts into the electrolysis system,
different results would be observed (/26). In the presence of 10 mol% of Cul,
phenylacetylene underwent the electrocarboxylation with CO, and gave 43 and
44 as the products instead of 41a and 42a in high total isolated yield .Other metal
salts such as FeCls;, CuCl, also resulted in the same products but with lower
yields (Scheme 26). Although the role of the metal salts in this transformation
is not known yet, the results of the CV behavior of phenylacetylene and CO> in
the presence or absence of Cul indicated that Cul might activate CO, by means
of coordination with them.
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Electrochemical Reaction with Dienes

The electrocarboxylation of 1,3-butadiene aimed at synthesizing adipic acid
(127, 128), one of the most important industrial chemicals, has been one of the
most important research topics in the synthetic electroorganic chemistry for more
than 30 years (/29). However, the electrochemical reaction between CO, and
1,3-butadiene often led to the generation of a complicated mixture containing 3-
pentenoic acid, 4-pentenoic acid, 2-ethylsuccinic acid and 3-hexene-1,6-dioic acid
(130). Therefore, it is still necessary to exploit an efficient electrochemical route
for the synthesis of 3-hexene-1,6-dioic acid from 1,3-butadiene and COs,.

S} @

1) | 0.07 mol L'! n-BuyNBr-DMF |
Ni Constant current (10 mA cm) p|

/ 4 F mol'!, rt — COOH
//_/ + 002 ﬁ (6)
HOOC

3MPa 2 HO*

45,84% ( ZE=1:1)

Encouraged by the successful carboxylation of arylacetylenes or
aryl-substituted alkenes with CO,, we further investigate the feasibility of the
electrochemical route for the synthesis of 3-hexene-1,6-dioic acid, a precursor
of adipic acid, using 1,3-butadiene and CO» as raw materials in the absence of
additional catalysts. Fortunately, 3-hecene-1,6-dioic acid (45, 1:1 mixture of Z
and £ isomers) was obtained in 84% yield under the optimum conditions (Ni
cathode and Al anode, n-BusNBr-DMF as electrolyte, the electricity 4 F mol-!
of starting substrates, CO; pressure 3 MPa) (eq 6) (/37). With Metal Al as a
sacrificial anode, Several other cathode materials were also investigated. Ag, Zn
and Pt cathodes afforded 3-hecene-1,6-dioic acid in very low yields (5%, 10%,
and 22%, respectively), while Cu and stainless steel cathodes could also give
the product in good yields (59% and 71%, respectively). Under the optimum
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conditions, other 1,3-dienes substrates could also undergo the electrochemical
carboxylation smoothly and gave 1,4-addition products in good to excellent
yields with high regioselectivities. Cyclohexadiene could be also converted into
the corresponding dicarboxylic acids in 70% yield (eq 7).
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Conclusions

In conclusion, we have developed many new methods for the efficient
synthesis of cyclic carbonates, oxazolidinones, carbamates and carboxylic acids
using CO; as the raw material. ScCO; or compressed CO; provides a platform for
performing the catalytic reactions with epoxides/aziridines, propargylic alcohols
and amines. They could not only facilitate the easy separation of the product,
but also showed a positive effect on the production in all the cases. Especially,
by using the strategy of heterogeneous catalysis in scCO, the environmentally
friendly processes for the fixation of CO; have been achieved. In this sense, more
efficient and robust heterogencous catalysts are needed to be developed. Our
research also uncovers that CO; could be used for the synthesis of the highly
substituted 3(2H)-furanones and a-hydroxy ketones, which opens up new routes
to these compounds which are difficult to be synthesized by using classic methods.
On the other hand, electrochemical carboxylations of unsaturated hydrocarbons
by CO; to many useful carboxylic acid derivatives with inexpensive and easily
available metal as electrolyte materials such as Ni and Al at mild conditions
have also been achieved. For example, the synthesis of industrial important
raw material adipic acid from CO; and 1,3-butadiene is proved to be feasible
via the two-step electrochemical route. However, there are still many limitation
needed to be circumvented, such as the low current efficiency. Besides, due to the
complexity of the electrolysis systems, the mechanism of these transformation in
most cases are uncertain and thus need to be studied in more detail in order to
develop more facile routes for the reduction of CO,.
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In recent years, carbon dioxide (CO,) hydrogenation to
methanol is attracting interest because of its abundance,
low cost, nontoxicity and high potential as a renewable
source. However, this method involving both high-purity
gaseous hydrogen and hydrogen storage is considered as
an energy-intensive process. Thus, development of other
hydrogen donors systems is highly essential. The propose of
this review is to discuss recent advances and future possibilities
for the development of other hydrogen sources for methanol
production from CO,. Several hydrogen sources including
organosilane, borane derivatives, LiAlH4, water, NADH and
ascorbic acid are discussed. Compared with hydrogenation of
CO; with gaseous hydrogen, these hydrogen sources exhibit
high safety, easy handling, etc features.
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Introduction

Carbon dioxide (CO>) as a common greenhouse gas is considered as a primary
contributor to climate change and global warming, for the CO» concentration in
the atmosphere is rising rapidly during the last decades. Hence, the strategies
and measures of dealing with CO, emissions were attracted much attention
from scientists, government officials to folks. Fossil energy effective utilization,
carbon dioxide capture & storage (CCS) and carbon dioxide capture & utilization
(CCU) are three mainstream directions of reduction of CO, emissions. CCU
is a promising way which focused on using CO, as a feedstock on industrial
production, for CO> is non-toxic, inexpensive and abundant carbon sources (C1
building block). Hydrogenation of CO> into methanol is an important pathway
of CCU technology. Methanol as an important fuel and industrial product can
be used for various fields. Methanol not only can be used as antifreeze, solvent
and fuel, but convenient for storage and transportation for its low corrosive
and liquid phase. Synthesis of methanol from CO, via appropriate ways is a
novel strategy in the context of global warming and energy crisis. Industrialized
production of methanol using syngas (CO + Hj) as main feedstock, which
synthetized from natural gas, catalyzed by Cu/ZnO/Al,O3 under high temperature
and pressure condition. Although CO» is an important reactant in the syngas
process for methanol production (/), natural gas is a fossil energy resource,
directly conversion of CO, to methanol is still a greener alternative way. The
conversion process require hydrogen donors. H as a common hydrogen source in
the catalytic process of methanol production from CO; has been studied for many
years (2, 3). There has been significant work on this field. However, there are
several safe risks should be faced due to its gas phase and flammable characters
in the course of H transportation and application. Therefore, the exploitation of
other hydrogen sources to replace H, for reduction of CO, to methanol is a good
choice. Herein, advances of methanol synthesis from CO, with several hydrogen
sources such as organosilane (R3SiH), borane, LiAlH4, water, etc are introduced.

Conversion of CO; into Methanol with Organosilane
as Hydrogen Source

Organosilane with reducing group Si-H can be used as hydride donor in
inorganic and organic chemistry reaction, such as metal salts reduction, H»
production with the strong Brensted acids added and hydrogenation of organic
compounds under appropriate conditions. More detail information can refer the
review published from L. Larson and L. Fry, in which a series hydrogenation
of organic reactions using organosilane were summarized (4). For the area of
CO; reduction, Koinuma and co-workers reported the hydrosilylation of CO;
catalyzed by ruthenium and palladium complexes with diethylmethylsilane
(HSiMeEt) as reductant in 1981. The main product diethylmethylsilyl formate
(HCO,SiMeEty) was obtained (5). Several research groups developed different
catalysts in similar orgainosilane system to produce formoxysilanes and methane
from CO; (6, 7). In order to obtain methanol or methoxide, Eisenberg and
Eisenshmid attempted to reduce CO; in alkylsilanes (Me,SiH», Et,SiH>, Me3SiH)
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system using Ir complexes as catalyst. Methoxide was gained after a long time
of reaction under mild condition (Scheme 1). After investigated by 13CO»-labed
experiment, the possible intermediates, formates, acetals, were detected. The
formation of Si-O bonds during the reaction were considered to facilitate the
reductions (&). As mentioned above, transition metal complexes are the preferred
catalysts to active CO; in orgainosilane system. Interestingly, some nucleophilic
metal-free organocatalysts such as N-heterocyclic carbenes and trityl borate
[Ph3C][B(C¢Fs)4] show similar effect when introduced into alkylsianes system to
catalytic reduce CO; to methanol (Scheme 1) (9, 10), and quantum mechanical
calculations were used to discuss the reduction mechanism (10, 11).

Catalyst

CO, + 3RySiH RsSIOCH; + R;SIOSIR,

H,0
R3SIOCH;

R3SIOH + CH3OH
Reaction condition:

> Ir(CN)(CO)dppe, alkylsilanes, 2 weeks, 40 °C
> N-heterocyclic carbenes, diphenylsilane, 24 h, room temperature
> [Ph3C][B(CgF5)4], alkylsilanes, 36 h, room temperature

dppe = 1,2-bis(diphenylphosphino)ethane

Scheme 1. Methanol production from CO; and organosliane (8—10).

Conversion of CO; into Methanol with Borane Derivative
as Hydrogen Source

Similar to organosliane, borane derivatives were applied as reduce reagents
in CO; reduction. Frustrated Lewis pairs (FLPs) systems including AlX3 (X=Cl
or Br) and PMess (Mes=2,4,6-CsH2Me3) were introduced to convert CO; to
methanol using ammonia borane (H3NBH3) as hydrogen donor. The formation
of MeO-Al bonds was considered as a driving force to facilitate the methanol
production (/2). Considering the stoichiometric amounts of FLPs were used in the
reaction, more efficient nickel pincer hydride complex ((2,6-CsH3(OPBu2)2)Ni
= [Ni]H) was developed for catalytic conversion of CO; using catecholborane
(HBcat) as hydrogen donor (Scheme 2) (/3). The computational mechanistic
study was given by the same research group to understand the Ni-HBcat catalytic
system (/4). Similar to sliane system, metal-free organocatalyts can also be use to
active CO;. Metal-free phosphine-borane organocatalyst was applied to convert
COs to methanol, several borane complexes were prepared as hydroboranes, such
as catecholborane, pinacolborane, 9-borabicyclo[3.3.1]nonane, BH3-SMe, and
BH3- THF for offering hydrogen donors to the reaction system (/5). Most of silane
or borane reduction systems were conducted under mild conditions, some recent
published results showed high yield, TON and TOF for methanol production (9,

16).
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Scheme 2. Methanol production from CO; and HBcat.

Conversion of CO; into Methanol with LiAlH4
as Hydrogen Source

Lithium aluminium hydride (LiAlH4) is a common reducing agent in organic
reaction discovered in 1947 (/7). The application of LiAlH4 on methanol
production from CO; was reported in 1948. The dried CO, was introduced into
stoichiometric excess LiAlH4 with diethyl carbitol as solvent, then a certain
amount of n-butylcarbitol was added to decompose the excess LiAlH4 and
produce methanol. The highest yield of methanol is 81% (Scheme 3) (/8).

4C0O; + 3LIAHy — LIA(OCH3); + 2LIAIO,

LiAI(OCH3), + 4 ROH LIAI(OR); *+ 4 CH3OH
R : n-butylcarbityl

Reaction condition: LiATH, (3.8 g), ROH (120 g), diethyl carbitol (500 mL), heat

Scheme 3. Methanol production from CO;, LiAlH4 and n-butylcarbitol.

In radiopharmaceutical chemistry, synthesis of [!!C]methanol from [1!C]CO;
with LiAlH4 as reductant in THF is a common method. The drawbacks of this
system stated by Roeda and co-workers is that [1!C]formate as an intermediate
during the reducing process was always detected, which considered as a loss in
that field (79).

Conversion of CO; into Methanol Using Water
as Hydrogen Source

Water is a widespread and abundant renewable resource, which can be easily
obtained in nature. It is a necessities of daily life and widely used in industry,
agriculture and other fields. For chemistry industry, water is a green solvent and
hydrogen source. In this part, we will introduce two approaches using water as
hydrogen donor to transfer CO; to methanol.
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Photoelecrocatalytic Reduction of CO; in Water

The phenomenon of photocatalytic water splitting was discovered in 1972
(20). From this starting point, photocatalysis as a new subject was established
and developed boomingly in short time. For the area of CO; reduction, Inoue
and co-workers first attempted the photocatalytic reduction of CO; in water,
which generated formic acid, formaldehyde, methanol and methane, using
semiconductors such as WO3, TiO2, ZnO, CdS, GaP and SiC in 1979 (21).
The possible pathway of methanol formation is described via semiconductor

mechanjsm (Scheme 4)
J

Cco,

Methanol

Potential (eV)
[
)
=

light irradiation

Semiconductor h* + e (electron-hole pair)
CO, + 6H* + 6 ———— CH30H + H)0

2H,0 + 4ht ——— O+ 4H" + 4¢

Scheme 4. Proposed semiconductor mechanism of methanol production from
CO:.

TiO; is one of the promising material for its photocatalytic properties.
However, some challenges still exist not only in the area of CO, photocatalytic
reduction, but also in water splitting. Firstly, TiO, cannot directly effective
utilize the light having wavelength longer than 387 nm which is the boundary
between ultraviolet and visible light (22). Unfortunately, ultraviolet light
only occupy 2-5% sunlight spectrum (23). The measures of extension of
Ti-based semiconductor’s photo-response to whole sunlight region is important.
Secondly, the formation of photo-generated electrons and holes on the surface
of TiO, after irradiated by light play a crucial role for the reduction of CO,.
Recombination of these electrons and holes lead TiO» to lose effectiveness.
Hence, keeping enough lifetime of the electrons and holes after they were
generated and separated is also a key point of photocatalysis system (24).
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Recently, several approaches focused on these challenges. In order to develop
light-harvesting strategies for extending TiO» application effectiveness, transition
metal complexes with organic ligands are considered as efficient and stable
light-harvesting center on TiO,. Ma and co-workers modified the TiO> nanotubes
(TNT) by Zn(11)/Cu(1I)/Co(11)-porphyrin-Ru(II) polypyridly complexes. The best
yield of methanol production from CO, was 746 pmol L-! g-lcat catalyzed by
Zn(ID)porphyrin-Ru(Il) polypyridly complexes modified TNT (25). Doping metal
or nonmetal elements into TiO; is another way to improve TiO» photocatalytic
activity (26). The doping elements provide new energy levels into the band
gap of TiO,, which can be considered as empty or occupied orbitals inserted
between conduction band (CB) and valence band (VB) (24). For example,
C/N-TiO; nanoparticles were synthesized for photocatalytic reduction of CO;
to methanol. The good photoactivity of catalyst was maintained due to the
doping of C and N into the TiO, nanoparticles. The highest yield of methanol
was 0.478 umol g-! h-! (26). Luo and co-workers prepared Cu and Ce co-doped
TiO, catalysts using the equivalent-volume incipient wetness impregnation
method. The Cu/Ce-TiO; catalysts with good light-harvesting abilities and highly
photoactivities for reduction of CO». 180.3 pmol g-lcat of methanol was obtained
under the optimal condition. Calculation results shown that the existence of Ce
into the TiO; facilitate the formation of photo-generated electrons and holes, and
the role of Cu on the TiO, surface was to offer channels for photoelectrons to
inhabit the electron/hole recombination, which will be discussed below (27). In
general, the efficient of light harvesting of transition metal organic complexes are
greater than inorganic ions doping (25). In order to avoid the recombination of
photoelectrons and holes, the concept of electron traps was introduced into the
design of photocatalyst. Various transition metals, such as Pt, Pd and Cu were
loaded onto TiO: surface, which offering electron trapping sites to keep long
lifetime of electrons and holes (28). The heterojunction between TiO» (n-type
semiconductor) and NiO (p-type semiconductor) can effectively prolong the
lifetime of electrons/holes in photogeneration of methanol from CO; (23). The
heterojunction formed between TiO, and FeTiO3; was introduced for methanol
formation, authors believed FeTiO3 loaded onto TiO» not only narrowed band gap
of the system, but also offered enough lifetime to holes, because of VB of FeTiO3
is lower than that of TiO-, and electrons can transfer from TiO; to FeTiOs (28).
In addition to Ti-based material, other semiconductors also can be used to
photocatalytic transform CO; to methanol. The same challenging tasks as TiO»
mentioned above were faced to deal. InTaO4 was studied for photoreduction
of COz by Pan and Chen, they synthesized InTaO4 and loaded Ni onto the
InTaO4 suface. The NiO/InTaO4 was formed by calcined in air at first. After
that the solid powder was carried out a reduction-oxidation pretreatment to
form a Ni-NiO core-shell structure on the InTaO4 surface. The highest yield
of methanol was 1.394 pmol h-! g-1, and the increasing the amount of NiO and
the reduction-oxidation pretreatment had a positive effect on InTaO4 activities
(29). SiC with strong reduction photoelectrons, for its much negative potential of
conduction band, can be used to photoreduction of CO; (30). Li and co-workers
prepared a CuxO/SiC nanoparticles photocatalyst, in which Cu,O was considered
as a good selectivity for methanol formation, to use for reduction of CO; into
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methanol. The highest yield of methanol was 191 pmol g! using CuxO/SiC
photocatalyst, which is much higher than that of 153 pmol g! using only SiC
under visible light irradiation (30). A research group from the University of Texas
at Arlington designed one kind of hybrid CuO-CuyO semiconductor nanorod
arrays for photogeneration of methanol from CO,. The nanorod arrays were
synthesized via a oxidation-electrodeposition hybrid process on Cu substrates
(31). Bi-based oxides have been studied in the area of photocatalysis for many
years, which showed low toxicity and good light-harvesting activities. Peng
and co-workers synthesized a lamellar structure BiVO4 under surfactant-assisted
hydrothermal condition for photosynthesis of methanol from CO, in NaOH
solution. The concentration of NaOH played a crucial role in the photoreduction
system because it controlled the CO; solubility and the amount of OH- which
considered as hole-scavenger to facilitate the separation of photoelectrons and
holes. The stable property of BiVOy is excellent proved by repeated experiments
(32). Huang and co-workers synthesized a hollow microspheres structure of
Bi;WOs which displayed great photocatalytic activity and methanol selectivity
for photoreduction CO,. The comparative experiments illustrated that the CO,
conversion efficiency of hollow microspheres structure is much better than that
of bulk powder (33).

Reduction of CO; with Zero-Valent Metals in Water

In adition to photoelectrocatalytic directly utilization of H,O as hydrogen
donors for reduction of CO,, replacement of hydrogen from H»O by oxidation
of active zero-valent metals in aqueous system for catalytic synthesis of methanol
from CO; is an alternative way. An interesting study was given by Guan and
co-workers, they developed a zero-valent Fe-based aqueous CO; reduction system.
H> (5808.1 pmol g'!) and a trace amount of CH4 (0.63 pmol g-1) were detected
using Fe? powder as reductant under the reaction condition (95 kPa CO», 5 mL
H>O0, room temperature, 20 h). Under the similar reaction conditions, using Fe?-
Cu-K-Al modified from Fe® showed higher catalytic activity, 61.63 pmol g-! of
CH30H was obtained (Scheme 5), other products such as Ha (4776.3 umol g1),
CH4 (29.73 pmol g-1), CsHg (57.34 pmol g-1) and CoHsOH (78.68 umol g-1) were
detected. The dissolved CO; formed to carbonic acid was considered to facilitate
the Fe? oxidation and hydrogen production. And introducing elements of K and
Cu into zero-valent Fe promoted the production of methanol and other organic
compounds (34).

Fel-Cu-K-Al
CO, + HO — > CH3OH

Reaction condition: CO, (95 kPa), metal powders (0.3 g), H,O (SmL), rt, 20 h

Scheme 5. Reduction of CO> with H>O using Fe-based composites.
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Recently, Jin’s group dedicated to hydrothermal conversion of CO; to
value-added chemicals using metals powder as reducing reagent (35-37). In
their methanol production study, Cu and Zn were used as catalyst and reductant
respectively, NaHCO; was used as the CO» source for easy handling purpose
(Scheme 6). The highest yield of methanol was 11.4% under 350 °C for 3 h.
XRD results showed Zn was converted to ZnO and Cu remained unchanged (38).
The hydrogen obtained from reaction between H,O and inexpensive zero-valent
metal for CO, reduction is a promising strategy (35, 36). In addition, the metal
oxides produced from the oxidation reaction also can be reduced to metal by
green energy (37, 39), which forms a sustainable reaction cycle.

Cat. Cu/ Zn reductant
CO, + H,O o CH3OH
Hydrothermal condition
CH30OH, Hy O Hy, CO,
Cu Zn
H H
H\c‘:oH C H
HH AN
| HHHH 000
H 000 [ 1] [ 11
Cu | Zn
Cu Zn
HH
C H
'\ |
HHH 000
[ [ [ 11
Cu | Zn

Scheme 6. Proposed mechanism of methanol production from CO: on
hydrothermal condition.

Enzyme-Catalyzed Conversion of CO; to Methanol with
Reduced Nicotinamide Adenine Dinucleotide (NADH)
as Hydrogen Source

Obert and Dave first reported an integrated enzymatic system for the synthesis
of methanol from CO,. Three dehydrogenases, such as formate dehydrogenase
(FaeDH), formaldehyde dehydrogenase (FadDH), alcohol dehydrogenase (ADH)
were used as catalysts, and NADH was used as hydrogen donor. The whole
reaction process can be separated three steps: CO, was reduced to formate,
then the formate was reduced to formaldehyde, finally the formaldehyde was
reduced to methanol, and each step was catalyzed by corresponding enzyme.
Three dehydrogenases were encapsulated into a porous silica sol-gel matrix for
keeping the concentration of reactants in matrix to enhance the reaction process
(40). Several groups followed this research and modified the enzymatic reduction
system to aviod some drawbacks. In recent years, Jiang’s group published
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two papers focused on encapsulation process. They prepared an alginate-silica
(ALG-SiOz) composite as enzyme carrier which effectively promoted the
methanol formation and stabilized the activity of enzymes, compared with
previous research (47). In order to seek more pH stable, mechanical strength
and biocompatibility materials than silica, they chose Ti-based composite and
synthesized the titania nanoparticles via a facile way and immobilized the
dehydrogenases into these nanoparticles, it also showed great catalytic activity
for methanol formation (42). More recently, the problem of NADH regeneration
was increasingly attracted the attention of scientists, for NADH is an expensive
consumable in the above reduction systems. Utilization of photochemical or
chemical methods to in situ reduce NAD* to NADH, and thereby drive the CO,
reduction system is a greener strategy (Scheme 7). Sodium dithionite (SDT)
was used as reducer for regenerating NADH by Dibenedetto and co-workers.
However, SDT accelerated the deactivation of enzymes. Hence, authors designed
anovel two compartments reactor to avoid the deactivation. The first compartment
was used to reduce NAD* to NADH by SDT, the regenerated solution was
transferred by a plug into the second compartment which performed the reduction
of CO», the solution from the second compartment would be inputted the first one
again and formed a reaction cycle (43). Similar works given by a research group
from France used phosphite as hydrogen donor to regenerate NADH (44). The
attempt to photoregenerate NADH by Dibenedetto and co-workers was that they
used transition metal compounds (ZnS, Ru/ZnS) as photocatalysts to perform the
reduction of NAD* under visible light irradiation. But in this case, different from
this chapter part (Photoelecrocatalytic reduction of CO, in water), the hydrogen
source offered for NAD* reduction was acquired from bioglycerol (43).

Carbon dioxide

Regenerating
System

Formaldehyde
ADH

\
Methanol

.......

Porous carrier

Scheme 7. Enzymatic conversion of CO; to methanol with a NADH regenerating
System.
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Conversion of CO; into Methanol with Other Hydrogen Sources

Besides the common hydrogen donors mentioned above, ascorbic acid was
also used as reductants for the synthesis of methanol from CO,. Photoreduction
of CO> into methanol with H>O as hydrogen source has been introduced
in this chapter part (Photoelecrocatalytic reduction of CO; in water). Here,
MacDonnell and co-workers added ascorbic acid as reducer and combined Ru(II)
trisphenanthroline, pyridine as catalysts to develop an aqueous homogeneous
photochemical system for transformation of CO, to formate and methanol
(Scheme 8). Pyridine showed great catalytic ability in the presence of Ru(Il)
trisphenanthroline (45). A Kazakstan’s research team detected methanol and other
organic compounds formation from the interaction between CO» and propylene
using Rh-Co/Al,O3 as catalyst (46). However, it is difficult to determine the
carbon source (from CO; or propylene) in these methanol synthesis.

A~474 nm

[Ru(phen)s]**
CO, + xDonors + yH"(aq) CHsOH + xD* + HCOO

@ H,O, pH 5.0
N

H+

Scheme 8. Reduction of CO; with Ru(Il) trisphenanthroline, pyridine as catalysts.

Conclusion

In the chapter, we have reviewed some methods for the synthesis of methanol
from CO, with different hydrogen sources. Utilization of these hydrogen
sources for CO; reduction are superior to that of gaseous hydrogen in some
respects including safety, convenience of handling, etc. Based on the above
consideration, we briefly introduced several inorganic and organic hydrogen
sources for transforming CO> to methanol. Although these approaches show
large differences in efficiency and evaluation systems, and exist many problems
of their own. Nevertheless, these explorations give new ideas and encourage
scientists to develop higher efficient and greener ways to reduce CO; to methanol.
Further research should focus on seeking new high efficient hydrogen sources and
enhancing the research on mechanism of these systems. With the advances made
in materials science, it should be possible today to prepare efficient catalysts for
the development of hydrogen sources for CO> reduction to methanol.
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The basic quantum chemical review of CO, activation is
presented. The molecular properties are discussed, describing
the single molecule of CO,, its geometry, wave functions,
charges, and spectroscopic properties of vibrational frequencies,
in vacuum and solutions. An answer to “What is the activation
of CO2?” from the quantum chemical viewpoint is presented.
Finally, the discussion will attempt to bridge these quantum
chemical features and experimental facts.

Introduction

The activation of CO; is one of the most important subjects to which
contemporary researchers in science and technology are expected to contribute,
since CO» reduction will eventually become an inevitable challenge which must
be overcome from the viewpoints of environmental problems as well as renewable
energy problems. This short review presents a basic quantum chemical discussion
on CO; activation, in an attempt to provide a bridge between elemental quantum
chemistry and the frontier of experimental researches. We hope that the ideas
put forward will serve as hints for future designs in studies on CO; as useful
chemical resources. First, we will start by describing the single molecule of CO»,
its geometry, wave functions, charges, and spectroscopic properties of vibrational
frequencies, in vacuum and solutions. Secondly, we will present an answer to
“What is the activation of CO?” from the quantum chemical viewpoint. That
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is, the quantitative differences in CO, molecular properties in the ground state
relative to the activated states. The third discussion will attempt to bridge these
quantum chemical features and experimental facts. We believe that the link
from such quantum chemical viewpoints to important experiments is of critical
importance for future design. Finally, we will describe future prospects by citing
three recently reported experimental works.

What is CO3?

The CO> molecule is known to be one of the most stable and familiar
chemicals in everyday life. It is generated as one of the last products from many
chemical reactions such as burning of carbon-containing materials or metabolism
in biological systems. Its basic chemical and thermodynamic properties are
described in standard textbooks as well as in hand books (/—4). Important
molecular properties are summarized in Table 1. An obvious but important fact
is that the molecule has no dipole moment in the ground state and the dielectric
constant is almost 1.0 (almost the same as that of vacuum). This indicates that
the molecule is in itself very inert. Notice that this molecule still absorbs the light
due to CO bond stretching and bending motions.

Table 1. Molecular Properties of Carbon Dioxide

Molecular Properties References
Molecular weight 44.0098 g/mol [1
Density 1.976 g/L (gas at 0 ‘C and 760 mm Hg); [2]

0.914 g/L (liquid at 0 C and 34.3 atm);
1.512 g/L (solid at -56.6 C)

Point group Doon 1
Diploe moment 0D [3]
Dielectric constant 1.000922 (gas) [3]
Sublimation point -78.4°C [4]
Melting Point -56.56 °C (triple point) [4]
Vapor pressure 760 mm Hg at -78.2 °C [3]
Viscosity 0.0147 mN-s-m? (gas) [3]
Solubility in watcr 0.614x10"* mole fraction at 25 °C and 100 kPa CO, | [4]
partial pressure
Acidity(pKa of H.COs) pKa =6.35, pKa=10.33 at25°C [4]
Enthalpy, 4,H°(298.15K) | -393.522 kJ'mol’ [3]
Heat capacity, Cf 37.129 J-K-'-mol™! [3]
Entropy, S°(298.15K) 213.795 J-K'mol! [3]
124

In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.


http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1194.ch005&iName=master.img-000.png&w=323&h=249

Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch005

Figure 1 shows the representative frontier (HOMO and LUMO) molecular
orbitals (MOs) of CO>. The MOs are the most popular basic information
obtained by molecular orbital calculations. The MOs shown in Figure 1 are
not experimentally observable physical quantities. Nevertheless, they are used
frequently as tools to understand and examine molecules, as already fully
demonstrated, especially in organic and organometallic chemistry (5). The MOs
are considered to be one of the most figurative images expressed by molecules, at
least in the eyes of molecular scientists. Throughout this paper, the calculations
are carried out by Gaussian 09, Rev B (6, 7). The solvent effect is obtained by the
PCM method (6, 7).

LUMO vé‘l“ o",.‘ LUMO

+0.74 (+0.88) % +0.74 (+0.88)

HOMO - HOMO

-10.34 (-10.25) ’f:-o:'ﬁ_f —1‘—*— ﬂ— k% -10.34 (-10.25)
HOMO-1 & ( HOMO-1
-14.27 (-14.14) ‘*'—-"9_“ —T%— ﬂ— oo’ 1427 (14.19)

¢y HOMO-2
% 9% ) -14.36 (-14.33)

Figure 1. Frontier molecular orbitals for ground state CO. The unit of orbital
energy is eV in vacuum (in water, PCM). The calculations are carried out by
B3LYP/cc-pVTZ.

It is noteworthy that the two highest occupied orbitals (HOMO) and two
lowest unoccupied orbitals (LUMO) are both degenerated in energy. Therefore,
in principle, the molecule has four electrons with the same energy level which
are ready to be released. It also has four unoccupied sites to which four electrons
can transfer. It is a matter of course, if one of the four electrons is released or
transferred, in which case the degeneracy will be immediately broken. For this
reason, the transfer of four electrons to or from the outside of the molecule does
not occur simultaneous. However, suffice it to say, there are seldom organic
molecules having such properties, since it is neither an inorganic transition metal
complex nor a solid state. Interestingly, these degenerated frontier orbitals of
CO; (Figure 1) show somewhat similar topological features with the d-orbitals
(two HOMOs) and f-orbitals (two LUMOs) of transition metals and lanthanoids,
respectively.

The representative spectroscopic properties of gas phase molecules such
as UV absorption wavelengths, IR absorption (8, 9), Raman scattering, NMR
chemical shifts of carbon, are shown in literatures (3, 4). Among of these, from
the molecular activation point of view, an exceptional property of this molecule
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should be emphasized. This molecule has a unique quantum property, Fermi
Resonance (/0). The Fermi resonance is the shifting of the energies and intensities
of absorption bands in an infrared or Raman spectrum. It is the consequence of
quantum mechanical mixing. The energy level of anti-symmetric CO stretching
modes is located very close to the energy level of overtone bending modes. This
implies a strategy for the activation of the molecule, which is unique in CO;. As
one guiding principle, it is possible to take advantage of the fact that the overtone
bending motions can couple with the stretching motions.

Although the properties of CO» in condensed solid (dry ice), in liquid, and in
the supercritical phase are also important and closely related to the current subject,
these are out of the scope of this review.

What is CO; Activation?

The activation of molecule is to increase the degree of reactivity in the
molecule. Therefore, it can be measured by the difference in molecular properties
relative to those in the most stable ground state. From a conventional molecular
structural point of view, it is possible to state that CO; activation consists of three
types: (i) bending of the OCO angle from 180 degrees, (ii) elongation of the CO
bond at least, one of two CO bonds, and (iii) polarization of the charge on C and
O, including the charge transfer to or from the outside. As a matter of fact, these
three are almost always coupled with each other. Figure 2 shows the schematic
illustration of the three types.

(i) Bending /

(ii) Elongation o c—o

CO, Activation—

(iii) Polarization, electron transfer to and/or from

o- o+ o-
0o—¢ o)

Figure 2. Three types of CO; activations.

The examples for the first type of CO, activation through the bending of the
OCO angle are available in crystal data especially in transition metal complexes
(11, 12). Nine modes of the coordination are listed by D.H.Gibson (1), as
shown in Figure 3. In this review, many instructive examples are collected with
very useful descriptions of each of the coordination. As for the coordination to
mononuclear metal centers, the oxygen-end on type (M..O=C=O0) is also known
only by spectroscopic evidences (12, 13).
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Figure 3. Nine modes of coordination. (see ref (9)).

One significant role of theoretical studies is to provide a clear picture
(interpretation) that is not available by experimental approaches. Walsh Diagram
(14) is one such example. Figure 4 shows an important part of the Walsh Diagram.
The diagram clearly shows how the molecule can be activated by its geometrical
modification (bending). This schematic diagram displays the energy level of
the molecular orbitals as a function of the OCO angle. The most stable state is
the linear shape which is shown on the right side of the picture. As the angle
decreases, the frontier orbitals change their energy levels, followed by the orbital
topological mixture of each other. It is known that when the angle becomes close
to 90 degrees (not shown), the orbitals energies of HOMO and LUMO become
almost the same value. That is, the molecule is so activated that theoretically
electron absorption and extraction are both possible without barrier.

In order to provide concrete examples for inducing bending activation, we
carried out the calculations using experimental X-ray structures (15, /6). As
shown in Figures 5 and 6, the calculated IR frequencies show shifts that reflect
the geometry of OCO angle bending, compared with non-coordinated molecules
(experimental values are 667.0 (bending),1285.4 (symmetric stretching), 2349.0
(asymmetric stretching) and 1388.2 (Fermi Resonance) in cm-!, (6)). These shifts
of IR frequencies are, in fact, a result of activation through coordination.

In order to study the second and third types of the activation (Figure 2), we
carried out geometry optimization for the neutral, cationic, and anionic states
of the CO, molecule in vacuum as well as in various solvents. The results are
shown in Table 2. It should be noted that the absolute values are not available by
any experimental method, neither for charges on atoms nor for (orbital) energies.
On the other hand, they are available through theoretical calculations within
the limitation of adopted approximation. To calculate the charges, Mulliken’s
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population analysis (/7, /8) and Natural Bond Orbital (MBO) approximation ({7,
18) are commonly used in many theoretical studies.

The elongation of the CO bond can be induced, only slightly, by the
environment such as solvent, whereas the charges on atoms are considerably
modified by the solvent polarities. For example, the charge on oxygen is more
negative in water than in hexane or vacuum. Note that the anionic state of CO;
is not linear, showing that the bending geometry is the most stable structure in
vacuum as well as in various solvents (~134 degree, Table 2). By contrast, the
neutral and cationic CO, molecule show the linear structure. They are confirmed
as minimum by frequency analysis.
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Figure 4. Important part of Walsh diagram, calculated by DFT-B3LYP/cc-pVTZ
in vacuum.
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Figure 5. CO; activation through coordination, calculated frequencies, and
normal modes for 1,2-bis(di-tert-butylphosphino)ethane)Ni(1l)(n?-CO3) (15),
in vacuum (in water, PCM).

Figure 6. In (N,N'-ethylene-bis(salicylideneaminato)) Co(Il) (h!-CO3z)Na*0 CO;
activations through coordination (16), Binding energies AG[kcal/mol] are -23.7
(B3LYP in vacuum) and -9.0 (B3LYP+PCM in water)= -9.0, energies of the
C=0 stretching [cm1] are 1284.5, 1594.0 (B3LYPA in vacuum) and 1261 .4,
1609.5 (B3LYP+PCM in water).
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Table 2. Calculated Geometries (in A and degree), and Charges (Mulliken’s population and NBO charge) for the Neutral, Cationic,

and Anionic States of CO;, in Vacuum, and in Various Solvents (by PCM method)

B3LYP/cc-pVTZ
PCM L C-O A4 0-C-0 Mulliken C Mulliken O NBO C NBO O
neutral CO2 vacuum 1.160 180.0 0.368 -0.184 0.984 -0.492
water 1.160 180.0 0.407 -0.203 1.005 -0.502
methanol 1.160 180.0 0.405 -0.203 1.004 -0.502
acetonitrile 1.160 180.0 0.406 -0.203 1.004 -0.502
n-Hexane 1.160 180.0 0.382 -0.191 0.991 -0.496
cation CO2 vacuum 1.172 180.0 0.545 0.227 0.985 0.008
water 1.170 180.0 0.587 0.206 1.015 -0.007
methanol 1.170 180.0 0.586 0.207 1.014 -0.007
acetonitrile 1.170 180.0 0.586 0.207 1.014 -0.007
n-Hexane 1.171 180.0 0.560 0.220 0.996 0.002
anion_CO2 vacuum 1.240 134.7 -0.133 -0.433 0.505 -0.753
water 1.238 134.4 -0.119 -0.440 0.513 -0.756
methanol 1.238 134.4 -0.120 -0.440 0.512 -0.756
acetonitrile 1.238 134.4 -0.120 -0.440 0.512 -0.756
n-Hexane 1.239 134.6 -0.128 -0.436 0.507 -0.754
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Making a Bridge to Experimental Studies

We believe that in the future, experimental breakthroughs will be made when
successful links are made between abundantly reported promising experimental
data (/9-21) and basic quantum chemical knowledge. We must remember two
facts. The first is that only the approximate solutions of the basic equation
are available. The second is that the calculations are always on the model.
Therefore, the most significant contribution from the computational science to the
experimental scientists is a conceptual stimulus rather than the results of accurate
numerical calculations. This is discussed below for the sake of this link.

The CO; reduction is often discussed as multi electron processes, such as
8e- to CHy4 and 6e- to CoHs, However, almost no elemental reactions include
the many-body process. Instead, the majority of the chemical reactions consist
of a two-body event. The elemental process of electron transfer can apparently
include multi-electron process, because the electrode participates in the event.
There are pioneering works which show the situation depending on the conditions
of concentration, concurrent protonation, and diffusion (22, 23).

The quantum chemical study is powerful for such processes. The breakdown
of complicated overall reactions into elemental reactions is indispensable.
Since the reactions on the electrode occur together with the reconstruction of
the inner Helmholtz layer, one of the most serious challenges is to combine
quantum chemical studies with first-principles studies to understand events of
liquid-solid interface on electrodes. The remarkable breakthrough is reported,
where a simulation scheme for performing first-principles molecular dynamics at
a constant electrode potential is presented, opening the way for a more realistic
modeling of voltage-driven devices. The system is allowed to exchange electrons
with a reservoir at fixed potential, and dynamical equations for the total electronic
charge are derived by using the potential energy of the extended system (24).

Taking into account this problem, the theoretical study of electrochemical CO»
activation is thus a very important future subject. To resolve it straightforwardly,
recent methodological approaches proposed by M. Otani et al. seem promising
(25-27). On the other hand, there is an excellent experimental review by Y. Hori
(28) in which we can find the detailed descriptions for various activations of CO5.
Especially critical are the various forms of CO, activation in water (CO2, HCO3-,
H>COs3, and CO32-). They appear with clear pH dependency, which is still difficult
for calculations to include correctly from statistical point of view.

At the end of this short review, we cite one recent review paper concerning
the computational approach of the subject which covers almost all of the
recent important computational studies (29). Finally we cite three remarkable
experimental examples. Understanding these results on a molecular level will
pave new ways in this research area. The first one is that ionic liquid can be a
good catalyst for CO; reduction, where the CO; anion radical is suggested to
be an important intermediate (30—32). The second is the excited-state acid-base
mechanism in nanoscale reaction environment (33). The third is a very novel
photochemical example where the irradiation of a long wavelength breaks the
CO bond by the so called dressed photon phonon (34). Theoretical studies are
awaited for these three.
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The influence of crystal phase of zirconia on the performance
of Ni/ZrO, catalysts for dry reforming of methane was
investigated. Ni/ZrO, catalysts were prepared by incipient-
wetness impregnation method with 5% Ni loading, using
amorphous, monoclinic, and tetragonal ZrO, as supports. The
catalysts were characterized by Nz adsorption—desorption,
X-ray diffraction (XRD), temperature-programmed reduction
with hydrogen (H2-TPR), temperature-programmed oxidation
with O and hydrogenation (O,-TPO/TPH), temperature-
programmed oxidation with CO, (CO,-TPO) and transmission
electron microscopy (TEM). Ni nanoparticles supported on
amorphous ZrO, (Ni/am-ZrO,) exhibited higher activity and
better stability, which was suggested to be closely associated
with the higher Ni dispersion due to the presence of mesoporous
amorphous ZrO,. In contrast, Ni/t-ZrO; and Ni/m-ZrO, suffered
a continuous decline of activity during 50 h of TOS, related
to the sintering of Ni and carbon deposition. Additionally, it
was found that both Ni particle size and the crystal phase of
zirconia strongly influenced the nature of deposited carbon. The
coke deposited on Ni/t-ZrO»> displayed the highest formation
rate and the lowest activity towards O, and CO,, while
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significant deactivation was observed on Ni/m-ZrO; owing
to the encapsulating carbon. The stability of catalysts was
significantly influenced by the carbon morphology.

Introduction

Carbon dioxide reforming of methane (DRM) is receiving renewed interest
for the production of syngas due to both environmental and economic concerns
(I). The process consumes both methane and carbon dioxide—two major
greenhouse gases that cause global warming. Syngas produced by this process
with low H»/CO ratio is more desirable for Fischer-Tropsch (F-T) synthesis
and oxosynthesis. Although noble metals exhibit superior performance for this
reaction, Ni based catalysts have been comprehensively investigated due to their
high activity and lower cost. However, Ni based catalysts always suffer from
serious carbon deposition, leading to the catalyst deactivation (2).

During dry reforming of methane, carbon deposition mainly originates from
methane decomposition (1) and Boudouard reaction (2).

CH, —>C+2H, AH S, = T5KJ | mol (1

2C0 — C +CO, AHY, = —171KJ | mol (2)

It is well known that carbon deposition is significantly suppressed on catalysts
with small Ni particles (3, 4). The formation of carbon deposition needs bigger
active ensemble size. Hou et al. (3) suggested that the enhanced activity and high
coke resistance were observed on the Ni catalyst with the highest Ni dispersion
for the combined CO; reforming and partial oxidation of methane. Studies have
shown that the dispersion of Ni is significantly influenced by the nature of support
(5). Furthermore, supports with strong Lewis basicity, such as ZrO,, MgO and
La03, can greatly improve the carbon deposition resistance (6—9). The strong
basicity promotes the chemisorption of CO», which can react with carbon species
to form CO. In addition, studies demonstrated that metal-support interaction,
catalyst morphology and promoters also strongly affect the formation of carbon
).

Zirconia is widely investigated as a catalytic support or promoter in dry
reforming of methane because of its moderate acidity and basicity, high thermal
stability, and surface oxygen mobility (10, 1I). It was reported (/0) that coke
accumulation on Pt/ZrO, was greatly suppressed because of the lack of a
significant concentration of strong Lewis acid sites. In particular, the crystal
phase of zirconia was found to exert great influence on the catalytic performance.
Campa et al. (/2) reported that Rh supported on the tetragonal zirconia is far
more active and selective than Rh supported on the monoclinic zirconia for partial
oxidation of methane. The more covalent character of the Zr—O bond and more
oxygen defective structure of m-ZrO; exert negative influence on Rh dispersion.
Furthermore, the ability of CO» activation, which is essential to remove the
surface carbon species, is closely related to the crystal phase of ZrO; due to the
presence of different active sites (/3—15). However, few literatures have reported
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on the effect of the amorphous, monoclinic or tetragonal phase on the catalytic
performance of Ni/ZrO, catalysts in DRM reaction.

In the present work, we studied the influence of crystal phase of zirconia over
the activity and stability on Ni/ZrO; catalysts in DRM reaction. Additionally, the
nature of deposited carbon was investigated by temperature-programmed surface
reaction (TPSR) and transmission electron microscopy (TEM).

Experimental
Catalyst Preparation

The amorphous ZrO; (am-Zr0O,), tetragonal zirconia (t-ZrO,) and monoclinic
zirconia (m-ZrO;) were prepared by several methods described below.

Amorphous ZrO; (am-ZrO») was prepared by a combined precipitation and
reflux digestion method adapted from a method reported elsewhere (/6). First,
stoichiometric quantities of pluronic P123 (EO20PO70EO»o, Sigma—Aldrich) and
ZrOCly-8H,O were dissolved in deionized water with vigorous stirring. The
resulting solution was heated to 80 °C. An aqueous solution of 10 wt% KOH was
added dropwise to pH=11. The obtained slurry was digested at 100 °C for 240
h. Subsequently, the precipitate was filtered, thoroughly washed with deionized
water several times, and dried at 110 °C for 12 h. Finally, the resulting product
was calcined at 700 °C for 4 h with a ramp of 1 °C/min under air atmosphere.

The tetragonal zirconia (t-ZrO;) was prepared by similar precipitation method
as described above. But ammonia (30 wt%) was adopted as the precipitant and the
solution was digested at 100 °C for 36 h.

The monoclinic zirconia (m-ZrO;) was prepared using a hydrothermal
method. First, 400 ml of 0.2M ZrOCl,-8H,O was added dropwise to 500 ml of
2M NaOH with vigorous stirring. Then the mixture was transferred to teflon-lined
stainless autoclave and treated at 180 °C for 48 h. After cooling to room
temperature, the final product was filtered and thoroughly washed with deionized
water. The product was dried at 110 °C for 10 h and then calcined at 700 °C for
4 h in the air.

The Ni/ZrO; catalysts were prepared by incipient wetness impregnation. A
aqueous solution of Ni(NO3),-6H,O was added dropwise to the support to obtain
5 wt% Ni content. The obtained material was dried at 110 °C for 10 h and then
calcined at 700 °C for 4 h.

Catalyst Evaluation

The catalyst performance was evaluated in a quartz micro-reactor with an
inner diameter of 8 mm. Typically, 0.5g catalyst diluted with 1.5g quartz sand
(20-40 meshes) was placed in the middle of the reactor. Prior to the reaction, the
sample was reduced in a 10% Hz/Ar mixture at 750 °C for 1 h. Then reactant
gas mixture without any dilution was introduced with the total flow rate of 200
mL/min (CH4/CO; = 1). The gaseous products were analyzed by an on-line gas
chromatograph (GC) equipped with a TCD detector.
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Catalyst Characterization

The N3 adsorption isotherms were measured at -196 °C on a static volumetric
instrument (TriStar 3000). The specific surface areas were calculated via the BET
method and the pore size distributions were estimated by the BJH method using
the desorption branch.

H» temperature-programmed reduction (H»-TPR) was carried out on tp-5080
automated chemisorption analyzer. Prior to the reduction, samples were pretreated
at 500 °C for 1 h in flowing argon, and then cooled down to 100 °C. Tests were
conducted by introducing a 10% Ha/Ar (35 mL/min) mixture gas at a heating rate
of 5°C /min from 100 °C to 800 °C. The consumption of H» in the reactant stream
was analyzed online by a gas chromatograph with a thermal conductivity detector
(TCD).

Hydrogen pulse chemisorption experiments were performed at 40 °C with
a tp-5080 automated chemisorption analyzer, assuming that the adsorption
stoichiometry is H/Ni = 1.

The X-ray diffraction (XRD) analysis was performed using Rigaku MiniFlex
II X-ray diffractometer, using Cu Ka radiation (40 kV, 40 mA, A = 0.15418 nm).
The scanning range of 26 was between 20-80.0°, with a scanning rate of 4°/min.

The amount of carbon deposited on the surface of spent catalyst was
determined by TG performed on Rigaku TG-8120.

Temperature-programmed oxidation with O, (O»-TPO), temperature-
programmed hydrogenation (TPH), and temperature-programmed oxidation with
CO; (CO,-TPO) were performed in a fixed-bed reactor in order to characterize the
reactivity of surface carbons on catalysts. The sample (~100 mg) was first loaded
in a quartz tube. Then, a 10% O/Ar (50 mL/min) mixed gas was introduced for
the O2-TPO experiment. The temperature was increased at a rate of 5 °C/min
from 100 to 800 °C. For TPH and CO,-TPO measurements, the samples were
exposed to a stream of 10% Ho/Ar or 10% COo/Ar, respectively. The outlet
products were monitored online by a mass spectrometer (Pfeiffer OmniStar).

The morphologies of catalysts were observed using a JEOL-JEM-2100F
transmission electron microscope operating at 200 k'V.

Results and Discussion
XRD Analysis

The XRD patterns of ZrO» supports and the reduced Ni/ZrO; catalysts are
shown in Figure 1. The am-ZrO, sample displayed a broad peak at 26 ~30°,
corresponding to the amorphous crystal phase. The characteristic diffraction peaks
of tetragonal crystal phase at 20 = 30.3°, 35.3°, 50.4° and 60.2° were observed on
t-ZrO,. The m-ZrO, was defined as monoclinic crystal phase due to the presence of
characteristic diffraction patterns at 20 =28.2° and 31.5°. For all Ni/ZrO, catalysts,
characteristic diffraction peak of Ni at 20 = 44.5° was additionally observed. The
impregnation of nickel reduced at 750 °C had no influence on crystal phase of
710>.
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Figure 1. XRD patterns of ZrO; polymorphs and the reduced Ni/ZrO; samples.

Textural Properties

The N, adsorption—desorption isotherms and pore-size distribution of Ni/ZrO»
samples are shown in Figure 2. Although the mesoporous structure was evidenced
by the presence of hysteresis loops for all Ni/ZrO; catalysts, the pore structures
were quite different. The Ni/am-ZrO; sample displayed type IV isotherms and H2-
shaped hysteresis loops, implying the presence of typical worm-like mesoporous
structure which could be confirmed by the TEM images. The larger hysteresis
loop in Ni/am-ZrO; implied a larger pore size distribution. A similar pattern was
observed on Ni/t-ZrO» with a H2 hysteresis loop in the relative pressure range of
0.55-1.0, suggesting a uniform inter-particle or irregular tube-like porosity. In
addition, the average pore size of Ni/am-ZrO, (13 nm) was larger than that of
Ni/t-ZrO> (8 nm). In contrast, the hysteresis loop on Ni/m-ZrO; became very small
and shifted to higher relative pressure, which suggested the biggest pore size and
a poorly defined mesoporous structure.

The surface area, pore volume, and pore diameter of the samples are listed in
Table 1. Although both am-ZrO; and t-ZrO, displayed nearly the same surface
area, the pore volume and the average pore diameter of am-ZrO, were much
larger than that of t-ZrO,, which promoted the dispersion of Ni and facilitated the
transport of reactant gas. For all Ni/ZrO> catalysts, the surface areas and the pore
volumes decreased slightly due to the introduction of nickel. It is worth noting
that an obvious decrease of pore volume and shrinkage of pore diameter can be
observed after the introduction of Ni to am-ZrO,. This is probably suggested
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that most Ni particles were incorporated into pores of am-ZrO> matrix due to the
enlargement of pore volume and pore diameter. As a comparison, the Ni/m-ZrO>
exhibited much lower surface area and smaller pore volume, which always lead
to the poor dispersion of active metals.

Table 1. Textural Properties of ZrO; and Ni/ZrO; Samples

Samples Spa e::f c’iz;g[a)ce PO;:mng{I;l)me ;I.ZZZ‘iier’;; Isotherm type
am-ZrO; 241 1.35 18
Ni/am-ZrO, 206 0.84 13 IV H2
m-ZrO; 21 0.14 25
Ni/m-ZrO, 17 0.12 28 IV H3
t-ZrO; 259 0.64 8
Ni/t-ZrO, 214 0.51 8 IV H2
(a)
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Figure 2. (a) N: isotherms and (b) BJH pore-size distributions of the reduced

Ni/ZrO; samples.
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H>-TPR Experiment

Figure 3 shows the H>-TPR profiles of Ni/ZrO, catalysts. It can be found that
the reducibility of NiO was significantly influenced by crystal phase as well as the
pore structure of ZrO,. Ni/m-ZrO; displayed an intensive peak at 513 °C, which
was attributed to the reduction of NiO exhibiting weak interaction with the support.
It also exhibited a shoulder at 267 °C, which was assigned to the reduction of bulk
NiO particles. The poorly defined mesoporous structure and the low surface area
of m-ZrO; might contribute to the poor dispersion of Ni and the weak interaction
of Ni-ZrO». In case of Ni/t-ZrO;, there were three reduction peaks, which related
to the different interaction between Ni and ZrO,. The small peak at 357 °C was
corresponding to the reduction of the highly dispersed NiO. The reduction peak
located at 440 °C was associated to NiO interacted weakly with support and the
intense peak at 682 °C was ascribed to the reduction of NiO interacted strongly
with ZrO,. The higher reduction temperature of NiO on Ni/t-ZrO; suggested the
strong interaction of Ni and ZrO», which could be related to the effect of nano-sized
ZrO; particles observed by TEM (Figure 4e). Similar profile was observed for Ni/
am-ZrO, with an additional peak at 485 °C. Compared to Ni/t-ZrO,, Ni/am-ZrO>
was more reducible, evidenced by the presence of intense reduction peak at lower
temperature (632 °C). It can be suggested that the larger pore size and the abundant
surface oxygen species of am-ZrO» sample facilitate the reduction of Nickel oxide
species at lower temperatures (17, 18).

]
»513°C

Niim-zrO, !

Intensity (a.u.)

Nifam-ZrO,

T Y T Y. T Y T . T 2 T - T
200 300 400 500 600 700 800
Temperature (C)

Figure 3. H>-TPR profiles of Ni/ZrO; catalysts.
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Table 2. Physicochemical Properties, Stability, and Coking Rate of Ni/ZrO

Catalysts
Catalysts Ni particle size® (nm) Dispirsionb Stabilityc  Coking rate?
reduced spent (%) (%) (mg/gcarh)
Ni/am-ZrO» 10.8 11.2 8.3 100 0.15
Ni/m-ZrO, 15.3 18.1 6.4 55.9 0.41
Ni/t-ZrO; 134 14.9 7.1 90.2 0.99

a Calculated using Scherrer formula on the (111) peak of Ni. b Ni dispersion was
calculated from H» chemisorption results. ¢ Ratio of final CHy4 conversion to initial CHy
conversion. 4 Coke deposition was quantified by thermogravimetry.

20 nm

Figure 4. TEM images of (a, d) Ni/lam-ZrO;, (b, e) Ni/t-ZrO; and (c, f)
Ni/m-ZrQ>; the encircled portion are Ni particles.
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Morphology Analysis

The TEM images of the reduced Ni/ZrO> catalysts are shown in Figure 4. It is
obvious that Ni/am-ZrO» exhibited a disordered structure of amorphous zirconia
with numerous worm-like pores (Figure 4a). Nickel nanoparticles with sizes of
~10 nm were uniformly distributed within the amorphous ZrO» (Figure 4d). For
Ni/t-ZrO,, the support featured small uniform spherical particles with sizes ranging
from 3 to 7 nm (Figure 4b, e). In contrast to conventional supported catalyst,
nano-sized Ni particles were supported on or surrounded by comparably sized
ZrO; particles. Therefore, it is difficult to accurately determine the distribution
of the Ni particles because of the overlap between the Ni and ZrO; particles.
In consistent with the results of N> adsorption isotherms, Ni/t-ZrO» exhibited an
interparticle porosity with small pore size. As observed, Ni/m-ZrO> displayed the
irregular ZrO; particles with size up to 40x100 nm (Figure 4c). It is obvious that
the aggregated Ni particles resulted in the poor distribution of the particles within
the ZrO, matrix. In addition, there appeared irregular channels in the bulk of the
ZrO; particles. However, Ni particles were located on the surface of support rather
than entered into the mesopore channels, which contributed to the less contact area
and weak interaction of Ni-ZrO» (Figure 4f).

Catalytic Performance

The conversions of CHs and CO,, as well as Ho/CO ratios of various catalysts
in the dry reforming of methane reaction at 750 °C are shown in Figure 5. It
can be seen that Ni/t-ZrO, exhibited higher initial methane conversion than that
of Ni/am-ZrO,. This may be related to the strong interaction between the nickel
metal and the support evidenced by the results of H>-TPR, leading to the higher
CHy dissociation rate on Ni/t-ZrO2 (/2). However, the methane conversion on
Ni/t-ZrO; decreased continuously with time on-stream, losing 9.8% of its initial
CHj, activity. In contrast, the Ni/am-ZrO» catalyst displayed a slightly low initial
activity. But the CH4 conversion remained stable during TOS of 50 h and no
catalyst deactivation was observed. It can be concluded that the particular structure
of mesoporous amorphous ZrO, facilitated the dispersion of Ni and suppressed
the sintering of Ni. Furthermore, the formation of smaller particle size inhibited
carbon deposition, contributing to the superior stability of Ni/am-ZrO; catalyst.
Ni/m-ZrO; exhibited quite low initial activity and suffered significant deactivation,
probably due mainly to the weak interaction between Ni and ZrO; and the poor
dispersion of Ni.

Figure 5b shows that the conversions of CO, were higher than that of CH4 over
all Ni/ZrO; catalyst. This could be attributed to the involvement of the reverse
water gas shift (RWGS) reaction (/9). The Hy/CO ratios as a function of time
on stream are shown in Figure Sc. For Ni/t-ZrO; and Ni/m-ZrO», the H»/CO ratio
decreased owing to the increasing occurrence of RWGS and the decreasing activity
of methane reforming.
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Figure 5. Dependence of catalytic performance of the reduced Ni/ZrO; catalysts
on reaction time. (a) CHy conversion, (b) CO; conversion ,(c) H»/CO ratio.
Reaction conditions: T = 750 °C, CHy/CO; = 1, GHSV = 24 000 mL/(g"h).
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Deactivation Analysis

Ni supported catalysts for carbon dioxide reforming of methane always
suffer from serious deactivation mainly due to both the sintering of Ni and carbon
deposition. In order to further study the influence of crystal phase of ZrO; on the
deactivation of Ni/ZrO; catalysts, the spent catalysts were characterized by XRD,
TG, 0,-TPO, TPH, CO,-TPO, and TEM.

Figure 6 showed the XRD patterns of spent catalysts. The average size of the
Ni particles was calculated by Scherrer equation (Table 2). It can be seen that the
sintering of Ni particles was inhibited due to the mesoporous amorphous structure
of Ni/am-ZrO; catalyst (20). In case of Ni/t-ZrO,, Ni particles did not undergo
considerable degree of sintering probably due to the strong interaction between Ni
and ZrO». In contrast, the aggregation of Ni particles was observed on the spent
Ni/m-ZrO> catalyst. This can be ascribed to the weak metal-support interaction
and the poor porosity.

Graphite Ni(111)
— I
3 [ i Ni/m-ZrO,
Lot ' i
2 ' ;
|a : |
c ' ]
2 ' Nilt-Zro,
= I
| 1
: |
M 5 Ni-am-ZrO,
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20 30 40 50 60 70 80
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Figure 6. XRD patterns of spent Ni/ZrO; catalysts.

There appeared obvious diffraction peak at 20 = 26° over Ni/m-ZrO; and
Ni/t-ZrO, samples, illustrating the formation of graphitic carbon. However, no
diffraction peaks of graphitic carbon were observed on Ni/am-ZrO,, implying the
superior coke resistance.

Carbon deposition is the significant reason for the deactivation of Ni based
catalysts in carbon dioxide reforming of methane. Table 2 shows the rate of carbon
deposition on the catalysts, evaluated by TG analysis. The amount of carbon
deposition decreased in the following sequence: Ni/t-ZrO; > Ni/m-ZrO; > Ni/
am-ZrO;. Only trace amount of coke was observed on Ni/am-ZrO, with a coking
rate of 0.15 mg/gca-h, which was in agreement with the superior stable catalytic
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performance during TOS of 50 h. It has been reported that nickel particle size
plays a crucial role on carbon deposition for dry reforming of methane. Catalysts
with large Ni particle size favor the formation of carbon while small Ni particle size
contributes to the enhanced coke resistance (2/7). Therefore, Ni/am-ZrO; exhibited
the highest coke resistance due to the high dispersion of Ni nanoparticles. While
the aggregation of Ni over Ni/t-ZrO; and Ni/m-ZrO, was favorable to the carbon
accumulation.

Although Ni/t-ZrO, showed the highest carbon deposition rate (0.99
mg/gearh), it displayed a lower deactivation rate than Ni/m-ZrO,. Therefore, there
was no direct relationship between the coking rate and the deactivation rate.

0,-TPO experiments were conducted to investigate the type of coke species
(Figure 7). There was a very broad asymmetric peak between 400 and 700 °C over
the Ni/m-ZrO; catalyst, implying two types of carbon species.
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Figure 7. O>-TPO profiles of the spent catalysts.

Wang et al. suggested that the peak between 350 and 500 °C can be
designated as CP and the peak above 550 °C can be attributed to the oxidation of
Cy (22). Therefore, carbon deposited on Ni/m-ZrO; could be mainly attributed
to relatively inert Cy, with minor CB. The O,-TPO profile of Ni/t-ZrO, was
similar to that of Ni/m-ZrO,. However, the CO; peak on Ni/t-ZrO; shifted to a
much higher temperature (676 °C), illustrating a higher crystallization degree of
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carbon species. For Ni/am-ZrO,, three peaks centered at 322, 494 and 653 °C
were present. The first peak at 322 °C was attributed to amorphous polymeric
Ca species (23), which is considered as important intermediates. The Ca species
are the product of methane decomposition and can be further converted to syngas
(24). The second peak at 494 °C was ascribed to the formation of small amount
of less active graphitic carbon species (CB). The peak at 653 °C could be related
to inert graphitic Cy species with the lowest reactivity.

Figure 7b shows the CO; and H»O responses obtained during the O,-TPO
experiment of Ni/am-ZrO,. Two peaks of H,O responses were observed. The peak
at 148 °C might be related to the desorption of OH and adsorbed H>O. It is worth
noting that the peak at 320 °C exhibited almost identical profile compared with that
of CO» responses associated to Ca. Therefore, the Ca species can be ascribed to
CHx species due to the simultaneous formation of water. The CHy species resulted
from dehydrogenation of methane are considered as important intermediates for
the formation of synthesis gas.
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Figure 8. (a) TPH profiles of spent catalysts, (b) O>-TPO profiles of spent
catalysts, conducted after TPH on the same samples.
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To further investigate the carbon deposits, TPH was applied. All Ni/ZrO,
catalysts displayed two main CHj release peaks (Figure 8a). For Ni/am-ZrO,,
the small peak at 335 °C was attributed to Ca and the major peak at 536 °C was
attributed to CP. Similar carbon species were also identified for Ni/t-ZrO; and Ni/
m-ZrO; catalysts. Moreover, both peaks shifted to much higher temperature (370
and 610 °C, respectively), illustrating the less active surface carbon species over
Ni/t-ZrO; and Ni/m-ZrO,. O>-TPO was conducted on the catalyst samples after
TPH test, in order to analyze the carbon that could not be hydrogenated (Figure 8b).
Ni/am-ZrO; exhibited only one peak at around 673 °C associated with Cy species,
suggesting that both Co and Cp can be eliminated by hydrogen. However, the
inert Cy species can not be removed by H> below 850 °C. For Ni/t-ZrO; and Ni/
m-ZrO», a very broad asymmetric peak indicated that two types of carbon species
remained. This suggested that carbon deposition on these two catalysts showed
higher resistant to hydrogenation than that on Ni/am-ZrO,.
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Figure 9. (a) CO,-TPO profiles of spent catalysts, (b) O»-TPO profiles of spent
catalysts, conducted after CO»-TPO on the same samples.
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CO,-TPO experiments were conducted to evaluate the activity of deposited
carbon under reaction conditions. Figure 9a shows a broad peak at 310 °C and a
sharp peak at 728 °C on Ni/am-ZrO; ascribed to active CHx (Ca) and inert coke
species (CP and Cy), respectively. Only one peak at 682 °C was observed on Ni/
m-ZrO», while two main peaks at 626 and 762 °C can be found on Ni/t-ZrO5. It is
worth noting that only a part of coke species on Ni/t-ZrO, can be removed by CO>
under reaction temperature (750 °C) due to the presence of oxidation peak at higher
temperature (762 °C). The differences of CO,-TPO profiles between these Ni/ZrO»
catalysts might be related to the nature of deposited carbon as well as the structure
of ZrO,. O2-TPO experiment was also performed following CO,-TPO treatment
(Figure 9b), in order to study the inertness of deposited carbon to oxidation by CO».
It is worth noting that only small amount of carbon remained on the surface of
Ni/am-ZrO; after CO,-TPO treatment, implying the high activity of coke towards
oxidation by CO,. This was consistent with the low coking rate and the superior
stability of the Ni/am-ZrO; catalyst. For Ni/m-ZrO;, the O>-TPO profile showed a
main peak at 522 °C with a shoulder at 622 °C, which can be identified as Cf and Cy
respectively. Compared with O,-TPO profile without the treatment of CO,-TPO,
it can be speculated that Cy species were easier to be eliminated by CO, than C on
Ni/m-ZrO». This may be related to the morphology and location of carbon species
(25). For Ni/t-ZrO3, similar peak can be observed on O,-TPO profiles before and
after the treatment of CO,-TPO, indicating the presence of the same carbon species
after the oxidation of CO,.The larger peak at 638 °C illustrated that carbon species
on Ni/t-ZrO, was less active to CO,, which was in consistent with the results of
CO,-TPO (Figure 9a).

The morphology of deposited carbon on the spent catalysts was analyzed
by TEM. Figure 10 displayed three types of deposited carbon: graphite ribbons
(Figure 10d), encapsulating carbon (Figure 10e) and multi-walled carbon
nanotubes (MWCNTs) (Figure 10f). The most species observed on Ni/m-ZrO;
were graphite ribbons and encapsulating carbon, in spite of the presence of
MWCNTs (Figure 10a). In contrast, MWCNTs were the dominant carbon species
while graphite ribbons and encapsulating carbon were detected to a lesser extent
on Ni/t-ZrO» (Figure 10b). According to the results of O,-TPO, the temperature
of coke oxidation on Ni/t-ZrO; was higher than that on Ni/m-ZrO,, indicating
that MWCNTs were less active than other carbon species (26). It can also be
found that carbon deposited on Ni/t-ZrO; displayed high oxidation-resistant to
CO; under reaction conditions. However, no obvious relationship between the
activity of carbon species and the deactivation rate was observed. Therefore, the
morphology of deposited carbon should be considered. As reported, encapsulating
carbon is responsible for the deactivation of the catalyst while MWCNTs exert
low influence on catalytic activity (26, 27). Therefore, the encapsulating carbon
species observed on Ni/m-ZrO; were corresponding to its significant deactivation.

Figure 10c shows that no obvious MWCNTs or encapsulating carbon species
existed on the Ni/am-ZrO, catalyst. This indicated that carbon deposition was
greatly suppressed, leading to the superior stability of the catalyst.
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Figure 10. TEM micrographs of spent catalysts: (a) Ni/m-ZrO,, (b) Ni/t-ZrO:,
(c) Nilam-ZrQO,, (d) graphite ribbons, (e) encapsulating carbon, (f) MWCNT5.

Conclusions

The performance of Ni/ZrO, catalysts for dry reforming of methane
depended strongly on the phase of ZrO,. The Ni/am-ZrO; feathering a disordered
mesoporous structure of amorphous zirconia showed superior stability than
Ni/t-ZrO; and Ni/m-ZrO,. The activity and stability of the catalyst were closely
associated with the dispersion of Ni, which was strongly influenced by the
crystal phase of ZrO,. The mesoporous amorphous ZrO> was favorable to the
homogeneous dispersion of Ni, leading to the high activity and the enhanced coke
resistance.
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The comparison between the deactivation of various Ni/ZrO, catalysts
suggested that the morphology, species and reactivity of deposited carbon strongly
depended on the particle size of Ni as well as the crystal phase of zirconia. It
was found that the deactivation of catalyst was mainly determined by carbon
morphology rather than coking rate. Ni nanoparticles supported on am-ZrO,
exhibited superior stability for DRM reaction due to the higher reactivity of
the deposited carbon. The significant deactivation of Ni/m-ZrO, was attributed
to the presence of the encapsulating carbon, which covered the active Ni sites.
MWCNTs appearing on the surface of Ni/t-ZrO; showed limited influence on the
stability of Ni/t-ZrO, in spite of its low activity.
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The effect of operating conditions, i.e., space velocity,
temperature, pressure, and feed CH4/CO»/H>O/O, molar
ratios, on the reforming of methane with CO,, H,O, and
Oy (tri-reforming, TRM) was systematically investigated
in a fixed-bed reactor over the Ni-SiO, synthesized by the
complex-decomposition method by using citric acid as the
complexing agent. Under different temperatures, pressures,
and molar ratios of reactants, the thermodynamics equilibrium
compositions of the TRM were calculated by using HSC
chemistry 5.0. Irrespective of the operating conditions applied,
results indicate that the Ni-SiO, was highly active for the
TRM, in which the conversions of CH4 and CO; and H»/CO
molar ratios in the products nearly reach equilibrium values.
Moreover, the changes for the conversions of CH4 and CO; and
H»/CO molar ratios in the products induced by varying the space
velocity, temperature, pressure, and feed CH4/CO2/H>0O/O,
molar ratios were discussed and compared with the results
of the thermodynamics calculations. By simply changing the
molar ratios of the feeds, the syngas with adjustable H»/CO
molar ratios between 1.0 and 3.0 was successfully obtained.
Importantly, under much severe conditions of 7= 750 °C, P
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= 10.0 atm, CH4/CO2/H,0/0, = 1.0/0.3/0.3/0.2, and GHSV
26600 mL(CH4)-g!-h!, the almost identical conversions
of CH4, COj, and the H»/CO molar ratios to those of the
thermodynamics equilibrium were kept for over 50 h. Thus, the
Ni-SiO; is a highly active and stable catalyst for the TRM.

Introduction

The production of syngas (H>+CO) from natural gas (methane), which is the
key technology for the gas-to-liquid process, has drawn quantitative attention in
recent years (/—3). Generally, there are three primary processes via reforming
reactions to convert natural gas to syngas, i.e., steam reforming of methane (SRM,
eq. 1), carbon dioxide reforming of methane (CDR, eq. 2), and catalytic partial
oxidation of methane (CPOM, eq. 3) (4).

CH4 + Hzo — CO + 3H2, AHozggK =206 kJ/mol (1)
CH, + CO, — 2CO + 2H,, AHaogq = 247 kJ/mol  (2)

CH4 +1/2 02 — CO + 2H2, AHzggK = -36 kJ/mol (3)

Although the SRM has successfully applied in many industrial processes, the
obvious disadvantage of this process is the high energy demand due to the strong
endothermic nature of the reaction (eq. 1). Moreover, the syngas with a high
H2/CO ratio of greater than 3 from the SRM process is only suitable to the synthesis
of ammonia and hydrogen (5, 6). In contrast to SRM, CPOM is an exothermic
reaction, and has long been received considerable attention since it produces the
syngas with a Ho/CO ratio of about 2.0, which well meets the requirement for the
synthesis of methanol, dimethyl ether, and hydrocarbons via Fischer-Tropsch (FT)
route (7-9). However, besides the potential explosive risk of the CPOM process,
the issue of the hot spot in the catalytic bed is still a barrier for its industrialization
(9, 10). In the case of CDR, the principal merit is that it converts the two potent
greenhouse gases (CO» and CHy) into the syngas with a Ho/CO ratio of near to
1.0, which can be used as the feedstock for synthesizing valuable oxygenates and
long-chain hydrocarbons (3, //-13). However, the CO; capture and its separation,
purification, and transportation are economic barriers for the efficient utilization
of CO; (14, 15). In the catalytic aspects, the severe coke deposition and sintering
of the industrially important Ni-based catalyst are still main challenges for the
commercialization of CDR (16-18).

Combining the advantages of the three primary processes, a mixed route for
the production of syngas from the reforming of methane, i.e., tri-reforming of
methane (TRM), has been proposed in recent years (3, /9). For the TRM, the
reactions of the endothermic SRM (eq. 1) and CDR (eq. 2), and the exothermic
CPOM (eq. 3) synergistically occur in one reactor. As a result, an autothermal
operation characterizing the neutral energy demand may be accomplished during
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the TRM. Moreover, the flue gas from the fired power plant is composed of
CO3, O, and H,O, which is a potential candidate of the feedstock for the TRM.
Indeed, it is well known that the composition of the flue gas varies depending on
the operational modes of the power plant. For example, the typical volumetric
composition of the flue gas from the natural gas-fired power plants is 8-10, 18-20,
2-3, and 67-72% for CO,, H,0, O, and N, respectively, which is different from
that of the coal-fired plant, i.e., 12-14, 8-10, 3-5, and 72-77% for CO3, H>0, O,
and N, respectively (20). However, the syngas with a desired Ho»/CO may be
achieved via adjusting the molar ratios of CO,, H>O, and O, by co-feeding the flue
gas with either H>O or O,. When the catalytic process is concerned, the presence
of H>O and/or O significantly reduces the coke deposition over the catalyst (21,
22). More importantly, the TRM may largely eliminate the separation of the flue
gas, which has a great economic benefit. Moreover, the outlet temperature of the
flue gas is around 1000 °C, which well matches the high-temperature reaction of
the tri-reforming process (23). Thus, the TRM by using the flue gas as a feedstock
is of significantly important and promising (23-26).

Recently, a few studies have been concentrated on the TRM by co-feeding
of H,0O, CO», and O, with different molar ratios (8, 9, 27). Considering the two
facts that methane is preserved and transported under elevated pressures and the
process for converting the syngas to chemicals and fuels such as FT synthesis
is kinetically favored under elevated pressures, the TRM under pressurized
conditions is industrially more desirable in terms of higher process efficiency
(3, 28). Thus, the TRM under pressurized conditions is more practical from an
economical viewpoint. However, to the best of knowledge, very few works is
reported in recent years (3).

In our previous works (29, 30), the complex-decomposition method was
applied to develop Ni-based catalysts for the pressurized CDR, and a highly
active and stable Ni-SiO, was obtained by optimizing the complex agents and
fuels. In this work, the Ni-SiO, catalyst optimized for CDR was quantitatively
evaluated for the TRM under different feed CH4/CO,/H,O/O2 molar ratios,
space velocities, reaction temperatures, and pressures. The effect of operating
conditions on conversions and product compositions was revealed and compared
with the calculated equilibrium data. As expected, the syngas with adjustable
H»/CO molar ratios was obtained. Importantly, the optimal Ni-SiO, catalyst
developed for the CDR was still highly active and stable for the pressurized TRM,
and near the equilibrium conversion of methane was kept for a time on stream
(TOS) of 50 h without an observable decrease.

Experimental
Catalyst Preparation

The Ni-SiO; catalysts with a metallic nickel content of 10 wt.% was
prepared by the complex-decomposition method by using nickel nitrate and
tetraethoxysilane (TEOS) as the precursors of NiO and SiO», respectively. Firstly,
the desired amount of nickel nitrate and TEOS were dissolved in ethanol. Then,
the aqueous solution of citric acid as a complexing agent was added to the ethanol
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solution until the molar ratio of citric acid to nickel plus silicon was 1.0. After
this, the solvent was evaporated at 60 °C until the formation of a viscous gel,
and a foam-like grey solid was obtained by burning the gel. Finally, the sample
was calcined at 700 °C for 4 h leading to the Ni-SiO> catalyst. The more detailed
procedure was described in our previous work (29).

Reaction Procedure

The TRM experiments were performed in a stainless steel fixed-bed reactor
(1. d. = 8 mm). Prior to the reaction, the catalyst (0.15 g, 40-60 mesh) diluted
with quartz sands (the volumetric ratio of quartz sands to the catalyst = 3.0) was
reduced under the conditions of P=1.0 atm, T =700 °C, t=2.5 h, and 50 mL-min!
of 10% Ho/N». After purging with N», the feed gases with a desired molar ratio
of CH4 to CO3, HO, and O; were switched, and the reaction was started under
the conditions of T = 650 ~ 750 °C, P =1.0 ~ 10.0 atm, GHSV = 15792 ~ 36840
mL(CHas)-g!-hrl, and CH4/CO2/H,0/0O> molar ratios between 1.0/0.5~0.1/0.5~0.1/
0~0.3. The effluent products after condensing water with an ice-water trap were
analysed by an on-line GC (GC-9560, Shanghai Huaai chromatographic analysis
Co., Ltd) equipped with 5A and PQ capillary columns and a TCD detector.

Results and Discussion
Characteristics of Thermodynamics Equilibrium
Pressure Effects

The equilibrium conversions of CHs, CO, H>0O, O, and H»/CO molar ratios
were calculated with HSC chemistry 5.0 under the conditions of 7 = 750 °C,
CH4/CO2/H>0/0, = 1.0/0.3/0.3/0.2, and the results under different pressures are
provided in Figure 1. As shown in Figure 1, the O, conversion was kept at 100%
with increasing the pressures from 1.0 to 10.0 atm, indicating the negligible
effect of pressures on the O conversion under the given temperature and system
composition. In contrast, the conversions of CH4, CO>, and H>O were obviously
decreased with increasing the pressure from 1.0 to 10.0 atm. Moreover, the
conversions of CHs, CO;, and H2O were linearly decreased until the pressure
of about 4.0 atm, and were leveled off when the pressure was further increased.
Importantly, the conversion of CHs was obviously higher than those of CO;
and H>O. In the case of Ho/CO molar ratio, its decrease was very limited with
increasing the pressure from 1.0 to 10.0 atm, indicating the pressure plays a less
important role in determining the H»/CO molar ratios.
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Figure 1. Effect of the pressure on equilibrium conversions and H»/CO molar
ratios under the conditions of T = 750 °C and CH4/CO/H>0/0; = 1.0/0.3/0.3/0.2.

Temperature Effects

The impact of temperature on the equilibrium conversions was calculated
under the conditions of P = 1.0 atm and CH4+/CO2/H20/0O2 = 1.0/0.3/0.3/0.2, and
the results are provided in Figure 2.

The conversions of CH4, CO,, and H,O were rapidly increased with increasing
the temperature from 400 to 800 °C. A further increasing of the temperature leaded
to slowly increased conversions, and near 100% conversions were obtained at
1000 °C. As indicated in egs.1 and 2, both the SRM and CDR reactions are strong
endothermic, leading to the increased conversions of CHs, CO», and H»O at higher
temperatures. These are agreeable with the reported results (/9, 27). In the case of
the H2/CO molar ratio, it was sharply decreased from 11.8 to 2.1 with increasing
the temperature from 400 to 600 °C, and it was around 1.8 when the temperature
was further increased to 1000 °C. This indicates an important effect of the reaction
temperature on the H»/CO molar ratios at lower temperatures. It is well known that
the reverse water-gas shift reaction (RWGS, H, + CO2 — CO + H0, AH 98k =
41 kJ/mol) is endothermic (26). Thus, the RWGS reaction is thermodynamically
favorable at higher temperatures, leading to the decrease of H»/CO molar ratios
with increasing reaction temperatures.
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Figure 2. Effect of the temperature on equilibrium conversions and H»/CO
molar ratios under the conditions of P = 1.0 atm and CHy/COx/H>0/0:; =
1.0/0.3/0.3/0.2.

Effect of System Compositions

The equilibrium conversions of CH4, CO>, H>O, and H»/CO molar ratios
were calculated under the conditions of CH4/CO2/H,0/O, = 1.0/0.0~0.5/
0.0~0.5/0.5~0.0, T = 400~1000 °C, and P = 1.0 atm. To reveal the effect of
system compositions, the molar ratio of CH4 to (CO2+H20+0,) was kept at the
stoichiometric ratio of 1.0. Moreover, the CO> to H,O molar ratio was kept at
1.0 to obtain a syngas with the Ho/CO molar ratio of 2.0. As shown in Figure 3a,
the CH4 conversion was clearly increased with either increasing the O» content or
decreasing the CO; and/or H>O content, the extent of which is dependent on the
temperature. Furthermore, the effect was negligible when the temperature was
above 800 °C.

In the case of the CO- conversion, irrespective of the feed CH4/CO2/H,0/0;
molar ratios, it was slightly decreased with increasing the reaction temperatures
from 400 to 500 °C while it was significantly increased with the further increasing
of the reaction temperatures until 900 °C. The complete conversion of CO»
was observed at 1000 °C (Figure 3b). With increasing the temperature from
400 to 800 °C, the conversion of H,O was almost linearly increased, and 100%
conversion was also obtained at 1000 °C (Figure 3c). This can be explained as
follows (31, 32): (1) methane was completely combusted to CO»/H»O; (2) The
H,0 was also produced via RWCS reaction by consuming the CO»; (3) The CDR
and SRM reactions are favorable at higher temperatures while the RWGS reaction
is advantageous at lower temperatures.

In the case of Ho/CO molar ratios, as shown in Figure 3d, it was sharply
decreased with increasing the reaction temperature from 400 to 600 °C irrespective
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of the CH4/CO2/H20/0O2 molar ratios. Moreover, the further increase of the
reaction temperature until 1000 °C leaded to an almost constant H»/CO molar
ratio, of which is clearly dependent on the composition of CHs, CO,, H,O, and
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molar ratios (d) under P = 1.0 atm.

TRM Results over Ni-SiO;

Effect of Space Velocity

The effect of space velocity on the TRM performance over Ni-SiO, was
investigated under the operating conditions of T = 750 °C, P = 5.0 atm, and
CH4/CO2/H,0/0, = 1.0/0.4/0.4/0.1. From the results given in Figure 4, the
conversions of CH4 and CO; and H»/CO molar ratio at steady state were about
62%, 43%, and 1.80 at a GHSV of 15792 mL(CH4)-g! !, respectively. With
increasing the GHSV from 15792 to 36840 mL(CH4)-g! !, the steady-state
conversions of CH4 and CO; and H,/CO molar ratio were kept almost unchanged.
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This indicates that the Ni-SiO; is still highly active for TRM, which is consistent
to its high activity towards CDR as reported in our previous works (29,
30). Moreover, the experimental results were nearly identical to those of the
calculated equilibrium data (Figure 1). Thus, the Ni-SiO, prepared by the
complex-decomposition method is really highly active for the reforming reactions
of methane even under much severe conditions of T = 750 °C and P = 5.0
atm. In the case of the catalytic stability, there was no observable decrease of
the conversions within 20 h test at GHSV of 15792 mL(CHs4)-g!-lr!l. With the
further increase of GHSV from 26600 to 36840 mL(CHs4)-g!-hr!l, the steady-state
conversions and Ho/CO molar ratio were still unchanged. This indicates that the
Ni-SiO; was also stable for TRM under much severe operating conditions. Thus,
the Ni-SiO, was both active and stable for TRM.
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Figure 4. Effect of the space velocity on CHy4 conversion (a), CO; conversion
(b), and H»/CO molar ratio in the products (c) of TRM over Ni-SiO; under the
conditions of T = 750 °C, CH4/CO»/H>0/0; = 1.0/0.4/0.4/0.1, and P = 5.0 atm.

Effect of Reaction Pressure

To reveal the impact of the reaction pressures on the performance of Ni-SiO;
for TRM, the reaction was carried out under the conditions of T = 750 °C,
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CH4/CO2/H,0/02 = 1.0/0.3/0.3/0.2, and GHSV = 26600 mL(CH4)-g!-Ir!, and
the results are given in Figure 5. As shown in Figure Sa, the steady-state CH4
conversion was about 82, 61, and 50% at the pressure of 1.0, 5.0, and 10.0 atm,
respectively, which is quite similar to those of the thermodynamics equilibrium
(Figure 1). Thus, irrespective of the pressures, near equilibrium CH4 conversions
were obtained over Ni-SiO2. Moreover, the steady-state CHs conversion was
kept over 20 h without observable decrease, indicating its high stability even at
elevated pressures of 10.0 atm.
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Figure 5. The time-on-stream CHy conversion (a), CO; conversion (b), and the
H>/CO molar ratio in the products (c) for TRM under the conditions of T = 750
°C, CH4/COy/H>0/0; = 1.0/0.3/0.3/0.2, GHSV = 26600 mL(CHy4)-g1-h-1.

When the CO» conversions were concerned (Figure 5b), the most obvious
observation was the fluctuation at the initial reaction stage, the extent and the
time to the steady state of which are increased with increasing the pressure from
1.0 to 10.0 atm. Thus, the time required to approach the steady-state of CO;
conversion was longer at higher pressures, indicating the fluctuated compositions
of the catalytic bed at the initial stage of the reaction. In the case of the steady-state
CO; conversion, the changing trend with increasing the pressure from 1.0 to 10.0
atm was the same to that of CH4 conversion. However, the extent was more
significant, i.e., sharply decreased from about 70% at P = 1.0 atm to about 10%
at P = 10.0 atm. Moreover, the CO; conversion of TRM at elevated pressures
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was significantly lower than that of the pressurized CDR (29, 30). These results
indicate that the reforming of CO» with CH4 at a higher pressure was inhibited
under the presence of O, and/or H,O, which is consistent to the slightly higher
steady-state Ho/CO molar ratio at 1 atm (~ 1.85) than those at 5 and 10 atm (~
1.95, Figure 5c¢). This can be well explained based on the weaker oxidation ability
of CO».

Effect of Reaction Temperature

The influence of the reaction temperature on the conversions and Ho/CO molar
ratio under the conditions of CH4/CO2/H20/0, = 1.0/0.3/0.3/0.2, P = 5.0 atm,
and GHSV = 26600 mL(CH4)-g!-Ir! is presented in Figure 6. The steady-state
conversions of CH4 and CO; and the H2/CO molar ratio were quite stable at all
of the temperatures applied. Moreover, it is clear that the conversions of CHy4
and CO, were obviously decreased with decreasing the reaction temperature. In
contrast, the Ho/CO molar ratio was slightly increased with decreasing reaction
temperatures. This suggests that the endothermic RWGS occurred very limitedly
at lower temperatures, which is consistent to the equilibrium results shown in
Figure 2. Importantly, after a recycle of the temperature from 750 to 650 °C, both
the conversions of CH4 and CO, and the H»/CO molar ratio were fully restored,
indicating the high stability of the catalyst for TRM.
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Figure 6. Effect of reaction temperature on the performance of Ni-SiO: for TRM
under the conditions of P = 5.0 atm, CH4/CO2»/H>0/0; = 1.0/0.3/0.3/0.2, and
GHSV = 26600 mL(CHy)-g-h-!.

Effect of Feed Molar Ratios

The performance of Ni-SiO, for TRM was also carried out by changing the
feed CH4/CO2/H>0/O, molar ratios between 1.0/0.5~0.2/0.5~0.2/0.0~0.3, and the
results are presented in Figure 7. It was observed that the variation of the CHy4
conversion was very limited irrespective of the feed compositions, which is nearly
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identical to the equilibrium values under the conditions of T = 750 °C and P =
5.0 atm (Figure 3). Specifically, the CH4 conversion was slightly increased while
the CO; conversion was quickly decreased with increasing the O> content. These
results are well agreeable with those of the equilibrium (Figure 3) and the reported
results (33). Thus, simultaneous CDR and CPOM under the presence of CO> and
O> in the feed occurred, and the CPOM was preferred than CDR. Considering
the stoichiometric H»/CO molar ratios of CDR (1.0) and SRM (3.0), the expected
H»/CO molar ratio between 1.0 and 3.0 can be conveniently adjusted by simply
changing the feed CO,/O2/H>0O ratios. To illustrate this, the feed with a molar
ratio of CO; to H>O at 1.0 was applied for producing a syngas with the Ho/CO
molar ratio of 2.0. Indeed, results in Figure 7 indicate that the H»/CO molar ratio
of about 2.0 was obtained under varied feed compositions. When the results in
Figure 7c were carefully examined, the H»/CO molar ratios were slightly varied
between 1.8 ~ 2.0, which can be explained as the different extents of the RWGS
under varied feed compositions.
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Figure 7. Effect of the feed CH,/CO»/H,O/O; molar ratios on CH4 conversion (a),
CO; conversion (b), and Hy/CO molar ratio in the products (c) for TRM under
the conditions of T = 750 °C, P = 5.0 atm, and GHSV = 26600 mL(CHy)-g!-h-!.
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Long-Term Stability

To further confirm the stability of the Ni-SiO, for TRM, much severe
operating conditions of T = 750 °C, P = 10.0 atm, CH4/CO»/H,0/0, =
1.0/0.3/0.3/0.2, and GHSV = 26600 mL(CHa4)-g!-Ir! were applied for a longer
TOS, and the results are given in Figure 8. Consistent to the results in Figure 5,
the steady state was approached at a TOS of about 10 h. Moreover, the steady
conversions of CH4 and CO, and H»/CO molar ratio were about 52%, 18%, and
2.0, respectively, which are nearly identical to the equilibrium values as shown in
Figure 1. Within the TOS of 50 h, no observable decrease in conversions of CHy
and CO; and H»/CO molar ratio were found. Thus, the Ni-SiO; is highly active
and stable for the TRM under much severe conditions with elevated pressures.
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Figure 8. Long-term results of TRM over Ni-SiO; under the conditions of T =
750 °C, CH4/COx/H>0/0;> = 1.0/0.3/0.3/0.2, GHSV = 26600 mL(CH4)-g-!-h-!,
and P = 10.0 atm.

Conclusions

In summary, the thermodynamics equilibrium and the kinetic behavior of the
TRM over Ni-SiO, were systematically investigated. Irrespective of the operating
conditions applied, the conversions of CH4 and CO; and H,/CO molar ratios in the
products for TRM over Ni-SiO; almost reached the thermodynamics equilibrium
values. Moreover, the syngas with a desired Ho/CO molar ratio between 1.0 and 3.0
was successfully obtained by simply adjusting the molar ratios of the feeds. Under
the much severe operating conditions of 7= 750 °C, P =10.0 atm, CH4+/CO»/H,0/
02 =1.0/0.3/0.3/0.2, GHSV = 26600 mL(CHa4)-g!-Ir!, no observable deactivation
of the Ni-SiO, was found for 50 h test. Thus, the highly efficient Ni-SiO is very
promising for the TRM.
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Ni-WCx catalysts with different Ni/W molar ratios were
prepared, and their catalytic activity for the DRM reaction
at atmospheric pressure were investigated. The phase
transformation of B-W>C into a-WC was found to take place
during the DRM reaction. By correlating the characterization
results with activity results, Ni-WCyx was shown to be a typical
bi-functional catalyst for the DRM reaction.

Introduction

Due to the increasing global demand for energy and concerns about
environmental protection, the efficient production and use of clean energy has
become a subject of great importance. Dry reforming of methane (DRM) is a
possible route to produce syngas with high purity. One advantage of this process
is that it uses CO», in addition to CHs, as the feedstock, which is a potential
method to utilize this greenhouse gas. The syngas produced has a H>-to-CO ratio
of 1, and the mixture can serve as the feedstock for a variety of downstream
processes, such as methanol synthesis, Fischer-Tropsch synthesis or ammonia
synthesis (/—5). In addition, it is also considered as a mean of converting solar
and atomic energy into chemical energy, which is easier to store and transport
(6, 7).

Numerous catalysts that are based on noble or non-noble metals have been
tested in the reaction (8—17). Among them, nickel catalysts are used industrially for
both the methane steam and dry reforming reactions because of their fast turnover
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rates, long term stability and low cost. However, they have a major drawback since
nickel catalysts also catalyze carbon formation via methane decomposition and CO
disproportionation, both of which lead to catalyst deactivation and plugging of the
reformer tubes by carbon deposits (/2—16).

Most of the Ni-based catalysts were supported on Al,O3, ZrO,, SiO; or LayO3
components. In these catalysts, to improve the tolerance to carbon deposition,
the following factors were investigated: high specific surface area, basicity,
strong metal solid interaction and use of bimetallic and alloy components.
Ni/Al,O3 and Ni/SiO, prepared by impregnation had high initial conversions but
deactivated with time due to carbon deposition or sintering (/3, /7). Martha
et al. (/8) prepared a series of Ni catalysts supported on different ceramic
oxides (Al,O3, CeO,, Lay0Os3, ZrO>) by wet impregnation and investigated
them for the CO; reforming of methane. They found that Ni/ZrO> showed
excellent performance in the reaction, with high and stable catalytic activity. No
deactivation was observed during the reaction period. A Ni/CeO; catalyst showed
the highest methane conversion of all the prepared catalysts, but it evidenced
signs of deactivation probably due to the presence of the “strong metal-support
interaction” phenomenon. Zhang et al. (/9) employed a Ni/La>Oj3 catalyst as well
as conventional nickel-based catalysts, i.e., Ni/y-Al,O3, Ni/CaO/y-Al,0O3, and
Ni/CaO, for the DRM reaction. It was observed that, in contrast to conventional
nickel-based catalysts, which exhibit continuous deactivation with time on stream,
the rate of reaction over the Ni/La,O3 catalyst increased during the initial 2-5 h
and then tended to be essentially constant with time on stream. Characterization
of the catalyst indicates that the enhancement of the rate during the initial 2-5 h of
reaction correlates well with increasing concentrations of La;0,CO3 and formate
species on the support. The synergetic effect between nickel and lanthanum
species offer active and stable performance in the DRM reaction over the catalyst.

In recent years, transition metal carbides, especially tungsten and
molybdenum carbide, have attracted much attention, owing to the fact that the
carbides show catalytic properties similar to those of noble metals in a variety of
reactions involving methane reforming (20-22). Despite the positive results and
high thermal stability of these low-cost materials, the carbide catalysts deactivate
rapidly due to oxidation by CO; at atmospheric pressure as pointed out by LaMont
and Thomson (23). Studies of the dry reforming reaction mechanism over the
group VI metal carbides have indicated that the dissociation of CO; is very fast,
but CH4 dissociation is rate limiting (/). This is in contrast to the findings for
nickel catalysts (24). As previously reported by our group (25-28), Ni-modified
Mo,C catalysts exhibit higher activity and stability for CH4/CO> reforming even
at atmospheric pressure. The role of Ni is to dissociate CHs, while the activation
of CO; takes place on B-Mo>C. By regulating the molar ratio of Ni and B-Mo>C,
there is a matching of CHy dissociation and CO; activation rates. Thus, a catalytic
oxidation-recarburization cycle can be established and the deactivation due to
carbon accumulation or -Mo,C oxidation can be avoided.

a-WC and B-Mo,C show the same hexagonal crystal structure (29).
Compared with a-WC, the oxidation of B-Mo,C by CO; takes place readily
during dry reforming (30). This prompted us to investigate the catalytic behavior
of tungsten carbide, including a-WC (hexagonal crystal structure) and B-W.C
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(hep crystal structure) themselves, and metal-modified tungsten carbides for the
DRM reaction. Shao et al. (31, 32) reported that stable catalytic activity (80 h)
was observed over bimetallic Co-W carbides at 850 °C and 3.4 bar. At 850 °C
the bimetallic carbide catalyst CosWsC was converted to a more stable form,
containing Co, WC, and C, and this form was active and stable for the production
of synthesis gas. The Co-WC catalysts were obtained by carburization of
Co(en)sWO4 in CO»-CO gas mixture. As noted by the authors, although CosWsC
was initially obtained, during the DRM reaction at 500-850 °C oxygen present
on the surface converted CosWeC into CoWOQs, which lead to its poor activity
for the DRM reaction. However, when the reaction is performed at 850 °C or
higher, the material goes through a transformation to an active phase containing
Co, WC, and C as bulk phases. Once these phases are formed, the material is
active, selective and stable even at lower temperatures.

In the present paper, o-WC and B-W2C as well as Ni-modified tungsten
carbides with different Ni/W molar ratios were prepared, and their catalytic
activity for the DRM reaction was investigated, firstly at atmospheric pressure.
The phase transformation of B-W>C into a-WC was found to take place during
the DRM reaction, and carbides with different particle sizes exhibited different
abilities for CO; activation. Nickel was found to be stabilized in form of Ni;7W3,
which was formed during the carbonation of NiWOy in CH4/Hs. Both of the
above mentioned properties of Ni-modified WC rendered it an active and stable
catalyst for the DRM reaction.

Experimental
Catalysts Preparation

We prepared the NiWOy precursor by stirring an aqueous solution of
(NH4)6H2W12040-xH20 and Ni(NO3)2-6H,O at 80 °C for 4 h. The as-obtained
NiWOy was filtered out and dried at 110 °C for 12 h and calcined at 550 °C
for 4 h. Then NiWOyx was carburized in CH4/H> (20 vol% CHas) to Ni-WC
following a series of temperature-programmed processes: the temperature was
raised from room temperature (RT) to 300 °C in a span of 1 h, then from 300 °C
to 700 °C at a rate of 1 °C/min, and subsequently kept at 700 °C for 2 h. The
as-obtained Ni-WCy was cooled down to RT in flowing CH4/H» and passivated
in a mixture of 1%0,/Ar for 12 h. In a similar manner, B-W>C was prepared by
WOj3 carburization with the same temperature-programmed processes, but kept at
700 °C for 1 h. In the case of a-WC, the final temperature was 900 °C and was
maintained for 2 h.

Catalyst Characterization

X-ray powder diffraction (XRD) analysis was conducted using an XRD-6000
(Shimadzu) equipment with Cu Ka radiation (A= 0.1542 nm), operating at 40
kV and 30 mA; phase identification was achieved through comparison of XRD
patterns to those of “Joint Committee on Powder Diffraction Standards (JCPDS)”.
Two types of scan were used to record the XRD spectra, hereby designated as
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normal scan (26 6°/min, step size 260 = 0.04°) and slow scan (26 0.25°/min, step
size 20 = 0.01°).

Carbon dioxide temperature-programmed oxidation (CO»-TPO) studies were
performed using a mass spectrometer (OmniStar™ Pfeiffer Vacuum, Germany).
With the sample securely placed in a quartz tubular reactor, CO,-TPO was carried
out by introducing 10% CO/Ar (with a total flow rate of 100 ml/min) into the
system while the sample temperature was raised from RT to a desired temperature
at arate of 10 °C/min. The signal intensities of CO (m/z =28) and CO; (m/z =44)
were monitored.

Methane temperature-programmed surface reduction (CH4-TPSR) studies
were performed using a mass spectrometer (OmniStar™ Pfeiffer Vacuum,
Germany). With the sample securely placed in a quartz tubular reactor, CH4-TPSR
profile was carried out by introducing 10% CH4/Ar (with a total flow rate of 100
ml/min) into the system while the sample temperature was raised from RT to a
desired temperature at a rate of 10 °C/min. The signal intensities of CH4 (m/z
= 15), Hy (m/z = 2), H>O (m/z = 18), CO (m/z = 28), and CO, (m/z = 44) were
monitored.

Catalyst Evaluation

Catalytic tests were performed in a quartz continuous flow fixed-bed micro
reactor. In each experiment, 0.2 g catalyst was packed in the reactor (secured
with quartz wool) with a thermocouple inserted into the center of the catalyst bed.
Before the reaction, the catalyst was activated with a hydrogen flow of 50 ml/min at
500 °C for 60 min. Next, a CH4 and CO, mixture of 1:1 molar ratio was introduced
into the catalyst bed at a flow rate of 30 or 60 ml/min (WHSV= 18000 or 36000
ml/g/h). The gas products were analyzed via online gas chromatography every
60 min to test the stability of the catalyst samples. Catalysts were tested under the
flow of a calibrated mixed gas that comprised CH4, CO; and N; (internal standard).

With the online GC measurements of outlet gases from the reactor (N, CHa,
CO», H> and CO), the conversions of CH4 and CO; and the selectivity of H, can
be determined with the following equations:

Conversion:
in out
X _ FCH4 B FCH4
cH, = pm )|
CIly
in out
X — P;Oz - COy (2)'
co, i
€0,
Selectivity of Ha:
FF([):H ’ 2 in
SszFin }( -4:FN2‘AHz'sz/FCH4'XCH4 ®)
cH, ““‘cH,
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Results
Physicochemical Properties of the Catalysts

Figure 1A shows the XRD patterns of the as-prepared a-WC, p-W>C and Ni-
WC catalysts with different Ni/W molar ratios. The diffraction peaks at 35.7°,
48.3°,31.5°, 64.1° can be assigned to a-WC (hex crystal structure), while those at
39.6°, 38.1°, 34.5°, 61.9° assigned to -W>C (hep crystal structure). Only B-W>C
could be observed in the Ni-WCy catalyst when the Ni/W molar ratio is 0.03. The
diffraction peaks of a-WC appeared until the ratio was increased to 0.16. It is noted
that a-WC is obtained by carburization of WO; at temperatures as high as 900
°C. However, in the presence of nickel, the temperature for carburization of WO
into WC decreases to 700 °C. It is apparent that the presence of nickel promotes
the carburization process. It is noted that f-W>C existed in all the Ni-modified
tungsten carbide samples, 0-WC being the major carbide phase except for the Ni-
WCx (Ni/W=0.03) catalyst. In addition, strong diffraction peaks due to Ni;;W3 (20
=43.7°, 50.9°) are observed for the Ni-WCx catalysts as shown in Figure 1B. As
the Ni/W molar ratio increases, the Nij7W3 diffraction peaks become more intense,
suggesting that more and more Nij7W3 is being formed in the bimetallic catalysts.
However, metallic Ni (20 = 44.4°, 51.8°) segregated when the content of nickel
was high enough, as clearly seen for the Ni-WCy samples with Ni/W molar ratios
of 4 and 6.

The SEM patterns of the Ni-WC catalysts with different Ni/W molar ratios
are shown in Figure 2. The a-WC sample is composed of rectangular particles.
The morphology of Ni-WCy (Ni/W=0.33) catalyst is essentially similar to that of
a-WC, but the average particle size is decreased. In contrast, the Ni-WCy (Ni/
W=6) catalyst exhibites a quite different morphology from the others. Significant
agglomeration is evident, which can be ascribed to the increased Ni content which
is present as Nij7W3 and Ni, as detected in the XRD pattern (Figure 1B). Moreover,
due to the increase of the Ni/W molar ratio to 6, there is less WCx formation.
Therefore, the regular particles due to the carbides could not be observed.
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Figure 1. XRD patterns of the as-prepared a-WC, 3-W>C and Ni-WC; catalysts
with different Ni/W molar ratios: (4) normal scan of 6°/min, (B) slow scan of
0.25%min.
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Figure 2. SEM images of Ni-WC, catalysts with different Ni/W molar ratios: (A)
a-WC, (B) Ni/W=0.33, (C) Ni/W=6.
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Surface Reactions of CH4 and CO; over Ni-WCx Catalysts

Figure 3 displays the results of CH4-TPSR performed over the Ni-WC
catalysts with different Ni/W molar ratios in a gas stream of 10% CHa/Ar. The
CH4 consumption peaks at temperatures around 500 °C, which are accompanied
by the formation of H>O, CO and CO,, are the result of CHy interacting with
the oxygen species that are formed during passivation (27). However, this is not
observed over the Ni-WCx (Ni/W=6) sample, indicating the disappearance of
passivation layer of the carbide. This suggests that the surface of the carbide might
be covered by Ni and Ni;7W3 due to the high Ni/W ratio of 6. The consumption of
CHj at higher temperatures, accompanied by the formation of H,, can be ascribed
to CHy dissociation into C* and H» (g). In the case of Ni-WCx (Ni/W=0.5), the
start of CH4 dissociation is observed above 650 °C. However, with the increase
of Ni/W molar ratio, the “light-off”” temperature for CHy4 dissociation increases to
675 °C for Ni-WCx (Ni/W=4) and to 705 °C for Ni-WCx (Ni/W=6). Moreover,
it is noted that the degree of CH4 dissociation is greatly depressed over Ni-WCx
(Ni/W=6), which should be related to the increasing amount and particle size of
Nii7W3 and Ni. This is in accordance with literature reports that the methane
decomposition rate decreases with enlargment of the Ni particle size (33).

Figure 4 displays the CO,-TPO profiles of the Ni-WC; catalysts with different
Ni/W molar ratios, measured in a gas stream of 10% CO»/Ar. The insets of Figure
4 show the XRD patterns of the Ni-WCx catalysts after 10 min exposure to CO>
(10% CO2/Ar) at the specified temperature. In the case of Ni-WCx (Ni/W=0.5),
two peaks are observed, one at 650 °C and the other at 850 °C. For the Ni-WCx
(Ni/W=4) sample the peaks are observed at 680 °C and 805 °C, while for Ni-WC
(Ni/W=0) the peaks occur at 685 °C and 790 °C. According to the XRD patterns
of Ni-WCx (Ni/W=0.5) (inset of Figure 4A), tungsten carbide still remained after
exposure to CO; at 650 °C. For the catalyst exposed to CO; atmosphere at 850
°C, diffraction lines corresponding to WO, (28 = 25.9°, 37.0°, 52.9°, 53.9°) are
detected. In other words, bulk oxidation of tungsten carbide does not occur at 850
°C, and oxidation corresponding to CO, consumption at 650 °C is restricted to
the surface of the tungsten carbide; this may be due to the reaction between CO>
and deposited carbon formed during carbonization. Similarly, as for Ni-WCx (Ni/
W=4) and Ni-WCx (Ni/W=6), the CO; consumption peaks at lower temperature
are due to the oxidation of surface carbon while the other is due to bulk oxidation
of the tungsten carbide by CO». It should be noted that the temperature for bulk
oxidation decreases with the increase of Ni/W molar ratio. As evidenced by SEM
measurements, the particle size of tungsten carbide decreases with the increase of
Ni/W molar ratio. Therefore, it is reasonable to conclude that when the particle
size of the carbide decreases, it is more easily oxidized. This is in accordance with
literature reports that both tungsten and molybdenum carbides show a decrease in
oxidation of the carbide surface upon increase of the particle size (34).
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Figure 3. CH4TPSR profiles of Ni-WCy catalysts with different Ni/W molar
ratios: (A) Ni/W=0.5, (B) Ni/W=4, (C) Ni/W=6.
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Figure 4. CO>-TPO profiles of Ni-WC catalysts with different Ni/W molar ratios:
(4) Ni/W=0.5, (B) Ni/W=4, (C) Ni/W=6.
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Activity Measurement

The activity of Ni-WCx catalysts with different Ni/W ratios is shown in Figure
5. It is worth noting that there is no DRM activity over the pure carbides, no
matter whether it is a-WC or B-W>C, under similar reaction conditions. Due to
the low nickel content, the conversions of CHy are respectively 2% and 11% over
the Ni-WCy (Ni/W=0.03) and Ni-WC, (Ni/W=0.16) catalysts. However, when
the Ni/W molar ratio is increased the catalysts present very high activity, and the
Ni-WCi catalysts exhibit excellent performance over a wide range of Ni/W molar
ratios from 0.33 to 6. The selectivity to H is around 68% and the Ha/CO ratio is
about 0.6. The results indicate that in wide Ni/W molar ratios from 0.33 to 6, the
catalysts exhibit very similar initial activities for the DRM reaction.

The performance of the Ni-WCy catalysts (Ni/W=0.5, 4, 6) as a function of
time on stream is shown in Figure 6. The Ni-WCx catalysts with Ni/W molar ratios
of 0.5 and 4 show the most stable activity during the DRM reaction. On the other
hand, a rapid decline of the CH4 and CO> conversion was observed for the Ni-WCx
(Ni/W=6) catalyst.
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Figure 5. Catalytic activity of Ni-WCy catalysts with different Ni/W molar ratios:
(A) conversion of CHy, (B) conversion of CO,, (C) selectivity to H,, (D) Hy/CO
ratio ( CHy/CO:=1, WHSV=18000 ml/g/h, 800°C, atmospheric pressure).
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Figure 6. Effect of nickel on catalyst stability: (A) conversion of CHy; (B)
conversion of CO; (CHy/CO>=1; WHSV=36000 ml/g/h; 800°C, atmospheric

pressure).
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Characterization of Used Ni-WCy Catalysts

Figure 7 shows the XRD patterns of used samples with different Ni/W molar
ratios after 10 h on stream. The diffraction peaks at 35.7°, 48.3°, 31.5°, 64.1° can
be assigned to a-WC, while those at 44.4°, 51.8° are assigned to Nij7W3. It is
worth noting that the diffraction peaks of B-W>C disappeared, and tungsten only
exists as the a-WC phase.

L ¢a-WC
| AN W, A

Intensity (a.u.)

2 theta (°)

Figure 7. XRD patterns of used samples with different Ni/W molar ratios after 10
h on stream.

Figure 8A displays the XRD patterns of used samples with different Ni/W
molar ratios after the stability test. The peaks corresponding to Nij;W3 and a-WC
are still detectable. In addition, for the Ni-WCx (Ni/W=06) catalyst there are new
peaks at 25.9°, 37.0°, 52.9°, 53.9° that are attributable to WO,, which indicates
that the deactivation of the catalyst is a result of tungsten carbide bulk oxidation
by CO>. Moreover, the diffraction peaks of Ni are no longer present, and the
diffraction peaks of Nij7W3 are shifted to a higher angle, as seen in Figure 8B; this
may be a consequence of tungsten segregating to form WO..
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Figure 8. XRD patterns of used samples with different Ni/W molar ratios after 25
h on stream: (A) normal scan of 6°/min, (B) slow scan of 0.25min.

Correlations between Catalyst Microstructure and Catalytic Activity

For all of the as-prepared Ni-WCx samples, no matter which Ni/W molar ratios
is employed, the presence of mixed phases of a-WC with B-WC is clearly shown
by XRD (Figure 1A). However, after the DRM reaction performed at 800 °C for
10 h, all of the samples display diffraction peaks ascribed to a-WC, while B-W>C is
no longer detected. These results indicate that B-W>C was transformed into a-WC
during the reaction. This is consistent with a previous report that the oxidation
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of B-W2C by CO; readily occurred during dry reforming (/). We propose that
the transformation of -W>C into a-WC is due to the oxidation of B-W>C by CO»
during the DRM reaction, based on the following steps:

B-W,C+3CO, —> WO, +4CO+W @)
WO, +CH, — 0-WC+2H,0 5)
2WO,+CH, — B-W,C+4H,0 6)
W+CH, — a-WC+2H, )

In addition, it is found that the deactivation of the Ni-WCy (Ni/W=6) sample
is due to oxidation of the carbide into the oxide by CO», instead of coke deposition
due to the higher Ni loading. According to the results of SEM, the more nickel
the catalyst contained, the smaller the particle size of the carbide present. From
the CO2-TPO profiles, we can see that with the increase of the Ni/W molar ratios,
the more easily COy is activated in dry reforming. Hence, the Ni-WCy (Ni/W=6)
catalyst is deactivated due to oxidation, which is in accord with the results of XRD
analysis.

€Oy
COp+ 0% BEEL +Hy,

(=)

8 , 2
2 S z o
g fwe = 3 (NigW, &
8, 3 3 2
o =3 -5 =
= ) 5 o
5 ]

Co, CH,

Scheme 1. Catalytic oxidation-recarburization cycle over Ni-WCs catalyst.

Based on the results, we propose that Ni-WCy is a bi-functional catalyst
for the DRM reaction, as illustrated in Scheme 1. The dissociation of CHy is
catalyzed by nickel, which is stabilized in form of Ni;7W3 alloy in the present
study. Simultaneously, the activation of CO; takes place on WCx. With the
increase of Ni/W molar ratio, the rate of CHy dissociation decreases, as clearly
shown by CH4-TPSR (Figure 3), while the CO» dissociation rate was evidently
accelerated as indicated by CO»-TPO (Figure 4). This results in the deactivation
of the Ni-WC, (Ni/W=6) catalyst at long reaction times, although the initial
activity was similar to the other samples (Ni/W molar ratios from 0.33 to 5).
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Conclusions

Ni-WCx catalysts with Ni/W molar ratios ranging from 0.33 to 6 were
synthesized by carburization of the corresponding oxide precursors at 700 °C.
The presence of Ni was shown to accelerate the carburization and lower the
temperature for carbide formation. The phase transformation of B-W>C into
a-WC took place during the DRM reaction due to the oxidation of B-W>C by
CO,. Nickel was stabilized in the form of Nij7W3, which was formed during
carburization of the oxide precursor in 20% CH4/Ha. Ni-WCx catalysts are shown
to be a typical bi-functional catalyst for the DRM reaction. The dissociation
of CHj4 is catalyzed by Nij7W3, while CO; activation takes place on the WCy,
which renders Ni-WCx catalysts very active for the DRM reaction at atmospheric
pressure.
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The use of supercritical carbon dioxide as a reaction medium
was tested on the selective hydrogenation of different functional
groups using heterogeneous catalyst. Supercritical carbon
dioxide offers opportunity not only to replace conventional
hazardous organic solvents but also it could improve catalytic
activity and selectivity, thus, produces least waste. In this
chapter, we highlighted various examples of the selective
hydrogenation of different functional groups such as —C=0,
—C=C, —CN and —NOa,. In addition, selective hydrogenation
of conjugated and isolated —C=C and aromatic ring were
also presented. Most of the reactions are capitalizes on (i)
miscibility of the reactant gas (hydrogen) in supercritical carbon
dioxide, which could enhance the reaction rate by eliminating
mass transfer limitation, generally occurred in the liquid phase
reaction. (ii) Enhancement of selectivity because of the tunable
solvent properties arises with potentially small changes in the
operating condition. (iii) Interaction with substrate: sometimes
CO; can act as strong protective agent to prevent further
hydrogenation of amine as it has tendency to interact with
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amine to form carbamic acid. Moreover, (iv) easy product
separation and (v) longer catalyst lifetime; coke formation
can be prevented. We also attempted to get an insight into
the molecular level interaction between substrate—Catalyst
or substrate—CO, interaction via theoretical calculation in
combination with experimental observation.

Introduction

Catalytic hydrogenation is one of the most important means of organic
synthesis both in laboratory as well as in industry. The hydrogenation reaction
has several advantages such as easy operation, products are often with very high
yield and free from any contaminating reagents. In addition, it has broad scope
and satisfactory results can be generated under a wide range of conditions (/).
Catalytic hydrogenation can be homogeneous or heterogeneous. Here, our focus
will be hydrogenation using heterogeneous catalysts, which is a classical method
in the organic synthesis. Various catalysts supported or unsupported are employed
for hydrogenation. Unsupported catalysts are mainly used in the laboratory
whereas, supported catalysts are preferable for industrial applications. Metal
catalysts are the most desirable candidates for hydrogenation, which includes
Pt group of metals mainly Pt, Pd, Rh, and Ru. In addition to that Ni, Cu and
Co are also established as perfect hydrogenation catalysts for different types
of substrates. In recent years, Au catalysts made huge impact on the selective
hydrogenation of various nitro-aromatics (2, 3). This vast array of catalysts each
of which may be optimal for a given reaction under operating condition such as
temperature, pressure, reaction time, etc.

Since the beginning of the organic synthesis in the late 19th century, organic
solvents are widely used to conduct the reaction. In particular, hydrogenation
was also conducted in liquid phase using organic solvents as reaction medium.
Solvent plays a critical role in the stabilization of reaction intermediates. Thus,
choice of solvent is one of the significant step for a reaction to be carried out.
Those conventional solvents have several issues related to toxicity, flammability
and environmental hazard. Considering the ecological impact, drives the chemical
research to find out more environmentally benign methods such as more efficient
utilization of starting materials, reduce or eliminate waste discharge and search for
green reaction medium (4, 3).

The quest for green reaction medium as a replacement of volatile organic
solvent is a major challenge for fundamental research in chemistry, chemical
engineering and their related areas as there are multiple factors to consider (6).
Supercritical carbon dioxide (scCO») is one of the potential alternative medium
for hydrogenation. Phase diagram of CO, was characterized by the critical
temperature= 31.0 °C, critical pressure=73.8 bar and corresponding critical
density= 0.466 g/ml (7). This solvent provides several advantages including
environmental (do not contribute to increase the VOC'’s level in the atmosphere),
health and safety (non-toxic, non-flammable) and process benefits, which is
connected to the rare occurrence of by-products owing to side reactions, absence
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of solvent residue and facile product separation (cost-effective; related to the
separation and purification steps). The most important advantage of using
scCO; can arise from the complete miscibility of the reactants in the case of
chemical reactions involving gasses such as Ha, Oz, N2, etc. Furthermore, yield
and selectivity of a reaction can be enhanced easily by tuning of pressure and
temperature. Over the past few years, several heterogeneously catalyzed reactions
have been successfully carried out in scCO,, often with higher reaction rates and
different product distributions, as well as high selectivity, in comparison with
those in conventional organic solvents (8, 9). The origin of the observed selectivity
is of importance in view of the current developments on the understanding of the
solvent attributes (/0—12) and the interesting supra-molecular interactions (/3)
reported for CO,. It has a great potential to overcome disadvantages associated
with the conventional homogeneous and heterogeneous catalysts such as mass
transfer limitation; frequently occur between the reactants in gas and liquid phase.
The reactions in CO; are tuned mainly by the pressure and temperature. Chemical
interaction of CO, with substrate or catalyst is offer an attractive potential for
selectivity control (/4, 15).

Supported metal nanoparticles are one of the prospective heterogeneous
catalysts used for various types of reaction. Mesoporous material, which was
discovered by Beck et al. in 1992 (16—18) seems to be an ideal host for metal
nanoparticles because of very high surface area to immobilize catalytically active
species on or providing nano-size confinement inside the pore system (19, 20).
Mesoporous molecular sieve MCM-41 (a member of the M41S family) possesses
a hexagonally arranged uniform pore structure. The important characteristics of
this novel material are large BET surface area, high porosity, and controllable
narrow pore size distribution. Those characteristics manifest themselves as a very
promising candidate as catalyst support. Generally, the synthesis procedure of
MCM-41 involves multidentate binding of the silicate oligomers to the cationic
surfactant, preferential silicate polymerization in the interface region, and charge
density matching between the surfactant and the silicate (21, 22). Beginning with
a relatively inert all-silica MCM-41, great chemical and catalytic diversity may
be generated by isomorphous substitutions with trivalent cation in Si framework.

In this chapter, focus is the hydrogenation of different functional groups
such as —C=0, —C=C (isolated and conjugated), -NO,, —CN as well as ring
hydrogenation using heterogeneous metal catalysts (Pt, Pd, Rh, Au, Ni etc.) in
scCO,. Different supports were used including laboratory made MCM-41 and
other commercially available materials such as alumina (Al,O3) and activated
carbon (C). Spectroscopic and diffraction techniques were used to characterize
those catalysts and to interpret the catalytic performances depending on the
particle size.
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Experimental Methods

General Method Used for the Synthesis of Metal Nanoparticles Supported
MCM-41

Hydrothermal synthesis of metal supported MCM-41 has been carried out
as follows: Typically, sodium hydroxide and cetylytrimethylammonium bromide
(CTAB) act as a template were added to de-ionized water and stirred until gets
dissolved. After that, tetraethylorthosilicate (TEOS) as silica source introduced
slowly under the stirring condition and continued stirring for another 1h. In the
case of substitution of Si by trivalent metal, required amount of corresponding
salt along with TEOS were added to the gel. For in-situ generation of metal
nanoparticles, 1 wt. % solution of desired metal salt solution has been introduced
in to the gel and again stirred for 2 h. Final gel composition was : 1 TEOS: 0.45
Nay0: 0.12 CTAB: 118 H0. The gel was then autoclaved at 140 °C for 48 h and
the obtained solid product was filtered, washed thoroughly with de-ionized water
followed by oven drying at 60 °C. The as-synthesized material was calcined at 550
°C for 8 h in air to remove the template. Metal nanoparticles were mostly detected
on the surface as well as inside the pores of mesoporous channel depending on the
particle size.

Catalyst Characterization and Testing
X-ray Diffraction (XRD)

Mainly, St MCM-41 was chosen as a support material for metal nanoparticles.
Depending on the nature of the reaction, Si was substituted by B or Al to
incorporate the acidic site. A typical XRD pattern of MCM-41 used as support
material is shown in Figure 1. It shows low angle reflection (1 0 0) with smaller
Bragg peaks for only Si. Substitution of Si by Al and B results shifting of peak
position and decreased intensity depending on the Si/M (where M= B or Al)
ratio used. A likely explanation is, the reduced scattering intensities of the Bragg
reflections might be caused by the introduction of scattering materials into the
pore (23). In addition, characteristic peaks of different metal ion was observed in
the higher angle region (20 = 30° to 70°). For Pd, five diffraction peaks at 26 =
33.8,42.0, 54.8, 60.7 and 71.4 corresponding to PdO was detected. Particle sizes,
which has a significant influence on the catalytic activity can be calculated from
the line broadening of higher angle XRD peaks using Scherrer’s equation (24).
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Figure 1. X-ray diffraction pattern of Si-MCM-41.

Transmission Electron Microscopy (TEM)

In order to get an insight into the structural order of the material, TEM image
was recorded before and after the reaction. Figure 2a and b shows representative
of the TEM images of ordered and disordered MCM-41 containing metal (Pd)
nanoparticles. In most of the cases, MCM-41 maintained its structural order even
after the incorporation of metal nanoparticles. However, the scenario was different
when Si was substituted by B and Al. Depending on the Si/M (where M=B and Al)
ratio the structural order varied. For instance, the image corresponding to Si/B=
100 exhibits the regular ordered hexagonal channel, characteristics of MCM-41
but increasing B content damaged regular order. Similarly, higher Al content (Si/
Al= 8.5) material also reveals a disordered structure. TEM also focused on metal
nanoparticles supported on MCM-41. In each case, particles were almost spherical
in shape and distributed throughout the support matrix.
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Figure 2. Sample TEM images of ordered (a) and disordered (b) metal (Pd)
containing MCM-41. Scale:1.01 cm=50 nm.
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Catalytic Activity
General Procedure

All the reactions were conducted in a 50 ml stainless steel batch reactor. An
appropriate amount of catalyst and the reactant were introduced into the reactor
and placed in an air circulating oven to maintain the desired temperature. At first
hydrogen was introduced into the reactor. After that liquid CO, was charged
using a high-pressure liquid pump (JASCO) and then compressed to the desired
pressure. The reaction mixture was stirred continuously with a Teflon coated
magnetic bar during the reaction. After the reaction, the reactor was placed in
an ice-bath followed by the depressurization carefully. The liquid product was
separated from the catalyst and identified by NMR or by GC-MS (Varian Saturn
2200). Quantitative analysis was conducted using a GC (HP 6890) equipped
with capillary column and flame ionization detector. For all results reported, the
selectivity was calculated by the following expression: Si= C;/ . Cp, where C;
is the concentration of the product ‘i’ and ) Cp is the total concentration of the
product. For comparison, 5 ml organic solvents were used in place of CO,.

Computational Methodology

All the calculations related to the transition state were performed with
Density Functional theory (DFT) (25) using DMol3? (26, 27) code of Accelrys
Inc. BLYP exchange correlation functional (28, 29) and DNP basis set (30).
In order to consider the effect of solvent, we employed the conductor-like
screening model (COSMO) salvation method within the DFT formalism as in
the program DMol3 of Accelrys Inc. (37). In this method, the solute molecules
form a cavity within the dielectric continuum of permittivity e that represents
the solvent. The charge distribution of the solute polarizes the dielectric
medium. The response of the dielectric medium is described by the generation
of screening (or polarization) charges on the cavity surface. The transition
state calculations were performed using the synchronous transit methods as
included in the DMol?® module of Accelrys Inc. Complete Linear Synchronous
Transit (LST)/Quadratic Synchronous Transit (QST) begins by performing an
LST/Optimization calculation. The TS approximation obtained in that way is
used to perform QST maximization. From that point, another conjugate gradient
minimization is performed. The cycle is repeated until a stationary point is
located or the number of allowed QST steps is exhausted. DMol? uses the nudged
elastic band (NEB) method for minimum energy path calculations. The NEB
method introduces a fictitious spring force that connects neighboring points on
the path to ensure continuity of the path and projection of the force so that the
system converges to the Minimum Energy Path (MEP), which is as well called
intrinsic reaction co-ordinate if the co-ordinate system is mass weighted. We also
calculated the vibration mode to identify the negative frequency to confirm the
transition state.
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Results and Discussion

Hydrogenation of different substrates were conducted in scCO> medium
using heterogeneous metal catalyst supported on MCM-41 (only Si or substituted),
activated carbon (C) and alumina (Al,0O3). Depending on the substrate used we
can divide them into five different categories: substrate containing (i) —C=0
group, (ii) “C=C (conjugated and isolated), (iii) conjugated —C=C and —C=0 (iv)
—C=N, (v) —NO> and (vi) aromatic ring hydrogenation.

(i). Selective Hydrogenation of —C=0 Group

Selective hydrogenation of o, B-unsaturated aldehydes to unsaturated alcohols
is a stepping-stone for the production of fine chemicals, particularly used in the
fragrance and flavor industry (32). Selective hydrogenation of —C=0 double bond
is much more difficult because reaction kinetics and thermodynamics both favor
hydrogenation of —C=C rather than —C=0 (33). In general, three major products
can be formed upon hydrogenation of an a, B-unsaturated aldehyde: saturated
aldehyde, unsaturated alcohol (which can isomerize to saturated aldehyde), and
saturated alcohol. In addition, hydrocarbons can be produced as by-products
via decarbonylation and C—O bond hydrogenolysis. Several attempts were
made to identify the factors that control the selectivity in the hydrogenation of
unsaturated carbonyl compounds. The most studied factors are nature of the
support materials (34, 35), shape selectivity (36), electronic effect (37), different
reaction parameters such as H, pressure (38) and solvent used as reaction medium
(39). For this type of reaction, catalysts are generally metals supported on various
materials. Different metals are used as an active component to achieve desired
high conversion as well as selectivity of unsaturated alcohols and known to follow
decrease in the order of Os > Ir > Pt > Ru > Rh > Pd (40, 41). Furthermore,
in the liquid phase hydrogenation use of solvent is necessary, which plays an
important role in catalytic performance and sometimes large amount of solvents
are required.

Cinnamaldehyde

To avoid the use of organic solvent, hydrogenation of cinnamaldehyde
(CAL) was conducted in scCO; medium using Pt supported on MCM catalyst
under a very mild reaction condition. Table 1 shows a complete set of results
which revealed 96.6 % selectivity of cinnamyl alcohol (COL) at 50°C and the
corresponding CO> and H» pressure were 10 and 4 MPa, respectively (42).
An interesting CO» pressure dependent selectivity of COL was observed. The
selectivity of COL was increased from 59 % (7 MPa) to 96.6 % (10 MPa) with
pressure and then decreased significantly. A quantitative consideration of this
phenomenon may be explained by the higher compressibility of scCO,, around
the critical point, which is responsible for the local dielectric constant being larger
than the bulk area making the solvent more polar. This may affect the reactivity of
C=0 and hydrogenate the bond more easily because of the polarity (43). In order
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to confirm the importance of CO,, the hydrogenation of CAL was conducted in
only H» and the conversion dropped sharply, confirming the excellent miscibility
of H» in CO,, which increased H, concentration in the reaction medium leading
to the enhancement of the reaction rate. In addition, reaction temperature was
also an important parameter. Along with the temperature, the conversion was
increased, but the selectivity of COL passes through a maxima at 50 °C and then
decreased. Instead of monometallic Pt catalyst, bimetallic Ru-Pt was also used to
study the hydrogenation of CAL. Depending on the CO, pressure, conversion of
CAL and the selectivity of COL was improved to 44.8 and 99.7 %, respectively.
At a constant temperature of 50 °C the selectivity to COL roses to a maxima
at around 7-7.5 MPa pressure of CO,, and then falls off as the pressure was
increased further. Oakes et al. also observed a significant enhancement of
distereoselectivity from ~ 35 to ~ 95 % for sulfoxidation of a cysteine derivative
upon varying pressure (6—18 MPa) (44). Now, it is well established that the
density of scCO; changes with pressure. For instance, a change of pressure from
6 to 8 MPa, the density changes from 0.13 to 0.22 g ml-!. Therefore, CO; pressure
depending complete selectivity to the COL in scCO; can be appropriately related
to the density of the medium. The discussion of the influence of pressure on the
results obtained in the catalytic experiments presented in this study is based on
the pressure-dependent properties of the reaction medium. Parameters considered
here are density and (dynamic) viscosity, which affect mass transfer from the
catalyst surface into the phase surrounding the catalyst particles and the solubility
of reactants and products in this phase. Moreover, the nature of the metal was also
an important factor behind the activity of the catalyst as lower selectivity of COL
(56.5 %) was detected in the presence of Ru alone. From the characterization of
the monometallic Pt catalyst, presence of metallic Pt was evident. Chemisorbed
H; can be transferred from metallic Pt to a carbonyl group (as the surface exposed
metallic Pt is more favorable for C=0 adsorption), resulting in the hydrogenation
of C=0, followed by formation of the unsaturated alcohol. However, compared
to previous monometallic Pt catalysts (45), the activity and selectivity to COL
was improved upon the addition of Ru. Concerning the role of Ru, it can be
suggested that the more electropositive Ru transfers electron to Pt (46) to cause
electrophilic activation to —C=0, leading to selective hydrogenation of that bond.
Indeed the selectivity of COL was significantly enhanced from 38.2 to 90.2 % in
scCO; medium as evident from the Table 2 (Entry 1 and 2).
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Table 1. Hydrogenation of Cinnamaldehyde (CAL) in Supercritical Carbon

Dioxide
Run Pressure (MPa) Conversion Selectivity (%)
H> CO; 9 CcoL HCAL HCOL
1 4.0 - 3.6 45.6 39.6 14.8
2 4.0 7.0 14.6 59.5 30.3 10.2
3 4.0 8.5 21.5 78.5 13.6 7.9
4 4.0 10.0 30.8 96.6 2.5 0.9
5 4.0 12.5 33.6 77.4 17.9 4.7
Effect of hydrogen pressure
6 2.0 10.0 21.2 85.2 10.3 4.5
7 4.0 10.0 30.8 96.6 2.3 0.9
8 6.0 10.0 38.7 93.2 6.0 0.8

Reaction condition: catalyst=0.1 g, substrate= 1.0 g, Time=2h, Temperature= 50 °C; COL=

unsaturated alcohol, HCAL=saturated aldehyde, HCOL=saturated alcohol.

Table 2. Hydrogenation of CAL at Different CO; Pressure Using Ru-Pd

Catalyst Supported on MCM-48

Entry PCO; Conversion Selectivity (%)
(MPa) % coL HCAL HCOL
1 - 9.6 38.2 59.3 2.4
2 6.0 25.2 90.2 9.6 0.2
3 6.5 40.6 99.0 1.0 0.0
4 7.0 46.5 100.0 0.0 0.0
5 7.5 45.7 100.0 0.0 0.0
6 8.0 44.8 99.7 0.3 0.0
7 10.0 40.9 95.8 42 0.0
8 12.0 389 91.1 8.5 0.4
9 17.0 35.6 88.9 10.2 0.9

Reaction condition: catalyst=0.1 g (Ru=0.18 % and Pd= 0.25 %), substrate= 1.0 g, Ppo=4
MPa, Time=2h, Temperature= 50 °C.
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Crotonaldehyde

Crotonaldehyde (CRLD) is one of the most studied o,B-unsaturated
aldehydes. It boils at 101°C, thus, hydrogenation of this molecule could be
performed even in the gas phase without any complications. However, undesirable
secondary products such as acetal, hemiacetals are formed (47). In the liquid
phase hydrogenation, low steric protection of olefinic bond hampered product
selectivity. Hence, hydrogenation of CRLD to crotyl alcohol (CROL) is still a
big challenge. Interestingly, Ag a well-documented oxidation catalyst results
comparatively better selectivity to CROL (48, 49) whereas Au and Pt catalysts
rely on promoter or additive (50). We attempted the hydrogenation of CRLD in
scCO> using Au/MCM-41 catalyst. The reaction was conducted under the similar
condition used for CAL and the results of CO» pressure dependent catalytic
activity are shown in Figure 3. The conversion and selectivity of CRLD shows
a significant pressure dependence and the highest selectivity of CROL (90.8 %)
was detected at 12 MPa of the CO> pressure. In addition, hydrogenation of CRLD
in scCO, medium was also sensitive to the metal particle size. For instance, the
selectivity to the CROL decreases from ~90 to ~50 % as the Au particle size
changes from 10 nm to < 2 nm. Bailie ef al. (51) studied the influence of particle
size (4 nm -20 nm) on the selectivity in the Au/ZnO system and proposed that the
active site for the selective hydrogenation of CRLD to CROL was associated with
the presence of larger Au particle. Moreover, it is likely that, a marked change in
the electronic character of nanosized Au particles occurred with the change in the
particle size and the structure-sensitivity originates from a quantum-size effect
(52).
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Figure 3. Effect of CO; pressure on the hydrogenation of crotonaldehyde (CRLD)
in scCO:.
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Citral

Citral is an interesting unsaturated aldehyde mainly obtained as a mixture
of cis- and trans- form and mainly used as an aroma compound. It contains
an isolated —C=C along with a conjugated —C=C and —C=0O bonds. The
hydrogenation of conjugated —C=0O leads to the formation of unsaturated
alcohol in cis- and trans- form and named as nerol and geraniol, respectively.
In addition, hydrogenation of —C=C yield citronellal. Moreover, the resulting
unsaturated alcohol or partially saturated aldehyde can by hydrogenated at its
remaining unsaturated bond to yield the partially saturated alcohol (citronellol).
Furthermore, there are the possibilities of different types of side reactions such
as cyclization, acetalization etc. From the previous case of CAL, we observed
that the selective hydrogenation of —C=0O was preferred over Pt catalysts. Thus,
hydrogenation of citral was also attempted over Pt/MCM catalyst. Figure 4
shows the influence of the CO; pressure on the performance of the Pt catalyst at
50 °C. Under the studied reaction conditions (reaction time: 2 h, Pgz: 4 MPa),
citral was selectively hydrogenated to the unsaturated alcohol (geraniol + nerol).
With the change in CO; pressure from 6 to 10 MPa, the selectivity increases from
~15 to ~90 % and correlated well with the change in the density of the medium.
The reaction was also studied using bimetallic Pt-Ru catalyst. Interestingly, the
selectivity of the reaction shifted from unsaturated alcohol to partially saturated
aldehyde (citronellal). For bimetallic Pt-Ru catalyst, the conversion and the
selectivity to citronellal rises from 8 to 80 % and 70 to 90 %, respectively, with an
increase in CO; pressure from 6 to 12 MPa, reaching a maximum at 12 MPa. It has
to be mentioned that for both of the catalysts, corresponding product selectivity
passes through a maximum. This phenomenon could be associated with tuning
of the average distance between the solute molecules and the transition state,
accompanied with the density, varies with pressure. That is, for a compressed
liquid such as supercritical fluid, variation in density causes a change in chemical
equilibrium and affects the activity and selectivity of a reaction (53). Other
than CO,, optimization of different reaction parameters such as Hy pressure,
temperature and reaction time reveled that each and individual parameter strongly
influenced the product distribution. For instance, a change in the H, pressure
enhanced the conversion because of the high solubility in scCO»>. Again, it could
also affect the product distribution: an increase in Hy pressure from 2 to 6 MPa,
extended the selectivity of unsaturated alcohol from 5 to 33 %. Similarly, with an
increase in temperature from 35 to 70 °C the conversion of citral was increased
and depending on the catalyst used product distribution changes. Interestingly,
for monometallic Pt catalyst the selectivity of unsaturated alcohol remain same,
however, for bimetallic catalyst the selectivity increased (Table 3).
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Figure 4. CO; pressure vs. catalytic performance of citral hydrogenation in
scCO:.

Table 3. Effect of Temperature on the Hydrogenation of Citral Using
Pt/MCM-482 and Ru-Pt/MCM-48b

Entry Catalyst Temp. Conv. Selectivity (%)
(0 9 Citronellal ~ Citronellol ~ Ger.+Nerol
1 Pt/MCM- 35 327 232 22.8 54.0
2 48 50 71.3 2.1 7.5 90.4
3 70 75.8 1.4 10.1 88.5
4 Pt- 35 214 68.7 31.2 0.1
5 Ru/MCM- 50 89.8 69.8 28.3 1.9
6 48 70 91.2 66.6 10.2 234

Reaction condition: catalyst=0.1 g, substrate = 1.1 g, Prp= 4 MPa. Time=2h. 2Pcor=10
MPa. b Pcor= 12 MPa.

Comparison of the Hydrogenation of CAL, CRLD, and Citral with Organic
Solvents

To confirm the significance of scCO; as reaction medium, selective
hydrogenation of CAL, CRLD and citral was conducted in different organic
solvents and the results are shown in Table 4. In each case marked decrease in
activity and selectivity was observed compared to scCO,. Hexane is considered
as one of the closest solvent to scCO; in terms of dielectric constant. However,
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the conversion and selectivity to corresponding alcohol of CAL (conv. = 11.2 %
COL=9.9 %), CRLD (conv. = 2.1 % COL= 5.0 %) and citral (conv. = 16.7 %
ger. + ner.= 21.6 %) was dropped in hexane medium. The remarkable reduction
in conversion and selectivity can be attributed to the greater mass-transfer
resistances existing in the liquid phase and solvent-less conditions relative to the
scCO2 medium. Therefore, the enhancement of conversion and selectivity for the
above-mentioned reactions must be an advantage of using scCO; as the reaction
medium.

Table 4. Hydrogenation of Cinnamaldehyde (CAL), Crotonaldehyde
(CRLD), and Citral in Different Organic Solvents

Substrate Solvent Conv. Selectivity (%)
9 UoL SALD SALC
CAL
- 17.0 9.9 90.1 0.0
hexane 11.2 25.6 57.0 17.4
propanol 30.1 48.9 39.5 11.5
acetone 6.6 75.7 18.6 5.6
CRLD
- 33 9.0 91.0 0.0
hexane 2.1 5.0 94.5 0.5
propanol 35.6 51.5 16.3 322
acetone 20.8 41.4 21 37.6
Citral
- 1.3 322 16.3 51.5
hexane 16.7 21.0 41.4 37.6
propanol 89.8 1.8 79.8 18.3
acetone

Deactivation of Catalyst

One of the main problems in the hydrogenation of a, f-unsaturated aldehydes
using heterogeneous catalysts is the formation of coke and eventually deactivation
of the catalyst. Generally, deposition of coke covers catalytic active sites and plug
the pore structure, which causes deactivation. The catalyst deactivation is a major
issue especially in the hydrogenation of citral in organic solvents. It is mainly
related to the formation of carbonaceous species (54) due to the decarbonylation
reaction (55-57). For hydrogenation of citral, monometallic Pt and bimetallic
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Ru-Pt catalyst was used. No leaching was detected by the hot filtration test
and the reaction was successfully conducted for longer reaction time as well as
successive runs without any decrease in the conversion and product selectivity.
On the other hand, Au/MCM-41catalyst, which was used for hydrogenation of
CRLD in scCO; was recycled efficiently. As Au is very susceptible of leaching,
however, elemental analysis by ICP ensuring negligible amount of Au (< 0.02%)
in the solution. Hence, decrease in catalytic activity by the leaching of metal
ion or coke deposition can be avoided as the reaction was conducted in scCO>
medium. Supercritical fluid have shown to be effective in controlling such
deactivation by its extracting power (58, 59). Therefore, this result highly implied
the possible advantage of supercritical medium over conventional processes for
the hydrogenation of different a, B-unsaturated aldehydes using heterogeneous
catalysts.

(ii). Hydrogenation of —C=C (Conjugated and Isolated)

As mentioned in the previous section, hydrogenation of o, P-unsaturated
aldehyde is an important reaction for synthesis of specialty and different fine
chemicals. Most focused area is the selective hydrogenation of —C=0, which
produces unsaturated alcohol an important building block and thermodynamically
more challenging. Citarl is an interesting compound. It contains two types of
—C=C conjugated and isolated. The potential products of citral hydrogenation
is schematized in Scheme 1. The fully saturated aldehyde, dihydrocitronellal, is
obtained by the hydrogenation of citral through citronellal. Dihydrocitronellal
is more stable than citral and could enhance the citrus effect of cologne; hence
it can be used in fine fragrances. Conventionally, Pd is considered as one of
the effective catalysts for hydrogenation of —C=C. However, direct formation
of dihydrocitronellal from citral is difficult in conventional organic solvents,
required a conversion to acetal followed by the hydrolysis in acidic medium
(40). Aramendia et al. observed that only the conjugated —C=C of citral was
hydrogenated and producing citronellal using Pd catalyst in different solvents,
either polar or non-polar (47). As mentioned before, one of the advantages
of using CO; as reaction medium is the complete miscibility of Hz in the
reaction medium. Taking this advantageous point, the targeting hydrogenation
of the conjugated and isolated —C=C bonds of citral was conducted in scCO,.
Optimization of different reaction parameters confirmed that Pco,=12 MPa and
Puo= 4 MPa and reaction time of 2 h at 50 °C produces dihydrocitronellal with
very high selectivity (100 %). To clarify the role of scCO, the reaction was
conducted in different organic solvents and in the solvent-less condition. There
was a striking difference in the selectivity of desired dihydrocitronellal. At the
same conversion of 25 %, the selectivity for dihydrocitronellal was 100 % in
scCO,, whereas in the organic solvent and in the solvent-less condition ~ 73 to
90 % citronellal was obtained as the major product. Hence, from the results it
could be inferred that in conventional organic solvent, only the hydrogenation
conjugated —C=C bond was possible. scCO; played an interesting role to the
hydrogenation of conjugated and isolated —C=C. bonds.
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Scheme 1. Possible reaction path of citral hydrogenation.

From the above experimental study it has been observed that the adsorption
geometry of the reactant and the medium has a strong impact on dictating the
selectivity of the reaction. We have performed a preliminary calculation to
monitor the effect of solvent on the electronic structure and geometry of the
isolated citral molecule considering a gas phase, a non-polar liquid phase with a
dielectric constant of 1.6 and a polar solvent with a dielectric constant 32.6 using
density functional calculations with B3LYP functional and 6-311G** basis set.
The geometries of the three conformers are shown in Figure 5. The dielectric
constant of scCO; at our studied pressure range corresponds well to the liquid
phase with a dielectric constant of 1.5 (60). The results show that the dielectric
constant influences the geometry. The structures of the liquid phases are different
from the gas phase. The conformer obtained at very low dielectric constant
close to scCO» is very linear and the charges derived from Mulliken population
indicate that the charge on the terminal oxygen is very high which may result in
the favorable —C= C bond cleavage through an intermediate. In contrast, for the
conformer in high dielectric constant medium the geometry itself shows that the
cleavage of the second —C=C is improbable. Here, the charge on the terminal
oxygen is positive. At this point comparing the geometries of the conformer
we can foresee the favorable nature of scCO, over organic solvents in terms of
dielectric constant. The calculation indicates a drastic change in geometry and
thus, proposes a plausible interaction route.

Instead of MCM-41, hydrogenation of citral was also conducted on Pd
containing different support materials. In each case high conversion and
selectivity was detected. For instance, SiO», Al,O3; and C shows 96.0, 92.7 and
97.8 %, respectively. Irrespective of the nature of the catalyst support, very high
selectivity of dihydrocitronellal (100 %) was obtained at a pressure of 12 MPa.
This result might be implied to the uniqueness of the solvent properties of scCO>
medium that promotes the highly selective hydrogenation of conjugated and
isolated —C=C bonds under a mild reaction condition.
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(a) (b) (©)

Figure 5. Three different conformation of citral (a), in hexane (b) and in
methanol (c); oxygen is marked with arrow.

Instead of Pd, Ni catalyst produced an interesting relation between the
oxidation state of metal and the product distribution of citral hydrogenation.
Using Nill and Ni® catalysts, the selectivity of products are shown in Table 5,
which revealed that Nil! favored the hydrogenation of —C=0, whereas, —C=C
was preferred on Nif. In each case, depending on the total pressure, selectivity
of the corresponding compounds were varied. For instance, a change in the
pressure from 11 to 20 MPa, enhanced the selectivity of —C=0 hydrogenated
compound from 10.6 to 96 % over Nill. On the contrary, under the similar
condition, the selectivity of citronellal (product of —C=C hydrogenation) was
augmented from 55.1 to 96.8 % in the presence of Ni® catalyst. This significant
correlation between the product distribution and the oxidation state of metal
provoked us to conduct the reaction in conventional organic solvents (Table 6).
Surprisingly, the Nill catalyzed reaction did not take place at all in conventional
organic solvents, whereas Ni0 hydrogenates —C=C selectively. For Nill the trend
in catalytic activity differs widely depending on the reaction medium. In scCO,,
Nill is active and selective to the hydrogenation of —C=0: however, it remains
inactive in the conventional organic solvents used. This drastic change in the
behavior of Nill in organic solvents in comparison with that in scCO; suggested
an important part of the medium. The role of solvents in catalytic processes is
complicated, especially for scCO,. In some cases it is inert: however in other
cases CO; interacts with some functional groups and can thus impact on the
chemical transformation (4). This surprising activity of the Nill catalyst provoked
us to an interesting role of CO,, since, there are physical differences between
CO; and conventional reaction medium. The confirmation came from the activity
of Nill in toluene after the addition of a very small amount of CO; (0.2 MPa).
The activity of the Nill catalyst in the CO,—toluene phase might also result from
the CO»- expanded properties of solvent. However, in the present case, such
a contribution is insignificant, in view of the low concentration of CO; in the
medium. Considering the entire results, it might be hypothesized that physical
and chemical properties of CO; in association with Nill is a significant part
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governing the product distribution. The chemical participation of the medium
might also result from the direct interaction between the substrate and CO-,
which is particularly important in view of the Lewis acid—Lewis base interactions
and hydrogen bonding (61, 62). But, we observed that the reaction does not
take place in the absence of the Nill catalyst as well as without scCO>. This
suggests that the observed selectivity is either due to a direct interaction between
Nill and the substrate or a coupled three-body interaction operating among the
catalyst, solvent, and the substrate. The possibility of Nill —substrate interaction is
expectedly similar in scCO» and conventional organic solvents. Since the reaction
does not take place in the conventional organic solvents studied, the possibility
of a coupled substrate—catalyst—solvent interaction guiding the observed reaction
and the selectivity becomes important. In other words, scCO> not only acts as
a medium, but also takes part in the transition of the reactant to the product, by
participating in an energetically favorable mechanism involving the substrate,
catalyst and CO,. According to the literature, CO; is not a non-polar solvent, but
a quadrupolar solvent (62). There is a clear charge separation in the CO, molecule
leaving a partial positive and negative charge towards the carbon and oxygen,
respectively. It is plausible that the electron deficient Nil! can attack CO; easily,
forming a complex. The complex formation of Nil!l with CO, makes the carbon
more positive, which then probably dictates the preferential hydrogenation of
—C=0 over —C=C. It is difficult to probe such a complex solvent participation,
although there is experimental evidence reported to the formation of complexes
between CO; and transition metal ions (63).

Table 5. Hydrogenation of Citral Using Ni Catalyst

Entry  Prowal Conv. (%) Selectivity (%)
(MPa) voL SALD SALC

Nill Ni0 Nill Ni0 Nill Ni0 Nill Ni0
1 11 50.5 37.2 10.6 - 50.1 55.1 39.3 449
2 12 52.1 40.1 18.2 - 48.9 67.3 32.8 42.8
3 13 53.5 51.5 40.2 - 41.0 68.3 18.8 31.7
4 14 60.9 56.5 75.0 - 25.0 77.8 - 22.2
5 16 76.5 62.5 87.8 - 12.2 88.2 - 11.8
6 17 80.3 70.2 97.3 - 2.8 93.3 - 4.7
7 20 81.2 72.5 96.0 - 4.0 96.8 - 32

Reaction condition: catalyst= 0.1g, substrate= 1.1 g, total pressure = Py (4 MPa) + Pcoo,
temperature= 70 °C, time= 2h; Proai=total pressure.
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Table 6. Hydrogenation of Citral Using Ni Catalyst in Different Organic

Solvents
Entry Solvent Product selectivity (%)
Nl 1 Ni{)a
1 Hexane No reaction 50.1
2 Propanol No reaction 77.4
3 Ethanol No reaction 80.6
4 Toluene No reaction 100.0

Reaction condition: catalyst= 0.1g, substrate= 1.1 g, total pressure = Py (4 MPa) + Pcoo,
temperature= 70 °C, time= 2h; a= citronellal.

The product distribution of a reaction is the consequence of transition
state formed during the transformation. Experimentally, identification of the
transition state is difficult, thus, in this context, theoretical calculation using
density functional theory was performed. In the view of reported geometries
for the transition metal complexes of CO,, we have considered two different
types of geometries in the present case: (A) co-ordination via O only (64) and
(B) C-O co-ordination (65). However, based on energy considerations, the
B-type geometries were excluded. Figure 6 presents the probable transition states
obtained from the calculations, for the interaction of the Nill -CO, complexes of
type A with the —C=0 (TSAc-0) and —C=C (TSAc=c) bonds of citral, respectively.
The calculations showed that the interactions involving the —C=0 bond are
more favorable than those with the -C=C bond. A comparison between the two
transition state energies (TSAc-o and TSAc=c) indicates that the TSAc-o state is
energetically favored by ~25.63 kcal mol-! over the TSAc=c state, suggesting a
preferential hydrogenation of the carbonyl group. This makes the —C=0 of citral
more susceptible to Nill-catalyzed hydrogenation. The energy differences for
the TSAc=0 and TSAc=c with the corresponding products are 61.175 kcal mol-!
and 99.150 kcal mol-l, respectively. This suggests that the low barrier height of
TSAc-o dictates the preferential -C=0 hydrogenation of citral. Thus, in the Nill
catalyzed reaction there could be a possibility of the chemical participation of the
medium.

KD . & o L
*‘%’% :ﬁ.}wﬁ' 's'g\\vz:’ ¢

TSAc-0 Product (P1) TSAc:c Product (P2)

Figure 6. Interaction of citral with Ni—CO; complex: (A) through C=0,
proposed reaction intermediates TSAc-o and the corresponding product (P1); (B)
through C=C, proposed reaction intermediates TSAc=c and the corresponding
product (P2) in scCO.. Black=hydrogen, light grey= carbon, dark grey=oxygen
and arrow represents Ni.
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(iii). Hydrogenation of Conjugated —-C=C and —C=0

The versatile role of CO; as reaction medium also exploited in the selective
hydrogenation of 2-cyclohexenone, which contains conjugated —C=C and —C=0.
Under a very mild reaction condition 2-cyclohexenone rapidly (TOF=3.1 x 104
h-1) and specifically hydrogenated to cyclohexanone with 100 % selectivity using
Pt/MCM-41 catalyst. Compared to the conventional organic solvents and the
solvent-free condition, the reaction proceeds with 100 times faster reaction rate
in scCO; under the same reaction condition (Table 7). Optimization of different
reaction parameters suggested a temperature = 40 °C; reaction time= 10 min.;
Pu2=2 MPa, Pcor=12 MPa was the best condition to achieve complete conversion
and highest selectivity of cyclohexanone. Considering the CO; pressure, a density
dependence performance was detected (Figure 7). In addition, solubility of H» in
scCOz; is another positive factors to achieve a significantly higher reaction rate.
As mentioned before, a substantial advantage behind the hydrogenation in scCO;
is particularly the high miscibility of the reacting H» gas and high diffusivity,
which prevents mass transfer limitations. Furthermore, the temperature effect
is complicated when the reaction was conducted in scCO,. Fine tuning of the
temperature can also changes the density of the medium and consequently the
solvent strength, which have strong influence on the phase behavior as well
as the chemical equilibrium and reaction rates (66). In the hydrogenation of
2-cyclohexenone, the effect of temperature was checked under the fixed density
condition. At a fixed density of ~ 0.7 g/mL (35 °C, 10 MPa, density= 0.714
g/mL; 40 °C, 12 MPa, density= 0.719 g/mL; 45 °C, 14 MPa, density= 0.721
g/mL) (67), the hydrogenation of exhibited the same conversion and selectivity,
but contradict with the effect of temperature at fixed pressure on conversion and
selectivity. For instance, at the fixed pressure of 12 MPa, the conversion was
increased from 80 to 100 % as the temperature changes from at 35 °C to 45 °C
(density varies from 0.767 g/ml to 0.657 g/ml). Thus, a straight forward effect
of temperature on conversion might be predicted. The same method was also
applied to methyl and ethoxy substituted cyclohexenone and also acyclic ketone
and the results are in Table 7. Selective hydrogenation of C=C was detected in
each case and the corresponding product was obtained with very high selectivity.
Although the results show reasonable reaction rate but still it is lower compared
to 2-cyclohexenone as observed from the TOF (reaction rate). A decrease in
TOF from 2.8 x 104 h-! to 1.7 x 104 h-! as the substitution changes from methyl
to ethoxy group has been evident This may be attributed to the bulkiness of the
substrate, which prevents easy access of the substrate molecule to the active
sites of mesoporous channel and consequently the rate of the reaction decreases.
However, the acyclic ketone shows larger TOF as that of the cyclohexenone (3.0
x 104 h'!). Thus, an unusual high reaction rate due to the enhanced diffusion of
the reactant at very low temperature and the mass transfer reduction were possible
because of the unique properties of scCO,.
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Table 7. Hydrogenation of 2-Cyclohexenone in Different Organic Solvents
and Substituted Cyclohexenone and Acyclic Ketone in scCO,

Entry  Substrate Solvent Conv. Selectivity (%) TOF

) "Zc¢ —co ™

1 2-cyclohexenone - 15.4 87 13.0 483

2 hexane 16.6 49.7 50.3 498

3 2-propanol 10.2 90.1 9.9 352

4 3-methyl scCO, 97.4 >99.0 0.0 4603
cyclohexenone

5 3-ethoxy scCO» 75.9 >99.0 0.0 2816
cyclohexenone

6 Mesityl oxide scCO» 95.5 >99.0 0.0 5020

Reaction condition: catalyst= 0.05 g, temperature = 40° C; Time= 10 min.; Piyo= 2 MPa,
Pcox= 12 MPa; Turnover frequency (TOF) = number of moles reacted/ moles of metal x
time.
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Figure 7. Role of CO; pressure on the catalytic hydrogenation of
2-cyclohexenone.

(iv). Hydrogenation of —CN Group

Amines are important intermediates in the synthesis of polymers, drug, dyes,
agrochemicals and various fine chemicals. For example, hexamethylenediamine,
a hydrogenation product of adiponitrile is a key component in the synthesis of
Nylon-6, 6. Thus hydrogenation of nitrile to primary amine is highly significant.
One of the main problems associated with this reaction is selectivity as imines,

211
In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2015.


http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1194.ch009&iName=master.img-007.jpg&w=308&h=182

Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch009

secondary amines are often obtained as by-products. To improve the selectivity,
different additives were used, which creates a waste problem, if the additives
cannot be recycled, makes the process more expensive and interference on product
separation.

Supercritical carbon dioxide has a great potential to overcome several
disadvantages associated with the conventional homogeneous and heterogeneous
catalysts. Chemical interaction of CO, with substrate offers an attractive potential
for selectivity control (/4). For example, amine could react with CO; to form
carbamic acid or ammonium carbamate. It is reasonable to expect the possibility
to protect the amine group, which can improve the selectivity of a reaction and
prevent the catalyst deactivation. Thus, hydrogenation of benzonitrile (BN) to
benzylamine (BA) was conducted in scCO» using PA/MCM-41 catalyst without
any additives (68).

The study was begin with the screening of catalyst under similar reaction
condition targeting highest conversion and selectivity (Table 8). Results of
screening presented in the Table 8 suggested that the catalytic activity of Ni,
Rh and Pt was lower than Pd. Depending on the performance, Pd/MCM-41
emerged as the most suitable one among the other Pd catalysts. A comparative
study was conducted between Pd/C and PdA/MCM-41. Related to CO; pressure,
the conversion of BN changes from 64.9 to 90.2 % and 65.1 to 100 % for
Pd/MCM-41 and Pd/C, respectively. However, further increase in the CO;
pressure the conversion of BN was dropped. This scenario can be explained by
visual observation of phase behavior between CO» and the substrate through the
view cell. In the temperature considered here, the reaction mixture exists as two
phase; the gas-liquid (H2 and COs-substrate) phase. At low pressure region, the
reactant mainly exist in the liquid phase and mass transfer limitation of H, causes
low conversion. With increasing CO; pressure, the density of the medium as
well as solubility of the reactants were increased and accordingly conversion of
BN increased. On the other hand, excess of CO; at constant volume can cause
dilution effect and consequently decreased the conversion. Regarding the product
distribution, a strong influence of CO> pressure and the nature of the support used
was detected. The selectivity of primary amine (BA) was changed from 64 to 90.9
%) and then decreased to 20 %, when the pressure reaches to 14 MPa due to the
formation of dibenzylamine (DBA). This observation can be explained as follows:
the hydrogenation of nitriles generally proposed as a combination of different
steps such as conversion of nitrile to imine followed by the formation of primary
amine, which is then converted to secondary amine via nucleophilic attack of
primary amine with imine (Scheme 2). Considering the reaction mechanism,
here we focused on two factors (i) interaction of catalyst with substrate and (ii)
phase behavior. In the calcined sample of PA/MCM-41, Pd mainly existed as
PdIl. So, there was a possibility that the reaction might start with an oxidative
addition between BN and catalyst followed by the formation of a chemisorbed
species. However, Pd!l can be converted to Pd0 because of the presence of H in
the system. Now, from the phase behavior, at lower pressure BN mainly resides
in the liquid phase. Due to mass transfer limitation, the conversion and selectivity
of BA was low. Moreover, as the reaction was occurred mainly in the liquid
phase, BA can readily react with imine and the secondary amine was formed.
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When the pressure was increased the solubility of BN was increased in CO>-H»
phase and the system turned into a single phase. As a result the selectivity of BA
enhanced and here lies the advantage of using CO; as reaction medium in the
hydrogenation of nitrile to primary amine. Carbamate was easily formed through
the interaction of amine with CO», (Figure 8), which could prevent the formation
of DBA because carbamate cannot act as a nucleophile to interact with imine.

Table 8. Catalyst Screening for Hydrogenation of Benzonitrile to

Benzylamine

En- Catalyst Conv. Selectivity (%) TOF«
ry (%) 34 DBA ()
1 Pd/C 100 0.0 100.0 2983
2 Pd/ALLO; 46.0 50.0 50.0 3404
3 Pd/ MCM-41 90.2 90.9 9.1 4151
4 Pt/C 8.5 0.0 100.0 178.8
5 Pt/MCM-41 20.6 19.8 80.2 552.5
6 Rh/C 28.8 25.0 75.0 180.6
7 Rh/ Al,O3 21.0 224 77.6 291.3
8 Rh/MCM-41 5.1 25.0 75.0 42.4
9 Ni/MCM-41 15.7 37.5 62.5 5.1

Reaction conditions: catalysts =0.1 g, substrate= 1.0 g; Pco,= 10 MPa, Py= 2 MPa,
temperature= 50 °C, reaction time =4 h. 2 Turnover frequency (TOF) = number of moles

reacted/ moles of metal x time; BA=benzylamine, DBA=dibenzylamine.

Path A

+ Pd(ll) or Pd(0) Hydrogenation Hydrogenation +COy
R-CiN ———— R-C=N-Pd(ll) or Pd(0) R™SNH RONH, =—=
+Hp +Hy -CO,
1 - Pd{0) 2 Pd(0) 3

PathB |
nucleophilic| R \NHz
addition 3
NH,
_
RN R R
H
5 6

NH; + CO, — = NH,COOH

o}
A

z

OH

T

FaNEY

Scheme 2. Proposed reaction mechanism of benzonitrile hydrogenation; 1=

nitrile, 2= intermediate, 3= Primary amine, 4= carbamate, 5= secondary amine,

6= imine.
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Figure 8. View cell observation of carbamic acid formation. Phase behavior
study of benzylamine (a) P< 12 MPa (b) P> 12 MPa.

In contrast to the PA/MCM-41, DBA was formed with very high selectivity on
Pd/C catalyst. This difference in activity might be originated from the difference
in the nature of the support materials. Generally, MCM-41 is less acidic than
C; this acidic property could be one of the reasons behind the formation of
DBA with very high selectivity of > 99 %. However, the support acidity on the
hydrogenation of nitrile is a controversial issue. Some authors have claimed that
acidity favors the formation of secondary amine, while other reports no effect
on selectivity. According to the results of this investigation, a combined effect
of CO; pressure and support acidity could be the possible reason behind the
formation of secondary amine over Pd/C catalyst. Reaction time is an important
parameter, which can provide an idea about the kinetics of the reaction as well
as the stability of intermediate species on the catalyst surface. Therefore, a time
course of BN hydrogenation was conducted. Apparently, the reaction on Pd/C
seems faster as 74 % conversion was achieved within 2 h, which was higher
compared to PA/MCM-41 (conversion= 44 %). However, the calculation of
reaction rate in terms of TOF suggested an increase of 4138 to 4151 h-! with time
for PA/MCM-41, whereas, Pd/C catalyst faced a decrease of TOF from 4445 to
2983 h-l. The TOF of a reaction, initially which was very high, reduces during
the course of the reaction might be related to the deactivation of the catalyst.
Regarding the product distribution, instead of primary amine, DBA was obtained
with very high selectivity of 44.7 % over Pd/C catalyst within the reaction time
of 2 h.

The optimized reaction conditions (50 °C, 4 h, Pco,=10 MPa and Py>=4 MPa)
of BN was extended to the hydrogenation of different other substrates and the
results are shown in Table 9. It exhibits that the application of PA/MCM-41 catalyst
can be extended to nitrile with different functional groups. For example, —CH3,
—Br, ~OMe (Table 9; Entry 1-3) producing corresponding primary amine with high
selectivity between 65 -100 %. Based on the presence of electron withdrawing
and electron donating group in aromatic nitrile, a clear trend of the conversion
and selectivity was clearly found. In the presence of electron donating group, the
conversion was high, but selectivity to primary amine was low (Table 9; Entry
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1 and 2). On the contrary, the situation was reverse in the presence of electron
withdrawing group (Table 9; Entry 3, 4). The potential of the catalyst was also
described by the hydrogenation of aliphatic nitrile (Table 9; Entry 6-8). It has to
be mentioned that in comparison with the aromatic nitriles, higher temperature
was needed for benzyl cyanide and 3-phenylpropionitrile (Table 9; Entry 5 and 6)
to the formation of their corresponding primary amine with the selectivity of 98.3
and 80.1 %, respectively. No additive was used for any of the above-mentioned
substrate to increase the yield of the primary amine.

Table 9. Hydrogenation of Benzonitrile with Different Substituents

Entry  Substrate Conv. Selectivity of primary
(%) amine (%)
1 p-tolunitrile 89.2 82.1
2 p -methoxybenzonitrile 80.1 75.2
3 p-bromobenzonitrile 64.5 >99.0
4 p-phenylbenzonitrile 61.5 > 99.0
5 Benzene isonitrile 81.5 98.3
6 Butyronitrile, 4-phenyl 94.5 80.1
7 Cyclohexanecarbonitrile 98.6 > 99.0
8 Hexanenitrile 60.5 > 99.0

Reaction condition: catalyst=0.1 g, substrate= 1.0 g, temperature = 50° C; Time= 4h.; Pap=
2 MPa, Pcoo= 10 MPa; Entry 5 and 6; temperature=70 °C.

After the successful hydrogenation of BN, the next attempt was the
hydrogenation of adiponitrile (ADN), which contains two —CN group and the
selective hydrogenation of one of the —CN groups results 6-aminocapronitrile
(ACN). It is used in the synthesis of caprolactum; a precursor of Nylon-6.
Caprolactum is mainly produced from cyclohexanone, but this process
generates a large amount of wastes and eventually increased the production
cost. Thus, to minimize the waste formation, semi-hydrogenation of ADN
to ACN was considered as an alternative route. However, main problem
associated with this transformation is the formation of deep hydrogenated product
hexamethylenediamine (HMD) along with secondary and tertiary amines. High
purity of ACN generally required for nylon industry to avoid the defect in nylon
thread. An attempt to achieve only ACN, hydrogenation of ADN was conducted
in scCO> using noble metal supported catalysts those are generally used in the
hydrogenation of nitrile. As mentioned before, formation of carbamic acid or
carbamate is the advantageous part of the synthesis of amine in scCO,. The
interaction between sufficiently basic amine group and CO,, the nucleophilicity
of nitrogen atom is decreased and makes it less reactive in CO> (69, 70). This
criterion of CO, can be used as temporary protecting agent to “mask” amino
group from further reaction.
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Based on the metal ion used (Pt, Pd and Rh), supported on C and Al,O3, Rh
was considered as one of the preferred catalysts under the working condition as
Pt and Pd catalysts exhibited very poor conversion in the range of 1- 10 %. On
the other hand, Rh supported on C and Al,Os results 89.8 and 96.6 % conversion,
respectively. Interestingly, independent to the metal catalysts used, ACN was
the only product detected. Hence, targeting the highest yield of ACN, Rh/Al,O3
was chosen as deserved candidate for further study to optimize the reaction
condition. In the first step, CO, pressure was optimized after conducting the
reaction at various CO; pressure from 6 to 20 MPa. The conversion of ADN was
increased from~46 to 96.6 %, with the change in pressure from 6 to 8 MPa and
then started to decrease as the pressure reached above 12 MPa. The increased
conversion at low CO; pressure is most likely attributed to the shifts of partition
coefficient of the substrate in favor of the liquid phase and thus, increasing
availability of substrate in the vicinity of the catalyst. On the other hand, the
conversion was dropped to 20 % at very high pressure of 20 MPa. There was
no effect of pressure on the product distribution; ACN was the only product
through-out the pressure range studied. When the reaction was conducted in
solvent-less condition the conversion was decreased to < 20 % and the product
mixture contains 44 % of ACN and 55 % of HMD. Furthermore, instead of CO»,
if ethanol was introduced as reaction medium, 70 % conversion was achieved;
higher than the solvent-less condition, but lower in comparison with CO,. Similar
to the solvent-less condition, 75.6 % ACN and 24.4 % HMD were detected in
ethanol. From these results it could be inferred that the presence of solvent was
mandatory to the formation of semi hydrogenated product ACN, but CO; as a
solvent was the superior choice for this type of reaction. Phase behavior is one
the important parameters as CO; has tendency to interact with amine. Figure 9
shows the images of ADN before and after the introduction of 8 MPa CO,. A
clear change was detected through the view cell. The reason behind the possible
alteration is the formation of carbamic acid or carbamate through the interaction
of -NH; group and CO,. Once one nitrile group was reduced to amine, it rapidly
reacts with CO; to produce carbamic acid and effectively removes the second
nitrile group from the reaction and stops further reaction, which explains the
high selectivity of ACN. Hoffer et al. observed that co-adsorption of two nitrile
groups of the substrate is unlikely. So, one of the nitrile groups is first selectively
hydrogenated to amine, and there would be an enhanced competition between
dinitrile and aminonitrile for same active site because of the presence of similar
group and mixture of the products might be expected (71).

A time dependent catalytic performance was evident for hydrogenation
of ADN. The conversion of ADN was poor (~ 20 %) in the beginning, but
increased up to 96.6 % as the time extended to 6 h. Unfortunately complete
conversion cannot be achieved even after 24 h of reaction, which triggered to the
(i) deactivation of the catalyst and (ii) competition between reactant and product
for the same catalytic active site. Recycling of the catalyst for several times
cut-off the possibility of deactivation. Coming to the next point, a primary study
on the kinetics revealed a consistency with Langmuir-Hinshelwood law derived
on the basis of reaction 1. Based on that a plot of experimental against calculated
conversion (Figure 10) showing good agreement and the adsorption constant was

216
In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2015.



Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch009

Kapn/Kacn=3.12 indicated the preferential adsorption of ADN instead of ACN as
both of them competing for the same site, which explain the constant conversion
after the certain period of reaction time.

Figure 9. View cell observations of adiponitrile (ACN) in scCO;, (a) before
introduction, (b) after the incorporation of 8 MPa of CO; and (c) during
depressurization.
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Figure 10. Plot of conversion along with time and fitted with the calculated
conversion.
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Kinetics of Adiponitrile Hydrogenation
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Langmuir-Hinshelwood Mechanism
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A: Adiponitrile (ADN), M: Aminocapronitrile (ACN)

Langmuir-Hinshelwood mechanism

Rate equation is

Where, r is the rate of the reaction, k= rate constant and K=adsorption co-
efficient.

o klc,p—c, /1K)
(1+K,C,+KyP2+ K yCoy+ KeosPros |

k=kK K,

K=kK K, kK,

dx kP a - —x k)
dt (1 + K, CO1=-x)+ K, Py (1—x) +K,,Cox+K,,Cox + Kcmpgoz)2
dx kK K, PY(1-x) —k,K,x

dt (1 +K,C0(—x)+ K, PO (1-x)° + K, Cx + KCOZPCOOZ)Z

There was no effect of reaction time on the selectivity was detected, and again
confirmed the amine protection of COx.

According to the Langmuir-Hinshelwood isothermal equation, increase in Ha
pressure increases the surface concentration. Thus, an increase in pressure from
1 to 4 MPa enhanced the conversion from 28.4 to 96.6 % without changing the
product selectivity and then remain constant. A change in H> and CO» pressure
together keeping total pressure of 12 MPa constant (Pcoo/Pmo=11/1, 10/2, 9/3 and
8/4) changes the conversion from 11.2 to 96.6 % attributed a positive effect of H
pressure.
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As already described that the role of temperature is complex when the
reactions are conducted in scCO, medium. In one hand, an increase in temperature
could have positive effect on the reaction kinetics as defined by the transition
state theory and on the other hand, change in temperature strongly influenced the
physical properties of CO,, especially the density, which might have negative
effect as it affect the solubility of the reactant. Hence, it is very difficult to predict
the exact reason behind the increased conversion with temperature.

After getting the satisfactory results on the selective hydrogenation of one
—CN group of dinitrile compound, the method was applied to the other dinitriles
such as terephthalonitriles, isophthalonitriles and phthalonitriles were subjected to
hydrogenation under the similar reaction condition of ADN (Pco2=8 MPa, Pro=
4 MPa, temperature= 80° C, time=6 h) and the results are shown in Table 10.
Depending on the position of the two —NH> groups, TOF was varied; phthalonitrile
(0-) has lowest TOF of 570 h-! as o-substitution was increasing the steric hindrance
around the reaction centre. However, in each case corresponding aminonitrile was
formed and confirmed the adsorption of only one —CN group on the active site
followed by selective hydrogenation to aminonitrile.

Table 10. Hydrogenation of Different Dinitriles

Entry  Substrate Conv. Yielda TOF?
(%) (%) ()

1 Terephthalonitrile 95.9 94.2 1069.6

2 Isophthalonitrile 60.1 53.1 679.2

3 Phthalonitrile 51.1 32.6 570.0

Reaction conditions: catalyst= 0.1 g, substrate=1.0g, Pcoo= 8 MPa Pm= 4 MPa,
temperature= 80 °C, reaction time= 6h. 2 =Yield of corresponding aminonitrile. °
=Turnover frequency (TOF) = no. of moles reacted/ moles of metal x time.

(v). Hydrogenation of -NO; Group

Hydrogenation of nitrobenzene (NB) to aniline (AN) is an extremely
important reaction as AN is a valuable intermediate for the synthesis of
isocyanates in urethane industry. It can be also used as an accelerator, activator
for rubber industry, agricultural products, pharmaceuticals and other chemical
products. About 85 % of global aniline is produced from hydrogenation of
NB. This reaction is extremely facile and can be easily occurred under mild
reaction condition. Generally, vapor phase hydrogenation of NB was used for
large scale production of aniline. Alternatively, the reaction can be conducted in
liquid phase also. Different types of metals (Ni, Pt, Pd, Rh, Ru) and non-metals
supported on various supports were tested. Most of the process suffers from
one or more drawbacks related to the environmental concern, poor selectivity
because of the formation of undesirable by-products such as nitrosobenzene,
phenylhydroxylamine, azoxybenzene, azobenzene and hydrazobenzene. One of
the most common way to reduce by-products as well as improved selectivity is the
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introduction of additive, which creates a waste problem, increase production cost
and reducing efficiency of the catalyst after certain runs. Hence, implementation
of those processes in large scale is difficult. A solvent-free route was also
introduced using Pt supported on carbon nanotube (CNT) (72). Although, CNT
are potentially efficient support materials, still it is difficult to produce and the
structures are hard to control (73).

In the previous section we mentioned the successful application of scCO>
medium for selective hydrogenation of different functional groups and aromatic
ring. In most of the cases the reaction was faster, products obtained with very
high selectivity and clean product separation. According to the reported literature,
high conversion of NB to AN could be readily achieved in scCO,, but selectivity
of AN was poor because of the formation of noticeable amount of by-products
(conversion of NB = 70 %; AN selectivity = 84 %) (74, 75). An improved
selectivity of aniline was predicted over Ni/y-Al,O3 catalyst (conv. = 68- 73 %;
selectivity of aniline = > 99 %; reaction time= 50 min.), but conversion was quite
low and required product separation (76). Main focus of this work is to find out
a suitable catalyst to achieve complete conversion and selectivity of AN to avoid
the separation problem. Advantageous properties of scCO; such as tunability
and miscibility with reactant gases could be helpful to obtain high performance.
We also tried to explore actual reaction mechanism in the presence of suitable
heterogeneous catalyst. To choose a perfect catalyst, several metals supported
on MCM-41 was screened under the applied condition of Pcor= 12 MPa, Pyo=
2.5 MPa and temperature= 50 °C and reaction time=10 min. In each case metal
content was ~ 1 wt. % and the particle size varied between 5 to 10 nm (Table
11). The use of MCM-41 as support material is logical because according to
the reaction path, hydrogenation of NB to AN is associated with the formation
of water, thus, most acceptable support should be hydrophobic like carbon (77).
However, carbon supports are not inert and therefore, sometime causes undesired
by-product formation and hampers the selectivity of aniline. Hence, inert support
materials with hydrophobicity are particularly preferred (78, 79). Noteworthy,
mesoporous MCM-41 type materials are inert and possess similar hydrophobicity
to the activated carbon (/). All the metal used here as catalysts were not equally
active under the condition used despite of the same metal content. Except Pd and
Pt, all other metals showed nominal activity. As the reaction time was short, in
some of the cases metal with longer induction period failed to respond. Changing
the reaction condition may be advantageous for those catalysts. Additionally,
initial activity is very different from the steady state. Surprisingly, independent
to the metal used AN was the only product detected. Based on the catalytic
efficiency, Pd was considered as most potential catalyst to obtain complete
conversion and selectivity.

Different reaction parameters need to be optimized to achieve complete
conversion and selectivity of AN. Figure 11 shows a CO; pressure dependent
TOF of NB conversion, which reaches a maxima at 12 MPa of CO; pressure and
then decreased slowly. The rate of the reaction in terms of TOF revealed that
the reaction proceed with comparatively lower TOF of 7.0 x 104 h-! when the
pressure was < 12 MPa. However, highest TOF of 25.2 x 104 h-! was attained as
the pressure increased to 12 MPa, followed by a slight drop of TOF (21.7 x 104
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h-1) at > 12 MPa. Increased availability of the substrate with increase in pressure,
TOF was reached to a very high value, but further increase in CO; pressure could
be associated with the dilution effect and TOF dropped. The observed pressure
dependent catalytic performance might be explained by the phase behavior of the
system (NB—H,—CO,). Visual inspection showed that NB is soluble in scCO;. At
lower pressure, there was a separation of liquid phase observed, however, at or
above 12 MPa, the system was in single phase. In fact, the difference in activity
between lower and higher pressure was due to the availability of the substrates,
where NB can be readily hydrogenated without any mass transfer restrictions
caused by the phase border. The single phase condition was preferable to achieve
high catalytic performances and it could be suggested that the complex phase
behavior, which changes the concentration of NB and H, in various phases
account for the differences in TOF.

Table 11. Catalyst Screening for Hydrogenation of NB to AN

Entry Catalyst Conv. (%)
1 - 0.0
2 MCM-41 0.0
3 Ni/MCM-41 0.5
4 Pd/MCM-41 100.0
5 Pt/MCM-41 83.0
6 Rh/MCM-41 1.6
7 Ru/MCM-41 0.7
8 Au/MCM-41 43
9 [r/MCM-41 23

Reaction condition: catalysts =0.1 g, substrate= 2.0 g; Pco,= 12 MPa, Pyr= 2.5 MPa and
temperature= 50 °C and reaction time= 10 min. metal content=1 wt. %

In another series of experiment, influence of H, pressure was investigated
keeping other parameters fixed. The conversion was linearly increased from 20 to
100 % with the change in pressure from 0.5 to 2.5 MPa. Since, according to the
Scheme 3a, 1 mole of NB required 3 moles of H; to produce 1 mole of AN and
2 moles of water. Hence, 0.05 moles of H», which corresponds to 2.5 to 3 MPa
pressure at 50 °C will be required for the hydrogenation of 0.0162 mole (used
in this process) of NB. At the fixed substrate concentration, if H, pressure was
enhanced to 4 MPa or above, the reaction was much faster, but selectivity of AN
dropped severely. Thus, managing H» pressure might be an important parameter
to control the selectivity of desired AN.

In addition to the H, pressure, reaction temperature was another tricky
parameter if the reaction conducted in scCO; because it controlled the phase
topology as well as reaction kinetics. Therefore, observed change in the catalytic
activity with the change in temperature was interpreted in terms of phase behavior.
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The reaction was slow at lower temperature of 35 °C though a single phase
detected between NB and CO»-H». Hence, a better activity could be expected if
phase behavior was only controlling factor. But the reaction affected kinetically;
an increase in temperature increases the reaction rate. From the initial reaction
rate, Arrhenius plot (Figure 12) was obtained with an apparent activation energy
of 15 kJmol-! and comparable with the liquid phase hydrogenation (80, §1).
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100000
0
4 6 7 8 10 12 13 14 16
Pcoy (MPa)

Figure 11. Effect of CO; pressure on the TOF of nitrobenzene (NB) to aniline
(AN) hydrogenation in scCO:.
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Scheme 3. Hydrogenation of nitrobenzene (NB) to aniline (AN) via (a) Direct
and (b) condensation route.
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Figure 12. Arrhenius plot.

Based on the above results. the optimized reaction condition (catalysts =0.1
g, substrate= 16.2 mmol; Pcor= 12 MPa, Pyp= 2.5 MPa and temperature= 50 °C
and reaction time= 10 min) was again applied to the hydrogenation other nitro-
aromatics and the results are shown in Table 12. The hydrogenation of o- m- and
p- isomers of nitrotoluene producing only their corresponding amine (Entry 1-3),
and the conversion decreased in the order of p-> m- > o- because of the steric
hindrance. Following nitrotoluenes, nitroanisoles were also behaved in a similar
way (Entry 4-6). In addition, successful application of the described method can
also extended to dinitro compounds. For example, 2, 4, dinitrotoluene, which was
hydrogenated to 2-amino 4-nitro toluene (82.0 %), and 2, 4 diaminotoluene (28.0
%) (Entry 7). Chloronitrobenzene, a representative of halogenated nitro compound
also performed well to the formation of chloroaniline with the selectivity of > 90
% (Entry 8 and 9). Furthermore, the PdA/MCM-41 catalyst continued its reign to
the hydrogenation of nitrobenzoic acid (Entry 10-12). In each case, independent
to the conversion, only amino compounds were formed. Thus, application of Pd/
MCM-41 catalyst was feasible to the hydrogenation of other nitroaromatics with
different functional groups under the present reaction condition.

Mechanistically, hydrogenation of NB is a complicated reaction. Depending
on the reaction condition and catalyst used the reaction path varies. There are two
different routes of the hydrogenation of NB to AN: (i) direct and (ii) condensation
route (Scheme 3b). To determine the reaction path under the working condition
it is important to know the activity of intermediates, which sometimes provide
a direct proof to the reaction mechanism. However, the reaction profile showed
a direct transformation of NB to AN without any by-product or condensation
products or any intermediates detected even in the shortest reaction time of
1 min. As there were no condensation products detected, only direct route
can be considered. According to Haber’s process, NB was converted to AN
via nitrosobenzene and phenylhydroxylamine. Both of those routes (NB to
nitrosobenzene and nitrosobenzene to phenylhydroxylamine) were very fast and
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intermediates have tendency to adsorb on the catalyst support strongly. The
results of the hydrogenation of nitrosobenzene and phenylhydroxylamine were
compared with NB under the similar reaction condition (Figure 13). Calculation
of the initial rate (TOF) of AN formation from nitrosobenzene (TOF=6264 h-1)
and nitrobenzene (TOF = 2.52 x 104 h-!) provides a significant difference. The
slowest rate of hydrogenation indicating that nitrosobenzene could not be the
possible intermediate species involved in the AN formation. Another evidence is
the reduction of initial reaction rate while the reaction was conducted in presence
of nitrosobenzene because of the competitive nature of substrates. Therefore, two
possible reaction paths (i) NB —AN and (ii) NB —phenylhydroxylamine — AN
were predicted from the experimental results.

Table 12. Hydrogenation of Different Nitroaromatics

Entry Substrate Conv. (%)  Product (%)
1 o-nitrotoluene 78.5 o-toluidine (100)
2 m-nitrotoluene 89.8 m-toluidine (100)
3 p-nitrotoluene 100.0 p-toluidine (100)
4 o-nitroanisole 67.1 o-anisidine (100)
5 m-nitroanisole 80.1 m-anisidine (100)
6 p-nitroanisole 923 p-anisidine (100)
7a Dinitrotoluene 66.3 Aminonitrotoluene (82)
8b m—Chloronitrobenzene 95.5 m—Chloroaniline (90.2)
9 p—Chloronitrobenzene 46.8 p—Chloroaniline (98.9)
10 o-nitrobenzoic acid 46.3 o-aminobenzoic acid (100)
11 m-nitrobenzoic acid 66.9 m-nitrobenzoic acid (100)
12 p-nitrobenzoic acid 90.9 p-aminobenzoic acid (100)

Reaction conditions: catalysts =0.1 g, substrate= 2.0 g; Pco= 12 MPa, Py>= 2.5 MPa and
temperature= 50 °C and reaction time= 10 min. 228 % 2, 4-diaminotoluene. ® 9.8 %
aniline. ¢ 1.1 % aniline.

At this point it is difficult to describe the exact consequences behind the
conversion of NB to AN. To go one step further, DFT (density functional
theory) studies were performed to model the adsorption of substrates, possible
intermediates as well as product on catalyst surface and the results are presented
in Table 13. Figure 14 depicted the adsorption geometry of each components.
The calculated adsorption energy of reactant, intermediates and product follows
the order of phenylhydroxylamine > NB = nitrosobenzene > AN. The adsorbed
molecules lies parallel to the catalyst surface. According to the results, adsorption
energy of phenylhydroxylamine was very high and the strong adsorption on the
catalytic surface could be predicted. On the other hand, NB and nitrosobenzene
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has very close adsorption energy, which suggested a competitive nature of the
substrate for the catalytic active site. In the next step we have calculated the
energetics of each possible steps to determine the energetically preferred pathway
(Table 13).
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Figure 13. Comparison of the hydrogenation of nitrosobenzene and
phenylhydroxylamine with nitrobenzene.

Table 13. Calculated Reaction Energies for Different Reaction Steps of NB
Hydrogenation under the Studied Reaction Condition

Entry  Reaction AE, react AH, react
(kcal/mol) (kcal/mol)
1 CsHsNO, + Hy — 19.6 -45.0
CgHsNH; + H,O
2 Ce¢HsNO, + Hy — 18.8 -11.0
CsHsNO + H,O
3 CeHsNO + Hpy — 10.6 +4.2
CcHsNHOH
4 C¢HsNHOH + H; — 8.2 -55.0
CsHsNH; + H,O
5 C¢HsNO, + H; — 16.9 -97.0
CcHsNHOH
225

In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.


http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1194.ch009&iName=master.img-017.jpg&w=304&h=185

Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch009

(b) (c)

Figure 14. Adsorption geometry of (a) nitrobenzene, (b) nitrosobenzene and (c)
phenylhydroxylamine.

Dihydrogen dissociation yields adsorbed H, and makes the surface
hydrogenated. Calculations indicate that the surface reaction steps of NB to AN
are highly exothermic and correspond well with the literature (§2). The formation
of phenylhydroxylamine could happen through the direct hydrogenation of NB
or via nitrosobenzene. The energetic difference between the two pathways
are obvious. In the former, the individual steps of NB — nitrosobenzene and
nitrosobenzene — phenylhydroxylamine required to overcome activation barrier
of 18.8 and 10.6 kcal/mol, respectively (Table 13; Entry 2 and 3). Interestingly,
reaction step of nitrosobenzene to phenylhydroxylamine is mildly endothermic
(AH = 4.2 kcal/mol). The high barrier along with the endothermicity makes
this an unlikely path on Pd catalyst. On the contrary, phenylhydroxylamine
from NB is exothermic (AH = - 97 kcal/mol) with activation barrier of 16.9
kcal/mol (Table 13; Entry 5), could be the effective choice as an intermediate
in the hydrogenation of nitrobenzene. Furthermore, calculation shows that
conversion of phenylhydroxylamine — AN possesses lowest activation barrier
of 8.2 kcal/mol and could not be the rate limiting step. Therefore, instead of
phenylhydroxylamine — AN, the slowest step of NB — phenylhydroxylamine is
considered as the rate determining step and DFT predicted an activation barrier
(16.9 kcal/mol), which is in good agreement with the experimental value of 15
kcal/mol. In an effort to understand the reaction mechanism under the studied
reaction condition, experimental observation coupled with theoretical calculations
provide ample evidence in favor of the reaction path of formation of aniline via
phenylhydroxylamine.

After the successful application of PdA/MCM-41 to the hydrogenation of NB,
the support material was modified with the substitution of boron (B), expected
to modify structural properties of MCM-41. In fact great chemical and catalytic
diversity might be generates by the isomorphous substitution of Si by trivalent
metal ions such as B, Al, Ga etc. This type of substitution to the only Si material
developed acid sites and make it more suitable to act as an acidity demanding
catalyst. Borosilicate molecular sieves are mildly acidic, hence, there are fewer
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studies in comparison with aluminosilicate. Here, we synthesized Pd nanoparticle
supported B-MCM-41 obtained by hydrothermal method. Contrary to the Si-
MCM-41, presence of B in MCM-41 might affect particle size distribution and
consequently the catalytic activity. In addition mild acidic nature of the support
could improve the catalytic efficiency.

Different B containing materials were synthesized by varying the ratio of Si/B
from 100 to 5. The synthesized material was characterized by XRD, TEM, FTIR
and TG/DTA to get an insight in to the structural diversity generated depending
on the B content. XRD pattern of the calcined material shows typical low angle
peak representative of MCM-41. The peak intensity was strongly dependent on the
Si/B ratio and accordingly with the structural order. There was a strong correlation
observed with Pd particle size and Si/B ratio; size changes from 10.9 to 22.6 nm
as the ratio changes from 100 to 5 (Table 14). Because of the larger particle size,
five characteristic peak of PdO at 206=33.8, 42.0, 54.8, 60.7 and 71.4° were clearly
visible in the XRD pattern of higher angle region, but after hydrogenation, metallic
Pd was formed and a peak was detected at 2= 40.1°.

Table 14. Physical Characterization of Pd/B-MCM-41

Si/B ratio dioo ag Average Pd Particle ~ Weight loss of template
(nm) (nm) size (nm) at 120- 320 °C (%)
Only Si 4.6 5.31 - 38.6
100 42 4.85 10.9 35.1
25 4.1 4.73 19.5 334
10 4.0 4.62 215 30.2
5 3.8 438 22.6 28.5

Structural confirmation was also available from the TEM image after
calcination. A regular ordered structure with hexagonal channel was only visible
for higher Si/B ratio, but structural order was destroyed as the Si/B ratio became
low of 5. Spherical Pd particles are detected throughout the surface. From the
particle size distribution average particle sizes were determined as 12.1 and
23.1 nm for higher (100) and lower (5) Si/B ratio, respectively. These results
corresponded well with the XRD measurements.

One of the primary tool to recognize the substitution of B in MCM-41is FTIR.
All B containing samples developed a band at 1380 cm-! and an increase in the
intensity was observed with B content. However, an additional band at 940 cm-! of
tetrahedral B was only detected for Si/B=5. Moreover, TG/DTA analysis revealed
an important information regarding the weight loss of the template based on the
Si/B ratio. With increasing B content a larger part of the template was removed at
high temperature as template cation bonded to the siloxy group decomposes at low
temperature (/6), which is confirmed from the analysis of only Si material (Table
14).
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After the characterization, calcined material was subjected to the
hydrogenation of NB. Interestingly the reaction was extremely fast with TOF=
5.2 x 105 h-1. Complete conversion and 100 % selectivity to AN was achieved
within the reaction time of 5 min. This reduction of reaction time compared to
Pd/MCM-41 catalyst was subsequently used to optimize the reaction condition.
The CO; and H» pressure as well as temperature to be varied keeping other
parameters such as substrate: catalyst ratio, stirring speed and reaction time.

The optimization procedure targeted to complete conversion and selectivity
was not described in detail further. About the influence of individual parameters, in
general, high conversion were obtained by increasing the CO, pressure at constant
temperature. This can be attributed to the higher substrate availability due to the
increased solvent power of CO,. Similarly, TOF was enhanced from 1.7 x 103
h-1to 5.2 x 105 h-! as the H, pressure changed from 0.5 to 2 MPa. Interestingly,
maximum TOF was obtained at 2 MPa, which is lower than PA/MCM-41. At a
fixed pressure of CO», increase in temperature also increased the reaction rate and
suggested that the kinetic effect surpasses the potential negative effect of reduced
CO; density (83).

With a standard set of reaction condition, Pd/B-MCM-41 was used to the
hydrogenation of different substrates containing (i) -NO along with the electron
donating and withdrawing groups, (ii) “CN and (iii) —OH group and the results are
in Table 15. The hydrogenation of 0, m and p- chloronitrobenzne converted to their
corresponding amine with a very high selectivity of >99 % and conversion follows
the order of p-> m-> o- (Entry 1-3). Another compound such as nitroanisoles was
also behaved in a similar manner (Entry 4-6) though conversion was lower than
halonitroaromatics and in each case, only the nitro group was hydrogenated.

Instead of nitroaromatics, potential of Pd/B-MCM-4 once again explored
through the hydrogenation of benzonitrile and phenol. It has to be mentioned
that similar to nitro compounds, benzonitrile was hydrogenated to primary amine
with the selectivity of 99 %, but it required reaction time of 2 h. Considering
the hydrogenation of phenol (Table 12; Entry 8), where ring hydrogenation is
more preferable because of presence of the —OH group (electron donating group)
results cyclohexanone as the only product. The ring hydrogenation was activated
by acidity of the support (84) due to the presence of B in the support material
as confirmed by comparison with PdA/MCM-41 (only silica) catalyst under the
similar reaction condition (temperature= 50 °, time = 4 h, Pco,= 10 MPa, Pyx=4
MPa) as described previously (85).
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Table 15. Hydrogenation of Different Substrates on Pd/B-MCM-41 in scCO;

Entry  Substrate Conv. Product
(%) (selectivity %)
1 o—Chloronitrobenzene 68.2 o—Chloroaniline (100)
2 m—Chloronitrobenzene 82.2 m—Chloroaniline (100)
3 p—Chloronitrobenzene 100 p—Chloroaniline (100)
4 o-nitroanisole 53.5 o-anisidine (100)
5 m-nitroanisole 66.9 m-anisidine (100)
6 p-nitroanisole 89.2 p-anisidine (100)
7° Benzonitrile 60.2 Benzylamine (99.0)
8 Phenol 98.5 Cyclohexanone (100)

Reaction conditions: Entry 1-6: catalyst=0.1g, substrate= 2.0 g, Pcoo= 12 MPa, Ppo= 2
MPa, temperature = 50 °C; time= 10 min; Entry 7 catalyst=0.1g, substrate= 1.0 g, Pco>= 10
MPa, Pyo=2 MPa, temperature = 50 °C; time= 2h; Entry 8: catalyst=0.1g, substrate=1.0 g,
Pco2= 12 MPa, Puo= 4 MPa, temperature = 50 °C; time= 4h.; b= dibenzylamine = 1 %.

Why the Studied Reactions Are Faster on Pd/B-MCM-41 Compared to the Si
Analogue of MCM-41?

The time profile of the conversion of NB was evaluated on two Pd/B-MCM-41
catalysts differed by Si/B ratio of 100 and 5 (Figure 15a). In each case, the
reaction was comparatively fast, but complete conversion can be achieved within
the shortest reaction time of 5 min. only when Si/B=5 was used. For these
two catalysts, Pd particle sizes are different (Table 1). Thus, to explain these
observations there are two primary factors to be considered: (i) effect of Pd
particle size and (ii) B content, which controlled the structural order. It has to be
mentioned that only support material was inactive and hence, catalytic activity
of the metal-Containing catalysts arises unambiguously due to the presence
of active metal species on the support. Generally, the variation in catalytic
activity depends on the dispersion of metal. This factor is further influenced
by B content of MCM-41. (i) Effect of Pd particle size: the dependence of
NB hydrogenation rate on particle size is shown in Figure 15b, which indicates
that the initial TOF calculated per surface Pd atom increases with the particle
size. The changes in particle size from ~10 to 20 nm increased the TOF from
2.1 x 105 h'! to 5.2 x 105 h-l. Hence, larger Pd particles were considered to be
more active than smaller one, assuming that all the particles took part in the
reaction. Although there was a sharp change of TOF with particle size, it is
difficult to comment on the structure sensitivity because the studied range of
particle size was limited. A similar phenomenon was also reported previously
in the liquid phase hydrogenation of NB in methanol over Pd/C at 50 °C (86).
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(i1) B content: presence of B incorporates weak acidity on the support surface as
described by many researchers and it might change catalyst morphologies such
as metal dispersion, etc. We had compared the results between low B content
(Si/B=100) and only Si material. The rate was comparatively higher for Si/B=100
(TOF= 3.8 x 105 h-!) rather than only Si catalysts (TOF= 2.5 x 105 h-1) although
both of them contain Pd particles of similar size (~10 nm) and highly ordered
structures. On the basis of these results it might be concluded that even in the
presence of small amount of B the reaction rate was increased, which implies
that weak acid sites or hydrophobicity (related to the B species) participate in
the reaction process under the studied reaction condition. To check the role of
support containing acid sites, the hydrogenation of NB was conducted on ~ 1% Pd
containing Al and Ga-MCM-41 under the similar reaction condition as described
for Pd/B-MCM-41. Generally, AI-MCM-41 possesses stronger surface acidity
than its B counterpart (87, 88) and the order of acid strength is Al> Ga>> B
(66). Following the comparison of reaction rate (TOF), between Pd supported on
B-MCM-41 (Si/B=10; particle size = 21.5 nm), AI-MCM-41 (Si/Al = 10; particle
size = 18.9 nm) and Ga-MCM-41 (Si/Ga= 10; particle size 21.2 nm); the order is
B(52x105h1)>Ga (1.1 x105h1)> Al (3.6 x 104 h-1). In each case, Pd particle
size was chosen as ~ 20 nm. Thus, acidity of support could not be the responsible
factor for high activity of the catalyst. Substitution of trivalent cation like B, Al
and Ga modified the hydrophobic property of Si-MCM-41 and the hydrophobicity
order for substituted Si surface are B> Ga> Al (89). Primarily, the order of
hydrophobicity (prevents limited access of the substrate due to the stronger water
adsorption) seems to be a possible deciding factor for higher reaction rate of
Pd/B-MCM-41. However, information gathered from the TG analysis of only Si
and B-MCM-41 (Si/B=100) reveals different situation as similar hydrophobicity
(almost same amount of water loss) was detected for both of the materials. As
mentioned before only Si and B-MCM-41 (Si/B=100) has significant difference
in the reaction rate. Therefore, higher reaction rate of Pd/B-MCM-41 cannot be
directly related to the hydrophobic nature of support. It might be speculated that
presence of B in the support material causes an electronic interaction with Pd
(90, 91). This brings about an increase in the metal’s electron density, causing
it to interact more strongly with H, adsorbed on the metal surface (92) and the
reaction rate was enhanced remarkably. A similar result was also observed during
the liquid phase hydrogenation of NB over Pt supported borate catalyst (93).
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Figure 15. (a) Time profile of nitrobenzene (NB) conversion depending on Si/B
ratio and (b) Pd particle size vs TOF of NB hydrogenation using Pd/B-MCM-41
catalyst.
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(vi). Aromatic Ring Hydrogenation

Hydrogenation is an important industrial reaction whether a functional group
or an aromatic ring. After successful application of scCO; as reaction medium
for hydrogenation of different functional groups as well as protecting agent,
aromatic ring hydrogenation was persuaded. In this category, aniline (AN) and
phenol (PhOH) were chosen as two model compounds for hydrogenation of
aromatic ring. Hydrogenation of AN to cyclohexylamine (CHA) is an important
reaction as CHA is one of the most versatile intermediates from the commercial
viewpoint starting from the synthesis of artificial sweeteners to natural product
extraction (94). In general, commercial method involves (i) reductive amination
of cyclohexanol and (ii) hydrogenation of aniline. However, main disadvantage
associated especially with the process is the formation of large quantities of wastes
because of the use of excess of NH;3 to improve the selectivity of CHA (95-97).
Several patents were also issued describing the use of variety of metals and
support materials to achieve improved selectivity of the desired CHA (98—104).
Unfortunately, high temperature, high pressure of 35 MPa, use of additives
and pressurized NH3, become most used techniques to restrict the formation of
secondary amine. For the sake of remembrance, secondary amine could be formed
by the interaction between primary amine. Therefore, amine should be protected
from further reaction. Thus, use of scCO, would be beneficial to achieve high
selectivity of the primary amine due to the amine protection role of CO; (105).

According to the literature, noble metals are most effective choice for the
hydrogenation of AN. Investigations on different metal catalysts (Pt, Pd and Rh)
supported on Al,O3, C and MCM-41 suggested that based on the support used
catalytic activity was varied. For instance, Pd supported on C, Al,O3 and MCM-
41 producced CHA with the selectivity of 30.8, 10.3 and 100 %, respectively.
Moreover, depending on the nature of the metal used as well as dispersion, catalytic
performance was also different. An approximate expression was used to determine
the dispersion (/06) from particle diameter derived by Scherrer equation. The
dispersion varied from 4- 10 % based on the metal and support used. For C
support, the dispersion was almost same between the studied metals such as Pt
(9.1 %), Pd (8.3 %) and Rh (7.9 %), but catalytic activity followed the order of
Rh > Pd > Pt. On the contrary, Al,O3 supported catalyst are exhibited the order
of Rh (95.8 %) > Pt (40.0 %) > Pd (30.0 %) and Rh (93.0 %) > Pt (61.7 %) >
Pd (10.3 %) for conversion and selectivity to CHA, respectively. A significant
relation between TOF and the dispersion was clearly visible from the obtained
results (/05). An increase in TOF along with the decreasing metal dispersion was
evident as the support changes from Al,Os3 to C (TOFao3 > TOFc) independent
to the metal used (TOFa03 in h-l: Pd= 81.6, Pt= 110.3 and Rh= 223.3; TOFc
in h-l: Pd= 50.6, Pt= 63.1 and Rh= 105.4). Among the screened catalysts Rh/
Al,O3 showedhighest conversion (95.8 %) and excellent selectivity of 93.8 % to
CHA under the studied reaction condition (Reaction condition: catalyst=0.1 g,
substrate= 0.5 g, temperature = 80° C; Time= 6 h.; Pum= 4 MPa, Pco,= 8 MPa).
Hence, Rh/ Al,O3 was chosen for hydrogenation of AN to CHA. It has to be
mentioned that except Rh, the catalytic performance of Pd and Pt supported on
MCM-41 were poor compared to C and Al,Os.

232
In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.



Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch009

System optimization could be important in meeting the criterion of best
catalytic performances targeting high conversion and high selectivity to CHA.
First parameter to be optimized was CO; pressure. The reaction was conducted
at different pressures ranging from 6 to 14 MPa. Interestingly, lower pressure
provides highest conversion of 95.8 % and decreased to 21 % as the pressure
rose to 14 MPa. Phase behavior of AN, CO; and H» revealed that the system
was biphasic. On the other hand, the meniscus between two phases disappeared
and the single phase (AN—CO,—H>) was attained at or above 12 MPa. Therefore,
according to the phase behavior, the highest catalytic performance was achieved
in the biphasic condition. Increased conversion and selectivity in the biphasic
condition is an unusual observation for hydrogenation reaction in scCO,.
However, a similar example of fast hydrogenation in a biphasic mixture containing
high-pressure CO; was found during the conversion of pinene in scCO» (107-112).
Authors interpreted their results based on the assumption that the reaction was
controlled by the adsorption of substrate on the catalyst surface as the substrate is
more concentrated in the liquid rich phase around the catalyst, which represents
a good model of COz-expanded liquids as CO» has a tendency to add to organic
liquids and the combination act as a CO»-expanded liquid (113, 114).

Considering other parameters such as H; pressure the effect was insignificant
on the hydrogenation of aniline under the condition used as the excess of Ha present
in the system. On the other hand, the effect of reaction time was straight-forward.
The conversion and the selectivity of CHA was increased with time and then
reached a maxima within 6 h after that the selectivity of primary amine dropped
due to the formation of secondary amine.

Another factor needs to special attention is the temperature, because it
affects (i) phase behavior and (ii) formation of carbamic acid. The reaction was
conducted at 35, 50, 60, 70 and 80 °C and the results are shown in Figure 16.
As usual conversion of AN was low at lower temperature, but the steepness of
the observed drop suggests that phase behavior rather than reaction kinetics is
responsible. Visual inspection of the phases present in the system revealed that
at lower temperature AN—CO»-H; reside in a single phase, whereas biphasic
condition belongs to the higher temperature which results very high catalytic
activity. A separate experiment was conducted on the visual observation of the
phase behavior of CHA at 35 °C (Figure 17), the result clearly demonstrated
the deposition of solid carbamic acid through the interaction between CHA and
CO», and this scenario continued until 60 °C. The formation of solid carbamate
diminished contact between aniline and the catalyst, which inhibited the reaction
rate. At the temperature of above 60 °C, solid carbamate was converted to liquid
and the conversion increased sharply from 18.2 to 61 %. Temperature also
played a prominent role in determining the product distribution. Concerning
the selectivity, only CHA (selectivity= 100 %) was observed from 35 to 60 °C.
Therefore, temperature selection for optimization was a crucial part to the AN
hydrogenation in COs.
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Figure 16. Effect of temperature on hydrogenation of aniline (AN) to
cyclohexylamine (CHA) in scCO:.
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Figure 17. Visual evidence of the formation of carbamic acid via interaction
between CO; and cyclohexylamine (CHA).

In conclusion, with the exploitation of the advantageous property of CO,, it
was possible to achieve a reasonably high conversion of AN and selectivity of
CHA in scCO; medium under the optimized reaction condition. When pressurized
with CO», AN behaved as an expanded liquid, which promoted the dissolution of
H; and consequently the mild reaction condition for hydrogenation.

Another example is the hydrogenation of phenol (PhOH) to cyclohexanone
(CHO), which is one of the key components in the synthesis of many useful
materials such as caprolactam for nylon 6 and adipic acid for nylon 6, 6.
General routes of CHO synthesis are (i) oxidation of cyclohexane and (ii)
hydrogenation of PhOH. The oxidation route requires harsh reaction condition
and generates a lot of by-products. Conversion of PhOH to CHO is a two-step
process involving hydrogenation of PhOH to cyclohexanol (CHOH) followed
by the dehydrogenation to CHO. There are many deficiencies exists mainly
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in the dehydrogenation process such as temperature, conversion constrain
due to thermodynamic equilibrium and poor H, utilization. A wvast literature
was available for hydrogenation of PhOH to CHO in gas phase (//5-119).
Depending on the reaction condition, and the nature of the metal ion used, product
distribution varied. Furthermore, acidic and basic properties of the support
materials is a fundamental factor. It is generally accepted that phenol adsorb on
the support via aromatic ring, while metal active site adsorb H» and supplies to
the ring via spillover mechanism (/20—126). From the environmental viewpoint,
instead of conventional organic solvents use of scCO; as reaction medium for
conversion of PhOH to CHO is the most effective choice. Activated carbon
(C) and carbon nano-fiber (CNF) supported Rh catalysts were used previously.
Based on the reaction condition 17 % (Pu2=10 MPa; Pco=10 MPa) and 43
% (Pm=4 MPa; Pcor=12 MPa) of CHO was formed over Rh/C and Rh/CNF,
respectively. To replace conventional organic solvents by scCO,, it is necessary
to improve the selectivity of CHO. Thus, PhOH hydrogenation was conducted
on Pd/AI-MCM-41 in scCO; and the catalytic activity was compared with the
Rh/AI-MCM-41. Both of the catalysts were synthesized by hydrothermal method.
A primary indication of the incorporation of Pd on the mesoporous support
was the difference in color between parent material (AI-MCM-41; white), and
Pd/Al-MCM-41 (grey). After calcination in air, the grey colored material turned
orange due to the migration of Pd*2 to the surface of AI-MCM-41, by reaction
with SiOH groups of defect site due to insufficient substitution of Pd?* ions for
both Si#* sites and Al3* sites in the lattice of AI-MCM-41 (127). However, there
was no such specific changes detected on Rh catalyst. In scCO,, Pd/AI-MCM-41
emerged as most efficient catalyst for the transformation of PhOH to CHO.
The pressure of CO, had significant effect on the catalytic performances.
Before commenting in detail, it has to be mentioned that phase observation of
PhOH—CO;-H; confirmed pressure dependent solubility of PhOH and eventually
a single phase was formed. Unlike AN, the hydrogenation of PhOH preferred
single phase condition for high conversion and selectivity of CHO. At lower
pressure of CO; (< 8 MPa), the product was composed of a 1:1 mixtures of CHO
and cyclohexanol (CHOH), whereas CHO was the sole product at higher pressure
(> 10 MPa). Hence, an optimized pressure of 12 MPa was used to accomplish
high conversion (98.4 %) and selectivity of the targeted CHO (97.8 %) (Figure
18). On the contrary, no such pressure dependence were detected for Rh catalyst;
in each case with the complete conversion of PHOH, CHOH was detected as the
major product. Under the studied condition, the reaction took 4 h, which was
faster than conventional organic solvents, might be the result of larger diffusion
coefficient of the reactant in scCO> and higher miscibility of H» than in liquid
solvents. Hence, optimization of H, pressure is also important criteria to achieve
highest conversion and selectivity. There was an increase in PhOH conversion
from 50.2 to 98.4 % and 40 to 100 % as the pressure changes from 1 to 4 MPa for
Pd and Rh catalysts, respectively. Regarding the product distribution, there was
a slight change in the product selectivity from 88.5 to 97.8 % for PA/MCM-41.
Interestingly, Rh catalyst showed highest selectivity of CHO (71.2 %) at lower
conversion level. It could be inferred that the conversion of CHO to CHOH was
fast on R/MCM-41.
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Figure 18. Hydrogenation of phenol (PhOH): Variation of CO; pressure.

Prior research on the hydrogenation of PhOH has established a sequential
formation of CHO. The benzene ring of PhOH is partially hydrogenated to an
enol, which is then isomerize rapidly to CHO, followed by further hydrogenation
to CHOH. A time vs. product distribution profile of PhOH hydrogenation using Pd
and Rh catalysts are shown in Figure 19. From the beginning, CHO was the major
product for Pd and maintained throughout the reaction. However, for Rh, the trend
was different and in the beginning CHO was formed with very high selectivity and
then gradually converted to CHOH portrayed a sequential reaction scheme.
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Figure 19. A time vs. product distribution profile of PhOH hydrogenation using
(a) Pd and (b) Rh catalysts.

From the above-mentioned results it can be concluded that depending on the
nature of the metal ion, product distribution was different. In the present system,
Pd and Rh produced CHO and CHOH as the major product, respectively. As CHO
was the targeted product from the PhOH hydrogenation, thus, studies continued
with the Pd catalyst. A series of Pd catalysts supported on activated carbon, Al,O3
and MCM-41(only Si) were tested and the results are summarized in Table 16. The
conversion of PhOH and the selectivity of CHO followed the order of AI-MCM-
41> Al,03 > MCM-41> C and AI-MCM-41> MCM-41 > Al,03 > C, respectively.
There was a substantial change in the catalytic performance after incorporation
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of Al in MCM-41. The conversion of PhOH was increased from 20 % (only
silica) to 98.4 % (Si/Al=100) and the selectivity of CHO changes from 78.4 to
97.8 %. Variation of Si/Al ratio made a strong impact on the catalytic activity
(Figure 20). The promoting effect of Al could be attributed to the increase in
surface acidity. It is well known that incorporation of Al to MCM-41 might serve
as acid site and thus enhance the activity. PhOH molecule can adsorbs on the
acidic site either by the donation of  electron of benzene ring or through the OH
group, which is favorable under the present reaction condition. Figure 20 shows
that the best result was obtained over Pd/AIMCM-41 of Si/Al= 100, among the
catalyst of varied Si/Al ratio. It is commonly assumed that the acid sites within
the molecular sieve structure are essential for enhancement of the catalytic activity
(128-130). However, when the Al content increases with the change in Si/Al ratio
from 50 to 8.5, acidity changes from 0.161 to 0.381 mmoles/g (Figure 21) and
the conversion of PhOH was decreased from 80.3 to 18.5 %; higher the acidity of
the support lowers the conversion of PhOH. This result can be explained by the
fact that in MCM-41structure, the incorporation of Al leads to the formation of
tetrahedral Al*3 into the framework. For high Al content, most Al are anchored on
the outer surface rather than incorporated into the framework of MCM-41 (131)
and the growing part of acid sites (tetrahedral Al™3) might be neutralized by non-
framework cationic Al species and block the strong acid site (/32). In addition,
increasing Al content could cause some deterioration in the pore structure as well
as in the texture of the mesoporous material (/33), which is clearly observed
from the Figure 2b and harmful for the activity of the catalyst. A similar result
has been obtained by Li ef al. during the Ullmann reaction over Pd containing
AI-MCM-41 catalyst (/34). This observation is in contrast to the results of Neri
et al. (135), who observed a significant decrease in the selectivity of CHO during
the vapor phase hydrogenation of PhOH, with increasing acidity of the support and
prefers Pd/MgO over Pd/Al,O3, which could be due to the difference in reaction
conditions. Thus, an optimum acidity was required to obtain CHO with very high
selectivity.

Table 16. Hydrogenation of PhOH Using Pd Catalysts on Various Support

Materials
Entry Catalyst Conv. Selectivity (%)
9 CHO CHOH
1 Pd/C 12.0 60.2 39.8
2 Pd/ Al,O3 46.0 70.1 29.9
3 Pd/MCM-41 20.0 86.4 13.6
4 Pd/AIMCM-41 98.4 97.8 2.2

Reaction condition: catalyst=0.1 g, substrate = 1.0 g; temperature = 50 °C; Pco= 12 MPa,
Pio=4 MPa, time =4h: CHO=cyclohexanone, CHOH=cyclohexanol.
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Figure 21. Effect of Si/Al ratio on dispersion of Pd particles and surface acidity.

It is well-known that depending on the Si/Al ratio metal particle size and
eventually the dispersion varies, which influenced catalytic activity. Sometimes
there is a correlation between product selectivity and particle size. However, in
this case there was a slight modification in the selectivity of CHO from 97.8 to
100 % detected as the dispersion changes from 7.1 to 3.2 %. Hence, selectivity to
CHO was structure insensitive.
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A mechanistic investigation was considered on the hydrogenation of PhOH
to CHO in scCO; (Scheme 4). According to the existing literature, hydrogenation
of PhOH occur between adsorbed PhOH and activated H». The H; is supplied to
the aromatic ring by spill-over mechanism (/36). Depending on the acidity and
basicity of support materials, PhOH can chemisorbed via two forms (i) coplanar,
favor the formation of CHOH and (ii) non-planar form, which facilitates the
formation of CHO. According the present results, CHO was formed exclusively
when an optimum amount of Al is present in the support, which is in contrast
to the described mechanism of vapor and liquid phase PhOH hydrogenation.
To explain this phenomenon two possible interactions are considered: (i)
catalyst-substrate and (ii) catalyst-substrate-solvent. To understand the plausible
reaction routes a comparison was made between the PhOH hydrogenation in
scCO; and conventional organic solvents like ethanol and hexane under the same
reaction condition. Unfortunately, the conversion of PhOH in ethanol (24.7 %)
and hexane (9.1 %) are extremely poor. The selectivity of CHO in ethanol (42.1
%) is strikingly low compared to the scCO, and in hexane (65.1 %). Hence,
it might be confirmed that the reaction path of PhOH hydrogenation must be
different in liquid phase and strongly influenced by the nature of the reaction
medium. In scCO», the solubility of H, is higher and the increasing PhOH
conversion in scCO; correlates well with the presence of high concentration of
H; because of the larger solubility and devoid of mass transfer limitations. From
the product distribution, it was evident that PhOH prefers non-planar orientation
for adsorption on Pd/AI-MCM-41 rather than co-planar one as CHO was the
main product. One probable explanation could be PhOH is a polar compound and
its attraction towards ethanol would be stronger as the polarity of the solvent is
higher. The role of solvent is crucial for hydrogenation of PHOH as well as the
further hydrogenation of CHO (/37) because CHO has tendency to interact with
medium especially alcohol, and readily involved into the acetal reaction (/38).
Thus, in terms of CHO selectivity scCO; could be the better choice for PhOH
hydrogenation. From the DFT calculation on the optimized geometry of PhOH in
CO; and in ethanol it is proved that PhOH is less stable in CO> by ~ 8 kcal/mol
(Table 17). Thus, it can be suggested that less PhOH was available to the catalyst
active site in ethanol medium, as they will prefer to stay becomes solvated. So,
more space will be available for co-planar adsorption on the catalyst surface. On
the contrary, as scCO; is a quadropolar solvent and the interaction between solvent
and substrate will be less than substrate—Catalyst. As a result, more PhOH will be
attracted to the catalyst active site and eventually the concentration of PhOH over
the catalyst surface will increased. Therefore, less space is available to adsorb
on the catalyst surface in co-planar way. Hence it is reasonable to predict the
non-planar way of adsorption of PhOH on the catalyst surface. To confirm this
proposition, transition state calculation has been performed and the results are
shown in Table 17. It shows that the barrier height of CHOH formation is ~19
kcal/mole less than that of CHO, which makes it as a stable product in CO, and
hence confirmed the highest selectivity of CHO. However, it is difficult to predict
the exact reaction route of phenol hydrogenation because heterogeneous catalysis
in scCO; is very complicated system and the interaction of organic molecule in
the channel system of molecular sieve are far from being understood completely.
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Scheme 4. Reaction path of the conversion of phenol (PhOH) to cyclohexanone

(CHO).

Table 17. Total energy, Stabilization Energy of Reactant and Products in
Ethanol and CO; Medium, and Transition State Calculation To Identify the
Reaction Energy of CHO and CHOH

Molecule Solvent Total energy Stabilization energy
(Hartree) (kcal/mol)
reactant+Pd CO, - 8.0965040747
474.6736518
reactant+Pd Ethanol -
474.6865544
Energy of Energy Energy Energy for  Energy of  Feasibility
reactant of CHOH of CHO transition reaction of the
(Hartree) (Hartree) (Hartree) state (kcal/mol) reaction
(Hartree) (kcal/mol)
-474.5717  -474.7984 -474.7630 -142.274
-474.5717 -474.8128 -474.3430 -161.301 -19.027

The optimized reaction condition was again applied to the hydrogenation of
different -OH group containing aromatic compounds such as o- and p- cresol,
dihydroxy benzene and naphthol. Table 18 presents the conversion and selectivity
of the hydrogenation of studied derivatives. o- and p- cresol yields corresponding
ketone products with very high selectivity of 77.3 and 89.1%, respectively(Table
18; Entry 1, 2). On the other hand, dihydroxybenzene (Table 18; Entry 3) was
also produces ketone with 80 % selectivity. Hence, it could be suggested that
the formation of ketone product was favorable under the described reaction
condition. For higher selectivity of ketone, regioselective addition of H, to PhOH
was considered, which maintain the resonance energy as much as possible and
produces a series of hydrogenation intermediates. Differences in the resonance
stabilization energy between transition states may play a significant role to
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determine product selectivity. Instead of ketone products, naphthol produces only
the ring hydrogenation products maintaining one benzene ring intact (Table 18;
Entry 4).

Table 18. Hydrogenation of Hydroxyl Aromatic Derivatives Using
Pd/MCM-41 in scCO;

Entry  Substrate Conv. Selectivity (%)
9 -one product -ol product
1 0—Cresol 79.1 71.3 22.7
2 p—Cresol 65.6 89.1 10.1
3 Hydroquinone 30.0 79.9 20.1
4 2-naphthol 83.0 - 1, 2, 3, 4-tetrahy-

dronaphthol (84.8)
5, 6, 7, 8-tetrahydron-
aphthol (5.2)

Reaction conditions: catalyst=0.1 g, substrate = 1.0 g; temperature = 50 °C; Pco>= 12 MPa,
Pur=4 MPa, time =4h.

A successful application of scCO; as a reaction medium was possible for
hydrogenation of PhOH to CHO under a mild reaction condition. Comparison
with the reaction in organic solvents, product distribution was different in scCO»,
suggesting a different mode of adsorption. Moreover, theoretical calculation of
adsorption energy confirmed the advantage of the medium and shed some light on
the reaction path of PhOH hydrogenation.

Conclusion

In conclusion, from some selected examples it can be seen that, scCO; is
a potential medium to perform hydrogenation of different functional groups.
Depending on the functional groups studied, CO» can act as a reaction medium
and simultaneously a protective agent. In most of the cases, the catalytic activity
and product selectivity were better than in the conventional organic solvents.
Significant progress has been made in the synthesis of different types of materials
using batch process; laboratory scale. However, scale-up of those processes are
already underway.

In a practical term, CO; is an environmentally benign safe solvent and has a
GRAS (generally referred as safe) status, which allow it to replace volatile organic
solvents. However, to achieve commercial success with the use of CO; replacing
conventional organic solvent it is necessary to improve fundamental knowledge
about the molecular scenario behind the basic process involved. Nevertheless, the
advantageous properties of scCO> as reaction medium is huge. To exploit those
beneficial characteristics in a larger scale substantial research effort is needed to
make a waste free and safe “green” chemical industry.
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Chapter 10

Hydrazine as a New and Facile Hydrogen
Source for Hydrothermal Reduction of
CO; to Formic Acid
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Reduction of CO; into value-added chemicals has attracted
considerable attention as an important method to reduce
greenhouse gas emissions and also to alleviate the current
dependence on fossil fuels. Traditional reducing agent for
CO; reduction relies on gaseous hydrogen from high-pressure
cylinder, which meets storage and transportation problem.
Moreover, the thermodynamical stability of gaseous hydrogen
results in the demand of high reactive catalyst, mainly involving
noble-metal complexes. Thus, new safe and facile hydrogen
source is needed urgently. Hydrous hydrazine, which possesses
high hydrogen capacity (7.9%), is regarded as a promising
liquid hydrogen storage material. Herein, hydrous hydrazine
was employed as a in-situ hydrogen source for reduction of
CO» under hydrothermal conditions. A 50% yield of formic
acid with 99% selectivity was achieved by using a common
Ni powder catalyst. The proposed method is facile and
environment-friendly because it requires neither elaborately
prepared catalysts, nor high-purity hydrogen and hydrogen
storage.
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Introduction

The earth’s sustainable development is threatened by the global warming,
which mainly caused by the sharply rising level of atmospheric CO,. The
massive emission of CO; is predominantly from the combustion of fossil fuels by
anthropogenic activities owing to economic growth and industrial development.
Therefore, reduction of CO> emission is urgently needed. On the other hand,
CO; acts as an available renewable carbon source due to its advantages of
being nontoxic, abundant, and economical. Simple carbon capture and storage
is wasteful for carbon resource and one of the most promising methods is the
utilization of the CO> as a carbon source to produce valuable chemicals. Recently,
reduction of CO» into chemicals has attracted considerable attention as an key
method to reduce greenhouse gas emissions and also to alleviate the current
dependence on fossil fuels (/-3). In the past several decades, many promising
methods for CO; reduction into chemicals have been proposed (4-7). Among
these approaches, the photochemical reduction of CO, is regarded as a high
potential method, but its efficiency is too low to apply in industry at present, and
costly catalysts or complex catalysts are needed (8). The hydrogenation of CO»
with gaseous H» is currently considered to be the most commercially feasible
process. However, high-pressure hydrogen used in this method meets storage
and transportation problem. Moreover, due to the thermodynamical stability
of gaseous hydrogen and CO,, its hydrogenation is always associated with the
finding or synthesis of highly reactive catalysts, mainly involving nobel-metal
(Ir, Ru, Rh, etc) complexes (9—13). Thus, developing a novel method for the
hydrogenation of CO; with a safe and facile hydrogen source and a simple catalyst
is urgently required.

Hydrous hydrazine (N>H4'H,O) contains 7.9% hydrogen and is therefore
proposed as a promising indirect liquid hydrogen storage material. Recently,
several studies on hydrogen production by the catalytic decomposition of
N2H4-H,0 have been reported (/4—17). However, to the best of our knowledge,
there has been no report of CO; reduction with NoH4-H,O as an in-situ hydrogen
source.

Hydrothermal reaction, which the Earth has used in its fossil fuel formation
during the carbon cycle, is receiving increasing attention due to the unique inherent
properties of high temperature water (HTW) that include a fewer and weaker
hydrogen bonds, a high ion product (K,,) and a low dielectric constant (/8). Thus,
some reactions that hardly proceed at low temperatures can occur in HTW (79).
Recently, there is also an increasing interest in CO; reduction under hydrothermal
conditions. For example, our group and others have demonstrated the reduction of
CO; into value-added chemicals using metals as the reductant without expensive or
complex catalysts in HTW (20-23). We found in-situ hydrogen possesses higher
reactivity than gaseous hydrogen (20). Moreover, HTW facilitates CO; activation
and improve the reaction rate. Thus, there is a possibility for efficient reduction
of CO; into chemicals by using NoHs-H>O as a hydrogen source together with a
simple catalyst in HTW (Scheme 1).
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Scheme 1. Reduction of CO; into value-added chemicals.

Herein, we focused our attention on the use of hydrothermal reaction for
the hydrogenation of CO> into chemicals, such as formic acid, by employing
N2Hs-HyO as an in-situ liquid hydrogen source with a simple catalyst, such as Ni
powder.

Experimental
Materials

NaHCOj3; was used as a CO; source in order to simplify the experiments.
Furthermore, salts containing HCO3- are products formed by Carbon Capture
and Storage (CCS) technology. NaHCO3, NoHs-HyO (85%), and Ni (200 mesh)
were purchased from Sinopharm Chemical Reagent Co., Ltd. Formic acid (98%)
was ordered from Sigma-Aldrich. Gaseous Hz (>99.999%) was obtained from
Shanghai Poly-Gas Technology Co., Ltd. All reagents were used as test materials
without further purification. Formic acid and gaseous H> were employed for the
quantitative analysis of liquid and gaseous products, respectively.

Product Analyses

The HPLC analysis of liquid products was performed on Agilent 1260 serials
equipped with UV-vis detector. Two Shodex RSpak KC-811columnswere used
in series. The solvent was 2 mM HClO4 with a flow rate of 1.0 mL-min!. Liquid
samples also were analyzed by GC-MS on an Aglient7890AGC system equipped
with a 5975C inert MSD. The samples were separated by an HP-INNOWax
capillary column (diamension: 30 m x 250 pum x 0.25 pm) using helium as a
carrier gas. Gaseous samples were analyzed using HP-5890 Series II GC-TCD
system equipped with an HP-INNOWax packing column. Solid samples were
characterized by XRD on Shimadzu XRD-6100 equipment and XPS on ESCALab
250Xi.

Considering that the real product should be formate due to the alkalinity of
hydrazine solution, the formate yield, which was defined as the mole ratio of
carbon in formate to carbon in NaHCO3 (Scheme 2) and mean value of three times
experiments are adopted. The relative errors of these data are less than 5% and
standard deviations are less than 0.9.

€ in formate (mmol)

i 0, =
vield (%) = NaHCO, (mmol)

X 100%

Scheme 2. The definition of formate yield.
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General Procedure for the Synthesis of Formate from NaHCO3

All experiments were conducted in a batch reactor (3/8 in. diameter, | mm
wall thickness, and 120 mm length) made of SUS 316 alloys with an internal
volume of 5.7 mL. In a typical procedure, the 2235 pl water mixture of test
materials with 0.5 M NaHCOs3, 5 M NoHsHyO (85%, 900 pL), and 3.135 mmol
Ni were added into the reactor, and then the sealed reactor was put into the salt
bath that had been preheated to desired temperature. The salt bath can offer a
fast heat-up time of about 15 s from 20 °C to 300 °C. The reactor was shaken
horizontally in the salt bath until the desired reaction time was complete. After
the reaction, the reactor was taken out of the salt bath and put into a cold water
bath to quench the reaction (Figure 1). The reaction time was defined as the time
that the reactor was kept in the salt bath. Water filling was defined as the ratio of
the volume of the solution, including added N>H4-H,O and deionized water, to
the inner volume (5.7 mL) of the reactor. After cooling off, liquid sample was
collected and filtered with 0.45 um filter membrane. Solid sample washed with
deionized water and ethanol several times and dried in air for analysis.

x 120 mm S:a'agclok 3/8"cap
I L4 |
/
3/8"0.D tubing, thick 1 mm
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Motor,
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Figure 1. Schematic of batch reactor system.

Results and Discussion
Examination of the Possibility of NaHCO3 Reduction with N;Hy-H,O

Initially, to test the possibility of hydrogenation of NaHCO3 into chemicals
with NoHs-H,O, experiments with NoHs-H,O and NaHCOs3; were carried out at
300 °C. 300 °C was selected because our previous studies have shown that 300
°C was the optimal temperature for conversion of NaHCOs3 to chemicals (24,
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25). Analyses of the liquid samples with GC-MS and HPLC showed that the
major product was formic acid (Figure 2&3). No formation of formic acid was
observed in the absence of NoHy-H,O (Tablel, entry 1). These results showed
that NaHCO3 was selectively reduced into formic acid and that NoHs HyO acts
as the reductant. Considering that the real product should be formate due to the
alkalinity of NoHs-HoO, the formate yield, which was defined as the percentage of
formate to the initial amount of NaHCO3 based on carbon balance, was used to
assess NaHCOj reduction in this study. As shown in Table 1, a formate yield of
18% was obtained (entry 2).

Formic Acid

Acetic A{ti L

14 15 16 17 18 19 20]

Retention time (min)

Figure 2. GC-MS chromatogram of liquid products.

Formic Acid

n ) L L .
12 14 16 18 20 22 24

Retention time (min)

Figure 3. HPLC chromatogram of liquid products.

Although NaHCOs3 can be reduced into formate without the addition of a
catalyst, the formate yield was only 18%. To improve the yield of formate, some
metals were screened for active catalysts to enhance the yield of formate. As
shown in Table 1, among the metals chosed, only Ni promote the yield of formate
(entry 4). XRD analyses of the solid residues after the reactions showed that Ni
still existed in the zero-valence form of the metal (Figure 4), indicating that Ni acts
as a catalyst in the reduction of NaHCOj3 into formate with NoHs-HyO.
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Table 1. Yields of Formate from Reduction of NaHCQO; by N,H4-H,O with
Different Catalysts2

Entry Reducing agent Catalyst Yield (%) b
1 - - 0
2 NoH4-HO - 18
3 - Ni 1
4 N>H4 H,O Ni 23
5 N2Hs - H,O Cu 9
6 N>H4 - H,O Fe 13
7 N>H4-H,O Co 3
8 N>H4-H,O Al-Ni 4
9 N2H4 H,O WC 6

a Reaction conditions: 0.5 M NaHCO3; 2 M N>H4-H>O; 4 mmol Ni; 35% water filling; 120
min; 300 °C. b The formate yield is defined as the percentage of formate to initial NaHCO3
based on the carbon balance.

+ Ni

.

L

20 30 40 50 60 70 80
2Theta (deg) I

Figure 4. XRD patterns of solid products after the reaction (NaHCOj3: 0.5 M;
N>HyH>0: 2 M; Ni: 4 mmol; water filling: 35%, time: 120 min; temp.: 300 °C).

Effects of Reaction Conditions on the Yield of Formate

Subsequently, a series of experiments were conducted over a wide range
of conditions by varying the concentration of reactants, water filling, reaction
temperature and reaction time in order to study the reaction features and then
design the optimal synthetic conditions for a high yield of formate. The effect
of the Ni amount was studied firstly. As shown in Figure 5, the formate yield
increased to 27% with 2 mmol Ni. However, the formate yield decreased when the
amount of Ni further increased to 3 mmol. The reason of decrease in the formate
yield with over 2 mmol of Ni is most likely due to the conversion of formate into
CHy4, which was confirmed by the TCD analysis that CH4 was detected with 3
mmol of Ni. Ni plays an catalytic role in the hydrogenation reaction of NaHCO3
to formate and formate to CHa.
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Figure 5. Effect of the amount of Ni on the yields of formate (NaHCO3: 0.5 M;
N>HyH>O: 2M; water filling: 35%;, time: 120 min; temp.: 300 °C).
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Figure 6. Effects of water filling (a) and the amount of NoHyH>O (b) on the
yields of formate (time: 60 min; temp.: 300 °C.).

Generally, the pressure of the reaction reactor should have a strong effect on
the yield of formate. The influence of the pressure was investigated by changing
water filling in a batch reactor. As shown in Figure 6(a), the increase in the water
filling/pressure is favorable for NaHCOs3 reduction into formate, and the yield
of formate remarkably increased to 50% as the water filling increased to 60%.
A possible reason for the increase of formate yield with an increase of water
filling is that more hydrogen was dissolved in the water under a higher pressure,
which facilitates the reaction of H, with NaHCO3. Considering that the similar
yield of formate with 55% and 60% water filling, the following experiments were
conducted with 55% water filling. More NoHs-H>O should also be favorable
for NaHCO3 reduction but not for cost. Thus, to obtain an optimized amount
of NoH4-HO (or ratio of NoHs-H2O to NaHCO3), the effect of the amount of
N>H4-H,O was investigated with a fixed amount of NaHCOj3 (0.5 M). As shown
in Figure 6(b), the yield of formate increased greatly with an increase in the
concentration of NoH4-H>O, however, as the concentration of NoH4-H>O further
increased to 6 M, the formate yield remained stable.
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Figure 7. Effects of reaction time (a) and temperature (b) on the yields of formate
(N2HyH>O: 5 M; water filling: 55%).

Then, the effects of reaction time and temperature on the yield of formate
were further investigated at the optimal conditions obtained above. As shown in
Figure 7(a), the formate yield increased first and then decreased with prolonging
the reaction time, and the highest yield was obtained after 60 min. A possible
reason for the decrease in the formate yield with a longer time than 60 min is that
Ni can promote the methane formation through hydrogenation of formate, leading
to the decomposition of formate. For the effect of temperature, as shown in Figure
7(b), the formate yield drastically increased as the reaction temperature increased
from 250 to 300 °C and reached a maximum at 300 °C. The observed decrease
in the formate yield at temperatures above 300 °C could also be caused by the
decomposition of the formate.

The organic carbon in the liquid samples was also determined by TOC
analysis, and the amount of carbon in the formate was roughly equal to the total
carbon in the samples, which indicates that the product of the hydrogenation of
NaHCO3; was almost formate. The main by-product, acetic acid, is only 0.4%,
that is, the selectivity of the production of formate was approximately 99%.

Examination of the Stability of Ni and the Effect of Reactor Wall

The catalyst stability is key for application in practice. Thus, the stability of
Ni catalyst was examined in the experiments. As shown in Figure 8, although
a certain decrease in the yield of formate was observed in the 2nd cycle, further
obvious decrease was not observed, indicating that Ni can maintain the activity
after 2nd cycle. The specific surface area of the Ni powder was measured by BET,
which showed that the specific surface area of Ni decreased from 2290 m?/kg
before the reaction to 2196 m?/kg after the first time reaction. This phenomenon
may partly explain the decrease in the formate yield. Moreover, to assess the
leaching of the Ni and other main compositions (Fe, Mn) of the SUS316 reactor
wall, the ion concentration of Ni, as well as Fe and Mn in the solution after the
reactions were measured by ICP. Small amount of these ions was found in the
liquid sample with Ni at 2.126 ppm, Fe at 0.5366 ppm, and Mn at 0.1642 ppm,
respectively. This result indicates that the leaching concentration of these metals
was very low. To further investigate the possible catalytic activity of Fe or Mn
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from the reactor wall, control experiments were conducted without Fe or Mn and
with a 104-fold concentration of Fe or Mn ions as the values detected by ICP. The
results are comparable, indicating the effect of leaching Fe and Mn on the yield of
formate is negligible.

40| 7 7

Formate yield (%)

Original 1st 2nd 3rd
Recycling Times of Ni

Figure 8. Effect of reused Ni on the yields of formate (NaHCO3: 0.5 M;
N>HyH>0: 5 M; Ni: 3.135 mmol; water filling: 55%, time: 60 min; temp.: 300
°C).

Possible Mechanism of NaHCOQO3; Reduction into Formate with N;Hs-H,O

Generally, the decomposition of N,H4 takes place by two typical reaction
routes: NoHs— N3 (g) + 2H» (g) and 3N,Hs— 4NH3 + N (g), and the ways of
decomposition can be explained by Scheme 3.

Scheme 3. Decomposition ways of N2HyH>O.

To investigate the main route of NoHs decomposition in this study, reactions
with only NoHs-HO in the presence and absence of Ni were conducted. Analyses
of the gaseous samples with TCD showed that the amounts of both H, and total gas
were much higher in the presence of Ni compared to those in the absence of Ni.
These results indicate that Ni can improve the decomposition of NoHs to H, and N»
by N-H bond cleavage (Route 1), while avoiding the undesired decomposition of
N>H4 to ammonia (NH3) (Route 2). Similar results were reported in H, production
from NHy, in which Raney Ni and Ni-based bimetallic catalysts, such as Ni-Rh,
Ni-Ir and Ni-Pt, were used (/7). Obviously, in this study, a common Ni powder
can selectively decompose NoHs into Ha, most likely because HTW can activate
the Ni catalyst surface and make the H in NoHs4 more easily adsorbed onto the
Ni, followed by N-H bond cleavage and the formation of H,. The results also
illuminate the low yield of formate with metals except Ni in Table 1. These metals
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are favorable for decomposition of hydrous hydrazine to NH3 instead of H». Thus,
hydrogenation of NaHCO3 is difficult to proceed. On the other hand, some metals
like Cu and Co can promote the formate decomposition, leading to the decrease
of formate yield. Then, an experiment with NaHCO3 and ammonia (NH3-H,O)
was conducted to examine whether NaHCO3 can be reduced by ammonia. The
result showed that almost no formation of formate was observed, indicating that
the formation of formate should be contributed to the hydrogen from N>H4 rather
than NH3. Furthermore, an experiment without Ni at the optimum condition (300
°C, 55% water filling, 5 M N>H4-H,O) was conducted and the yield of formate
was 15%, which is much lower than that with 3.135 mmol Ni (49% yield). The
result indicated the catalytic role of Ni again. To study whether the surface of Ni
can be oxidised in HTW and then affect the catalyst activity of Ni, XPS of the
Ni before and after the reaction were measured. As shown in Figure 9(a), peak
1 at 852.6 eV, peak 2 at 853.58 eV and peak 3 at 855.38 are characteristic peaks
of metallic Ni 2p3p, Ni2+ 2p3,2 in NiO and Ni2+ 2ps;, in Ni(OH),, respectively.
Peaks 4, 5, 6, 7 and 8 are accompanying peaks. The results showed that a trace of
Ni(OH); and NiO on Ni surface before the reaction. XPS spectra of Ni after the
reaction was shown in Figure 9(b), peak 1 at 852.6 eV and peak 2 at 855.78 eV are
characteristic peaks of metallic Ni 2p3/» and Ni2t 2p3. in Ni(OH),, respectively.
Peaks 3, 4, 5, 6, 7 are accompanying peaks. The results showed that a trace of
Ni(OH), on Ni surface after the reaction. However, reactions with Ni(OH), or
NiO showed that the formate yield was much lower than that without Ni, only 8%
and 7% with Ni(OH), and NiO, respectively. These results suggest that Ni, rather
NiO or Ni(OH),, acts as a catalyst in the NaHCOj3 reduction with NoHs-H>O. This
phenomenon likely occurs because Ni2* is reduced into Ni (0) by NoHs-H,O, which
was supported by the fact that Ni (0) was observed in the reaction with NiO or
Ni(OH); in the presence of NoHs-H>O (Figure 10).
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Figure 9. XPS spectra of Ni 2p3. from Ni metal before (a) and after (b) the
reaction.
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Figure 10. XRD patterns of solid products after the reaction with Ni(OH) (a) or
NiO (b) (NaHCO3: 0.5 M; N2HyH>O: 5 M; Ni(OH)/NiO: 3.135 mmol; water
filling: 55%; time: 60 min; temp.: 300 °C.).

After understanding the catalytic activity of Ni for decomposing N>H4 into
Ha, next important question is whether the formed hydrogen reacts with CO; or
HCOs. To solve this question, reactions with gaseous CO; instead of NaHCO3
were conducted. As a result, the yield of formate was only 1%, indicating that
the hydrogenation can be considered to occur mainly with HCOs- rather than COa.
The low formic acid with CO; is most likely due to low dissolution of CO; in
water. Increasing the initial pH of the solution should lead to an increase in the
dissolved CO» in water. Our previous study (20). indicated the yield of formate
increased with the increase in the initial pH from 8 to 14. In this study, we have
not investigated the effect of pH on formate yield because hydrous hydrazine was
already strong base. Furthermore, to explore the difference between the activity of
the in-situ hydrogen from N>H4-H>O and gaseous hydrogen, an experiment with
gaseous hydrogen as the hydrogen source instead of NoHs-HO was conducted.
Only 2% yield of formate was obtained. Although further evidence is needed,
present results suggests in-situ hydrogen formed from N>H4+-H,O may act as a
higher activity than the gaseous hydrogen in NaHCO3 reduction into formic acid.

Based on the above results, a possible mechanism was proposed as shown
in Scheme 4. First, the H proton of NoHs-H,O is adsorbed onto the Ni surface
and the N>H4-H,O prefers the cleavage of the N-H bond, leading to H, formation.
Subsequently, the in-situ generated H» is also adsorbed onto the Ni surface and is
activated by Ni. Furthermore, the active H attacks the carbon of C=0, followed
by the hydroxyl group of HCOj- leaving. Finally, formate was obtained together
with H>O, which was formed by the combination of another active H of H> and
leaving hydroxyl group of HCOs3-.
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Scheme 4. Proposed mechanism of reduction of HCOs into formate with
N>H4H>0 over Ni.

Conclusions

A novel efficient method for selective reduction of NaHCO3 into formate by
using NoHs-H,O over a common Ni powder in HTW was proposed. Nearly 99%
selectivity and approximately 50% yield of formate were achieved. The results
indicates NoH4-HO is an excellent in-situ hydrogen source for CO; reduction.
High catalytic activity of common Ni powder may involve in the unique properties
of HTW because this reaction hardly proceed at low temperatures. This approach
provides a facile method for reduction of CO; into value-added chemicals.
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Chapter 11

RuBisCO-Inspired Biomimetic Approaches to
Reversible CO; Capture from Air

Metal Dependence of the H,O/CO; Replacement Penalty

Rainer Glaser*

Department of Chemistry, University of Missouri,
Columbia, Missouri 65211, and
Institute of Chemistry, Chinese Academy of Sciences,
Beijing 100190, China
“E-mail: glaserr@missouri.edu

The highly endergonic exchange of a Mg2*-coordinated H,O
by CO; is an essential feature of rubisco thermochemistry
because this HyO/CO; replacement penalty ensures the overall
reversibility of the CO» capture reaction. While the active site
of rubisco employs Mg2* catalysis, rubisco-inspired biomimetic
approaches to CO; capture from air may involve alternatives
to Mgzt. To guide the search for alternatives, we studied the
metal dependence of the H,O/CO; exchange reaction CO> +
H,O-ML; s OCO-ML, + HyO for M2+ = Mg2t, Ca?*, Zn2*
(closed-shell, class 1) and M2+ = Cu2t, Ni2*, Co?*, and Fe2*
(open-shell, class 2) at the MP2(full)/6-31G* level. The results
suggest that Ca2+, Zn2*, Cu2+, and Co?* are excellent candidates
as magnesium alternatives.
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Introduction

CO; scrubbing involves the capture of CO, from air by a substrate, the
release of CO; from the substrate and its collection, and the long-term CO;
sequestration. Global Research Technologies (GRT) first demonstrated CO>
capture from air with the ACCESS™ system in 2007 (/), CO capture from the
air is the pertinent tool to address CO; emissions from distributed sources (2, 3),
and, most importantly, CO, capture from the air is the method of last resort to
combat excessive atmospheric CO; concentrations (4, 5). CO; scrubbing relies on
chemical systems for reversible CO; capture and usually involve carbamic acid
formation; i.e., CO; reaction with amines (6—8), polyamine-based solid adsorbents
(9), alkylamine-appended metalorganic framework (/0—12), or diamine-appended
metal-organic frameworks (/3). Alternatives to amine-based capture systems
also have been explored and these include, for example, polyethylene glycol
promoted CO; chemistry (/4). The success of any CO, capture system relies
on the thermochemistry and the kinetics of the CO, capture reaction. The
thermochemistry of the CO» capture reaction must ensure the effective capture as
well as the possibility for the subsequent CO» release. The kinetics of the CO»
capture reaction must be such that both the capture and the release of CO; are not
hindered too much by their activation barriers. Biomimetic CO> capture systems
are of special interest because they hold promise to meet both the thermodynamic
and the kinetic requirements for reversible CO; capture. For example, bio-CO;
capture in carbonic anhydrase II from Chlorella vulgaris has been characterized
(15). It is our goal to develop rubisco-based biomimetic systems for reversible
CO; capture from air and the general strategy has been described (/6). Our
designs of the chemical CO; capture and release systems (CCR) are informed by
the understanding of the binding of the activator CO, (ACQO>) in rubisco.

Rubisco (ribulose 1,5-bisphosphate carboxylase/oxygenase, RuBisCO)
catalyzes the addition of CO; and water to RuBP (d-ribulose 1,5-bisphosphate) in
the photosynthetic carbon assimilation via the Calvin-Bassham-Benson cycle and
results in two molecules of 3-PGA (3-phospho-d-glycerate) and 0.5 Oy (17-19).
The carboxylation reaction competes with photorespiration, that is, the fixing
of molecular O; by its addition to RuBP to form one equivalent of 3-PGA and
one equivalent of phosphoglycolate. Nearly all carbohydrate production in the
biosphere depends on rubisco catalysis and rubisco is the most abundant protein
on Earth. Many photosynthetic organisms contain form I rubisco (20) which is
comprised of eight large (L) and eight small (S) subunits and the crystal structure
of Spinacia oleracea (21, 22) provided an early example of a hexa-decameric
rubisco (23). Form II rubisco lacks small subunits, generally occurs as L, and is
exemplified by the bacterial rubisco of Rhodospirillum rubrum (24). We focus
on form I rubisco and this form also occurs in algae including the green algae
Chlamydomonas reinhardtii (25) and the red algae Galdieria sulphuraria (26).
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Scheme 1. Activation of RuBisCO by N-carbamic acid formation with 4CO;.
Residue numbers refer to the structures of activated RuBisCO in Spinacia
oleracea (21, 22) and Rhodospirillum rubrum ( (24), data in parentheses).

Hartmann and Harpel (27) and Lorimer et al. (28) discussed the mechanism
of rubisco catalysis. To exhibit both the carboxylase and oxygenase activities,
rubisco must be activated by carbamylation of active-site lysine (Lys) with an
activator CO2 (ACO,). The carbamate formed is stabilized both by complexation
to Mg2* and by NH:--OChydrogen-bonding (Scheme 1). Rubisco activase (29)
causes the release of RuBP from unactivated rubisco so that the carbamylation
of the lysine by ACO» can occur. Theoretical studies of the carboxylation and
oxygenation reactions of a model system (CH;COCH,OH in place of RuBP; Mg2*
coordinated by two formate anions as models for Asp203 and Glu204; HoN-COy-
as carbamate model of Lys201) have been reported (30, 31).

COs(g) + MLy(g) S [CO,'ML1(g)  (R7)
H,0(g) + ML,(g) S [H,0-ML;](g) (R9)
COy(g) + [H,0-ML;](g) S [CO,-ML,)J(g) + HO(g) (R10=R7-R9)

In the context of our studies of heterocumulenes (32—34) and of nucleophilic
additions to heterocumulenes (35-37), we recently analyzed the thermochemistry
of a rubisco-based small molecule model of the formation of N-methylcarbamic
acid (NMCA) by addition of methylamine (CH3NH>) to CO; considering substrate
and product stabilization by an active-side carbonyl model and complexation by a
model metal complex ML, (/6). The model system is described by 14 reactions,
the reactions R1 - R14 will be reviewed below, and the thermochemistry was
determined at the B3LYP/6-31G* level for the natural case of magnesium M2*
= Mg?2*. Importantly, the complexation of CO> to the metal cation M2+ requires
the replacement a water molecule and our analysis showed that this HyO/CO»
replacement is an essential feature of rubisco thermochemistry. The exchange
of a ligand water by a CO; molecule (reaction R10) is highly endergonic with
AG93(R10) = 15.7 keal/mol (16, 38), and this H;O/CO; replacement penalty
is required to lower the overall exergonicity of the CO, capture reaction and
to allow overall reversibility. While rubisco employs Mg2* catalysis, one may
consider other metals in rubisco-inspired biomimetic approaches to CO; capture.
As a first step in that direction, we studied the metal dependence of the H,O/CO»
replacement penalty for the metal cations M2+ = Mg2*, Ca2*, Zn2*, Cu2*, Ni2*,
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Co?*, and Fe2". Here we report on the geometries of the metal formates ML, and
their electronic structures, on the conformations of the HoO-ML, and OCO-MIL,
adducts, and on the thermochemistry of reactions R7, R9 and R10.

The present study employs second-order Maller-Plesset perturbation theory
(MP2) at the MP2(full)/6-31G* level while the earlier work employed density
functional theory (DFT) at the B3LYP/6-31G* level (/6). Technical aspects
of the MP2 computations and especially of the 6-31G* basis sets for the
metals will be described below, and here we want to briefly address the major
conceptual difference between the approaches. In Hartree-Fock self-consistent
field (HF-SCF) theory, each orbital is optimized considering the average electron
density of all the other electrons until the iterative process reaches self-consistency.
Post-HF electronic structure theory deals with the fact that electrons actually move
in ways to avoid each other as much as possible to minimize electron-electron
repulsion, that is, the motion of each electron is correlated with the motions
of all the other electrons (rather than each electron moving in the field of the
average electron density of the other electrons). In post-HF theories, it is
common to distinguish between dynamical and non-dynamical (or static) electron
correlations. The dynamical correlations of the electrons’ motions minimize
electron-electron repulsion and especially improve the motions (i.e., the orbitals)
of opposite spin electrons. Static correlations become important when only a
small gap separates low-lying excited states from the electronic ground state.
In such cases one electron configuration may not suffice to describe the wave
function. The common DFT approach accounts only for short-range dynamical
correlations and neglects static correlations. However, dispersion interactions
require long-range dynamical correlations and van der Waals interactions (a.k.a.,
London interactions or dispersion interactions) are known to affect the accuracy of
the reaction thermochemistry of larger systems. To capture dispersion interactions
one can perform DFT calculations with empirical London dispersion corrections
((39), DFT-D methods) or one may employ correlation interaction (CI) methods.
The CI methods are advantageous because they do not only account for dispersion
but also for static electron correlations. Meller-Plesset perturbation theory
(MPPT) is a powerful approxi-mation to CI theory and methods development
has especially focused on second-order Mgller-Plesset perturbation theory (MP2,
(40)). With a view to the incor-poration of dispersion interactions, one may
employ DFT-D or MP2 methods. We chose to employ the MP2 method in the
present study because this method also accounts for non-dynamical correlations
and this type of electron correlation becomes important in situations with
low-lying empty orbitals (i.e., metal d-orbitals) and weak dative bond formation.

Small Molecule RuBisCO Model

Reaction R1 is the formation of N-methylcarbamic acid (NMCA,
H3C—NH—CO—OH) by addition of methylamine to CO> in the gas phase (g).
Three effects of the environment need to be considered in the active site of rubisco
(Scheme 1) and these are (A) the stabilization of the product by hydrogen-bonding
between NMCA and a model carbonyl compound, (B) the complexation of
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NMCA by a model metal complex ML,, and (C) the forced replacement of
ligand water by CO; at the metal center. We describe the thermochemistry of
small molecule model systems {CO2, RNH2, (A/K), MgL,} by a system of 14
reactions, R1 - R14, and the case for magnesium (M2+ = Mg2*) has been analyzed
(16).

CO,(g) + CH3NHy(g) S NMCA (R1)

Reaction R2 describes the association of NMCA with a model carbonyl
compound (aldehyde A or ketone K) to the aggregate NMCA-(A/K). The
presence of the carbonyl compound also may stabilize the amine substrate
prior to the addition reaction in the aggregate CH3NH; (A/K) as described by
reaction R3. The combined effects of substrate and product stabilization by
the carbonyl compound are reflected in reaction R4, the addition of CO, to a
carbonyl-aggregated methylamine to form carbonyl-aggregated NMCA. The
thermo-chemistry of reaction R4 is a function of reactions R1 - R3: R4 =RI1 +
R2 - R3.

NMCA(g) + (A/K)(g) S [NMCA-(A/K)1(g)  (R2)
CH3;NH,(g) + (A/K)(g) S [CH3NH, (A/K)I(g)  (R3)
[CH;NH,(A/K)](g) + COx(g) S [NMCA-(A/K)](g) (R4)

The model metal complex is neutral ML, where L is a singly charged anion,
and here we use metal(Il) formate (L = HCO2"). Reaction R5 describes the
association of NMCA with the formate ML, to form the complex NMCA-MgL,.
The metal formate will not only stabilize the addition product NMCA, but
it also has the potential to stabilize the CO, substrate prior to its addition
reaction. Reaction R7 describes the association of the CO, with MgL, to
form the pre-reaction substrate aggregate OCO-ML,. The combined effects of
CO; substrate stabilization and of NMCA product stabilization by the model
metal complex are reflected in reaction RS8, the addition of methylamine to
an MZ*-complexed CO; molecule to form the M2*-complexed NMCA. The
thermochemistry of reaction R8 depends on reactions R1, RS, and R7: R8 =R1 +
R5 - R7 and with R6 = R1 + R5 one obtains R8 = R6 - R7.

NMCA(g) +tML,(g) S [NMCA-ML|(g) (RS)

COx(g) + CH3NH,(g) + MLy (g) S [NMCA-MLJ(g) (RO)]
COy(g) + MLy(g) S [COyMLyJ(g) (RT)

[CO,"ML,](g) + CH;NH,(g) S [NMCA-ML,](g) (R8)

Prior to the addition reaction, the substrates methylamine and CO; and their
future binding sites, the model carbonyl compound and the model metal complex,
all will be interacting with their respective environments as best as possible. We
have shown that the interactions of one water molecule with CH3NH3, a carbonyl,
or CO; all are relatively weak whereas the complexation of ML, by water (reaction
R9) stands out dramatically for M2+ = Mg2+ (16).

H,0O(g) + MLy(g) = [H,O-ML,]J(g) (R9)
COx(g) + [H,0-ML,](g) & [CO,"MLy)I(g) + HO(g) (R10)
[H,O0-ML,](g) + COx(g) + CH3NHx(g) S [NMCA-ML,](g) + H,O(g) (R11)
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The association of one water molecule with magnesium formate, reaction
RY, is highly exothermic (AH298(R9) = -20.7 kcal/mol) and the reaction also is
significantly exergonic (AG293(R9) = -12.0 kcal/mol) at the B3LYP/6-31G* level
(16). On the other hand, CO; binding is weak and, hence, the exchange of a
ligand water by a CO; molecule, reaction R10 (R10 = R7 - R9) is significantly
endothermic with AH93(R10) = 16.4 kcal/mol and endergonic with AG29g(R10) =
15.7 kcal/mol (38) at the B3LYP/6-31G* level (16). Therefore, a reasonable model
of the M2*-catalyzed NMCA formation must consider the forced replacement of
ligand water by CO,. Accounting for reaction R10 converts reaction R8 to reaction
RI11: R11 =R8 + RI10.

[NMCA-ML,](g) + (A/K)(g) S [(A/K)NMCA-ML,](g) (R12)
[H20-ML;](g) + COx(g) + CH3NH,(g) + (A/K)(g) S [(A/K)-NMCA-ML,](g) +
H,0(g) (R13)

[H20-ML,](g) + COx(g) + [CH3NH, (A/K)I(g) S [(A/K) NMCA-ML,](g) +
H,0(g) (R14)

The combined effects of the product stabilization by effects (A) - (C) can
now be considered. The model systems (A/K)-'NMCA-MIL; is constructed
by addition a carbonyl (aldehyde or ketone) to the appropriate metal formate
complexes NMCA-ML, (reaction R12). Combination of R11 and R12 results
in reaction R13 (R13 = R11 + R12), and considering the aggregation between
the substrate methylamine and the carbonyl model (reaction R3) one obtains
reaction R14; R14 = R13 - R3 = R11 + R12 - R3. Reaction R14 models the
capture of CO; and the addition of the M2*-complexed CO; to a pre-positioned,
carbonyl-aggregated methylamine CH3NH,'(A/K) to form the M2*-complexed
and carbonyl-aggregated NMCA, (A/K)-NMCA-ML.

Computational Methods
Theoretical Level and Potential Energy Surface Analysis.

Computations were performed at the MP2(full)/6-31G* level of ab initio
quantum theory, that is, second-order Meoller-Plesset perturbation theory (4/—43)
was employed with the inclusion of all electrons in the active space. Structures
were optimized completely using redundant internal coordinates (44) and
vibrational frequencies were computed analytically for stationary structures to
determine the thermochemical properties.

Solvation influences the electronic energy of molecular systems because of
the mutual polarizations between solute and solvent and solvation also manifests
itself in the molecular thermochemistry. One can consider solvation effects
in several ways and these include the explicit inclusion of solvent molecules
in the model system, the application of continuum solvation models (45), or a
combination of both approaches (46). Within each approach one may select
various levels of sophistication beginning with the computation of solvation
corrections to the energies of gas-phase structures, via the optimization of
structures within the solvation model, and on to the determination of optimized
structures and their thermochemical properties with the solvation model. In the
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present study, we consider the two most important solvent effects. First, we are
studying the metal dependence of the HoO/CO; replacement penalty with explicit
consideration of the water molecule which is replaced by CO; as ligand of the
ML, complex. Second, we are accounting for the fact that translational entropies
in solution are much smaller than the value computed for free or solvated
molecules in the gas phase (vide infra). This approach will provide meaningful
results about the metal dependence of the H>O/CO, replacement penalty and
further refinements may include additional corrections for bulk solvation.

Basis Sets

In Pople’s nomenclature, the 6-31G* basis set describes the atomic orbitals
(AOs) of H, C, and O in the usual fashion (47). Hydrogen atoms are described by
a “31G” basis set, that is, by two s-type basis functions which are comprised of 3
or 1 primitive Gaussian functions, respectively. The so-called first-row atoms C
and O are described by the 6-31G* basis set, that is, the core 1s AO is described by
one basis function comprised of 6 primitive Gaussian functions (“6G” part for the
core), and each of the 2s and 2p valence AOs is described by two basis functions
comprised of 3 and 1 primitive Gaussian functions, respectively. The Pople basis
sets are particularly efficient because s- and p-basis functions in the same sp-shell
use primitives with the same exponents. The star in the notation indicates that one
set of d-type polarization functions was added to the basis sets of C and O atoms.
These polarization functions allow the p-orbitals to deviate from perfect rotational
symmetry to better account for polarization in the molecule.

The 6-31G* basis set for magnesium (48) really is a 66-31G* basis set: the
s core-AO is described by one s-type basis function, and each one of the 2s
and 2p core-AOs, respectively, is described by one s- or p-type basis function,
respectively, and all of them are comprised of 6 primitive Gaussian functions. The
electrons in the valence shell of magnesium (3s, 3p) are described with a split
sp-shell and a set of d-functions is added to allow for polarization (0.175).

In analogy, the 6-31G* basis set for calcium (48) really is a 666-31G* basis
set: Three core shells (s, sp, sp), a split-valence 31G description of the 4s and 4p
atomic orbitals, and one set of d-type polarization functions (0.216).

The 6-31G* basis sets for the transition metals (48) build on the 666-31G
basis set of calcium: Three core shells (s, sp, sp; 6G) and a split-valence 31G
description of the 4s and 4p AOs. However, the 3d orbitals now are part of the
valence shell and they are described by a 31G basis set, that is, with two sets of
d-type basis functions. These d-type basis functions also help to polarize the 4s
and 4p orbitals. In addition, one set of f-type polarization functions is added to
allow for more flexibility of the d-orbitals (f-exponents, Zn — Fe: 0.8).

The calculations employed sets of 6 Cartesian d-type orbitals (6D) which were
later combined to sets of 5 spherical d-orbitals and one additional s-type basis
function. Sets of seven pure f-functions were used throughout (7F).
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Molecular Entropies

While molecular entropies for vibrational and rotational motions in solution
can be approximated well by gas phase computations (49), the translational
entropy is greatly reduced in solution relative to the value computed for the free
molecules in the gas phase (50—52). Wertz (53) derived an equation that relates
the entropy of solvation ASs to the gas-phase entropy Sgas at 25 °C and 1 atm
via ASsol = -0.46-(ASgas - 14.3). We employ the Wertz equation to compute the
translational molecular entropy in solution via Sy,w = Strgas + Strsol = 0.54-Sy +
6.578, and we then use the corrected molecular entropy Sw = Svib,gas + Srot,gas
+ Su,w = Sgas + Susol instead of the directly computed molecular entropy S to
compute free enthalpies.

Total Energies and Thermochemistry

The most pertinent results of the potential energy surface analysis at the
MP2(full)/6-31G* level are summarized in Table 1 and the data include total
energies E(MP2(full)/6-31G*), vibrational zero-point energies (ZPE) and thermal
energies (TE), and molecular entropies (S). The molecular entropy includes
contributions from vibrational, rotational and translational motions, S = Syib + Srot
+ St. The computed molecular transla-tional entropy (St) also is listed together
with a corrected total molecular entropy (Sw) which accounts for the reduced
translational entropy in solution.

Table 1. Total Energies and Thermochemical Data

Molecule E(MP2)a ZPE? TE« Sd Sie Sl
HO -76.19924 13.5 15.3 45.1 34.6 35.8
CO2 -188.11836 7.3 8.9 51.2 373 40.6

Diformate, ML,

Mg?, tetra -577.15278 30.8 355 86.5 40.1 74.7
Ca?", tetra -1054.28288 29.9 35.0 92.5 40.5 80.4
Zn2*, tetra -2155.28461 30.7 35.4 87.5 41.0 75.2
Cu?t, square -2016.45207 30.9 355 87.5 41.0 75.2
Ni2*, square -1884.35764 31.7 359 81.9 40.9 69.7
Co?*, square -1758.90937 317 359 83.4 40.9 71.1
Fe2*, square -1639.88556 30.8 355 86.8 40.9 74.6

Hydrate, L;M-OH,

Mg?*, tbpy-HB2ax -653.39401 46.3 52.9 101.5  40.6 89.5
Ca?", tbpy-HB1ax -1130.52277 454 52.4 107.3 409 95.1

Zn?*, tbpy-HB2ax -2231.52231 46.3 52.9 101.8 413 89.3
Continued on next page.
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Table 1. (Continued). Total Energies and Thermochemical Data

Molecule E(MP2)« ZPEb TE< Sd Su¢ N4
Cu?*, spy-HB2a -2092.68542 46.6 53.0 101.3 413 88.8
Ni2*, spy-HB2a -1960.57769 47.0 532 96.9 41.2 84.5
Co?*, spy-HB2a -1835.14561 47.1 53.3 97.8 41.6 85.4
Fe2+, spy-HB2a -1716.16992 47.7 53.6 937 41.2 81.3
Cu?*, spy-HB2b -2092.68428 46.1 52.8 104.6 41.3 92.1
Ni2*, spy-HB2b -1960.57747 46.4 53.0 102.7 412 90.3
Co?*, spy-HB2b -1835.14594 46.9 53.8 98.7 41.6 86.3
Fe2*, spy-HB2b -1716.17001 47.6 53.5 94.6 41.2 82.2

C0>-Agg, L;M-0CO

Mg, thpy-INAlax  -765.28614 387 459 1100 411 977
Ca?*, tbpy-INAlax ~ -1242.41900  37.8 454 1168 414 1043
Zn?t, tbpy-INAlax ~ -2343.41681 385 458 1126 418 999

Cu?, spy-INA2 -2204.58715 38.8 45.9 112.7 41.7 100.1
NiZ*, spy-INA2 -2072.48821 39.5 46.3 107.1 41.7 94.6
Co?, spy-INA1 -1947.04467 39.1 46.0 110.4 41.7 97.9
Fe?, spy-INA2, s -1828.06284 39.6 46.2 103.8 41.6 91.2
Fe2t, spy-INA2, 1 -1828.03511 394 46.3 109.4 41.6 96.9

a Total energy E(MP2(full)/6-31G*), in atomic units. ¢ Vibrational zero-point energy
(ZPE) in kcal/mol. ¢ Thermal energy (TE) in kcal/mol. ¢ Molecular entropy (S) in
cal/(K-mol). ¢ Molecular translational entropy (Si) in cal/(K-mol) as computed. / Total
molecular entropy (Sw) in cal/(K-mol) based on reduced translational entropy.

Computations were performed with Gaussian09 (54) on various platforms
including the Lewis cluster system of the University of Missouri Bioinformatics
Consortium (535).

Molecular Structures

The structures naturally fall into two classes (Scheme 2). The formates of
magnesium, calcium, and zinc feature quasi-tetrahedral coordination (qt) of the
metal ion (closed-shell systems), and they are clearly distinct from the (nearly)
square planar (spl) coordination modes of the formates of copper, nickel, cobalt
and iron (unfilled d-shells). The H,O and CO; adducts of the formates ML, reflect
the structural distinctions of the formates and also fall into two classes.

The optimized structures of the formates ML, of M = Mg, Ca, and Zn are
shown in the left column of Figure 1, and the structures of the formates of M = Cu,
Ni, Co and Fe are shown in Figure 2. The structures of their D-ML, complexes
of the closed-shell systems are included in Figure 1 and the others are shown in
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Figures 3 - 5. Major structural parameters are given in the captions of Figures 1
and 2 for the formates, in Table 2 for the hydrates, and in Table 3 for the CO>
complexes. Complete Cartesian coordinates of all stationary structures can be
obtained via email from the author.

\“‘M:’.' Mp : M;
o i Py -; b
\_,/ "»),;.';",
C T
H H
nearly square-planar

g
S

Oaq He.._

tbpy-HB2ax tbpy-HBlax spy-HB2a  spy-HB2b
i i
o=l i
”“\‘\‘\:C /,."0 );‘\_\;c /,.'b
H H
tbpy-INAlax spy-INA2 spy-INA1

Scheme 2. Geometries of the formates ML (top) and of their complexes H>O-ML>
(center) and OCO-ML; (bottom). The formates of the closed-shell systems with

M = Mg, Ca, and Zn (class 1) feature quasi-tetrahedral structures (qt) while the

formates of the open-shell systems with M = Cu, Ni, Co, and Fe (class 2) feature
square-pyramidal structures (spy). The D-ML, complexes of the closed-shell
systems adopt trigonal-bipyramidal structures (tbpy) while the complexes of the
open-shell systems prefer square-pyramidal structures (spy). Conformational

aspects are discussed in the text.

The distances d(M: - -O)between M2* and a ligand O atom in the formates ML,
(Figures 1 and 2) roughly parallel M2 ion sizes (56); M2+ = Mg2* (86 pm), CaZ*
(114 pm), Zn2+ (88 pm), Cu2* (87 pm), Ni2* (83 pm), Co?" (79 pm), and Fe2* (75
pm). The Ca?* ion is much larger than Mg2*, Zn2* ion is the best match for Mg+,
and the ions in class 2 allow for a systematic decrease in M2* size.
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The additional coordination of one donor ligand D to a tetrahedral formate
results in trigonal bipyramidal structures (tbpy) in which one formate O-atom
of each ligand occupies an axial position (O.x) while the second O-atom of
each formate occupies an equatorial position (Oeq). The additional ligand D
occupies an equatorial position. The addition of donor ligand D to a (nearly)
square-planar formate results in (nearly) square-pyramidal structures (spy) in
which the additional ligand occupies the unique axial position. These main
structural motives are further distinguished depending on the orientation of the
ligand D.

Table 2. Major Structural Parameters of Hydrates H,O-ML,2d

Mol. d(M...0) BOCO)  d(M...D) Other
MgL, 2.098 & 2.063 122.2 2.064 D(0u-M-D) 89.11
d(H...Ou) 2.862
Cal, 2.446 & 2.384 124.3 2.403 D(0:x-M-D) 67.53
2.396 & 2.382 124.5 d(H...Ou) 2.065
ZnL, 2.113 & 1.999 121.8 2.055 D(0.x-M-D) 85.63
d(H...04) 2.699
CuL, 1.970 & 2.016 120.3 2.182 D(0-M-D) 84.77
HB2a d(H...0) 2.470
CuL, 1.986 & 2.002 120.5 2.169 D(0-M-D) 91.61
HB2b 1.984 & 1.972 120.3 d(H...0) 2.836, 3.159
NiL, 1.908 & 1.879 118.1 2.396 D(0-M-D) 80.66
HB2a d(H...0) 2.396
NiL, 1.893 & 1.895 1183 2.325 D(0-M-D) 94.95
HB2b 1.884 & 1.885 118.1 d(H...0) 3.229, 3.045
CoL, 1.961 & 1.943 119.1 2.149 D(O-M-D) 86.45
HB2a d(H...0) 2.502
CoL, 1.954 & 1.955 119.3 2.133 D(0-M-D) 92.67
HB2b 1.939 & 1.941 119.1 d(H...0) 2.872, 2.855
FeL, 1.995 & 1.983 119.5 1.971 D(0-M-D) 87.36
HB2a d(H...0) 2.411
FeL, 1.992 & 1.994 119.7 1.969 D(0-M-D) 91.42
HB2b 1.974 & 1.976 119.5 d(H...0) 2.663, 2.672

a d(M:---O)and B(OCO) values in one row refer to the same formate. ¢ Class 1 systems:
In each row, the d(M---O)values refer to Oax and Oeq, respectively. Data for the formate
more engaged in HB are listed first. HB contacts refer to the closer Oa. < Class 2, HB2a
systems: The first d(M:--O)value as well as the B(0O-M-D) and d(H---O) values refer to the
formate-O with the HB contact. 4 Class 2, HB2b systems: d(M---O)and B(OCO) values
in the first row refer to the formate more engaged in HB contacts. The B(O-M-D) value
and the first d(H--O) value refer to the formate-O with the best HB contact.
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Table 3. Major Structural Parameters of CO,-Aggregates OCO-ML,2-d

Mol. d(M--0) B0CO)  d(M-D) Other
MgL, 2.101 & 2.055 121.9 2.210 D(M-0-C) 124.35
2.068 & 2.048 121.9 D(0-M-0-C) -2.03
d(INA) 2.830
Cal, 2.405 & 2.383 124.2 2.551 D(M-0-C) 125.53
2.374 & 2.372 124.3 D(0-M-0-C) 1.08
d(INA) 2.826
ZnL, 2.073 & 2.014 121.1 2.234 D(M-0-C) 125.82
2.043 & 2.009 121.2 DP(0-M-0-C) 0.36
d(INA) 2.808
CuL, 1.975 & 1.963 119.9 2319 D(M-0-C) 113.84

D(0+M-0) 85.86
d(INA) 3.110

NiL, 1.880 & 1.875 117.7 2.527 D(M-0-C) 103.56
D(0r-M-0) 82.91
d(INA) 2.991

CoL, 1.966 & 1.961 119.2 2.236 D(M-0-C) 115.11
1.957 & 1.958 119.2 D(0+-M-0) 86.93

d(INA) 3.010 & 3.238
FeL, 1.973 & 1.977 119.2 2.027 D(M-0-C) 114.78
short D(0+M-0) 89.91

d(INA) 3.002

FeL, 1.911 & 1.909 117.9 2.745 D(M-0-C) 106.42
long D(0+M-0) 78.16

d(INA) 3.110

@ For all CO;, aggregates: d(M---O)and D(OCO) values in one row refer to the same
formate. ©In the absence of Cs-symmetry, data in the first row refer to the formate closer to
CO,.  <B(M-0O-C) is the angle between the (M- -D)dative bond and OCO. 4 P(0+M-0)
is the angle between and CO»-O and the (M- --Q) dative bond of the formate-O involved in
INA. <¢d(INA) is the distance between the CO,-C and the closest formate-O.

In the hydrate complexes (D = OH») of class 1 systems (Figure 1, center
column), there exists the possibility for hydrogen bonding between the ligand
water and one or two proximate formate O-atoms (Scheme 2). In the H,O-Cal,
complex, the ligand water is placed to optimized one H-bond to one axial formate-
O (HB1ax) with a short contact of 2.065 A, while the HyO-ML, complexes with
M = Mg, Zn feature two equivalent HB-contacts to the two axial formate-O atoms
(HB2ax) which are much longer (> 2.65 A).

In the carbon dioxide complexes (D = OCO) of class 1 systems (Figure 1,
right column), there exists the possibility for incipient nucleophilic attack (INA)
interaction (57, 58) between the electrophilic C-atom and one or two proximate
formate O-atoms. In the OCO-ML, complexes with M = Mg, Ca, Zn, the ligand
CO is placed to optimize one INA to one axial formate-O (tbpy-INAlax) and
allows the proximate nucleophilic formate-O to approach the electrophilic CO,-
carbon to a distance of d(INA) = 2.80 - 2.83 A (Table 3).
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Figure 1. Optimized structures of the metal formates ML, (left) and of complexes
D-ML; formed with water (center) and CO; (right) with M?+ = Mg?*, Ca?*, and
Zn?*. Structural parameters d(M---0) and D(OCO) of formates ML;: Mg?*:
2.044 A, 121.8°; Ca’+: 2.366 A, 124.2°; and Zn?+: 2.007 A4, 120.9°.

In the hydrate complexes (D = OH>) of the open-shell systems in class 2, the
water molecule can be oriented in such a way that water forms one HB contact with
each ligand (HB2a) and such structures correspond to minima for every formate
of this type (Figure 3). Alternatively, the ligand water can be oriented to engage
preferentially with one of the ligand (HB2b) and such structures also correspond to
minima for every formate (Figure 4). The HB2b structures allow for a somewhat
closer approach of water to the metal center. Irrespective of the specific type of HB
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contact, the d(M---O)distances are markedly longer for the class 2 ions than for the
closed-shell systems. Note especially that the d(M---O)distance in the H>O-NiL,
complex is almost as long as that in HO-CalL,.

Ni*

J

Figure 2. Optimized structures of the metal formates ML of the open-shell
systems with M2+ = Cu?*, Ni2+, Co?*, and Fe?*. Structural parameters d(M-+-O)
and BD(OCO) of formates MLy: Cu?*: 1.959 A 119.6° Ni2+: 1.871 A, 117.4°;
Co®t: 1.895 A, 117.8°; and Fe*: 1.943 4, 118.8°.
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Figure 3. Optimized structures of the hydrate complexes D-ML; of the open-shell
systems with M2+ = Cu?*, Ni?*, Co?*, and Fe’*. HB2a complexes are viewed
down the H,O--M bonding line (top row) and from the side (second row).
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Figure 4. Optimized structures of the hydrate complexes D-ML; of the open-shell

systems with M2+ = Cu?*, Ni2*, Co?*, and Fe?*. HB2b complexes are viewed
down the H;O--M bonding line (top row) and from the side (second row).
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Figure 5. Optimized structures of the CO; complexes D-ML; of the open-shell

systems with M2+ = Cu?*, Ni2*, Co?*, and Fe?*. The complexes are viewed down

the OCO--M bonding line (top row) and from the side (second row).
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In the class 2 systems, the OCO-ML, complexes (Figure 5) with M = Cu, Ni,
and Fe feature double INA involving one O-atom of each formate (spy-INA2),
while the OCO-CoL, complex prefers a structure with one stronger INA contact
(spy-INA1). The contacts d(INA) =~ 3.0 - 3.1 A are slightly longer than for class
1 ions (Table 4).

The geometries indicate that H>O is a much better donor compared to CO,
and this is true for all metal ions. The d(M:--O)distances are about 0.16£0.02 A
shorter for HO-ML, than for OCO-ML, for the class 1 metal ions and the same
is true for Cu? and Ni2" (Tables 3 and 4). However, this difference is reduced to
0.10 A and 0.06 A for Co?+ and Fe2*, respectively.

Binding Energies and H,O/CO; Replacement Penalty

Relative and reaction energies computed at the MP2(full)/6-31G* level are
summarized in Table 4, and Figures 6 (AE, AHz9s) and 7 (AG29s, AGw) illustrate
the cost of replacement (in kcal/mol) of water by CO; in complexes (R10) and
binding energies of ML, with water (R9) and CO; (R7).

Theoretical Level Dependency

The B3LYP/6-31G* data for Mg2* (/6) are included in Table 4 for comparison.
The MP2(full)/6-31G* data of the present study indicate stronger binding for water
(AH293(R9) = -24.1 kcal/mol) and CO2 (AH293(R7) = -7.9 kcal/mol) than at the
B3LYP/6-31G* level, but the enthalpy of the exchange reaction (AH293(R10) =
16.2 kcal/mol) is just about the same as the value computed at the DFT level.
The enthalpy differences at the two levels account for all but 0.24 kcal/mol of
the differences between the AG293(R7) and AG293(R9) values computed at the two
levels, and it accounts essentially for all of the difference between the AG293(R10)
values computed at the DFT (15.7 kcal/mol) and MP2 (15.5 kcal/mol) levels.

Wertz Correction of Molecular Translational Entropy

The comparison of the DFT and MP2 data for the Mg2* systems suggests that
both theoretical levels provide rather similar thermochemical parameters, which
is encouraging. The thermochemical parameters are computed for the gas phase
and we pointed out above that molecular entropies for vibrational and rotational
motions in solution can be approximated well by gas phase computations while
translational entropies are significantly reduced in solution relative to the free
molecules in the gas phase. Hence, we employed the Wertz equation (53) to
compute the translational molecular entropy in solution via Syw = 0.54-Sy: + 6.578
and we employed the corrected molecular entropy Sw = Svib,gas + Srot,gas T Str,w
(Table 1) in the computation of the 4Gw values (Table 4).
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Figure 6. Cost of replacement (in kcal/mol) of water by carbon dioxide in
complexes DML, (left column, green online) and binding energies of ML with
water (center column, blue online) and CO: (right column, red online). Top:
AE. Bottom: AH>os.
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Figure 7. Cost of replacement (in kcal/mol) of water by carbon dioxide in
complexes DML, (left column, green online) and binding energies of ML with
water (center column, blue online) and CO: (right column, red online). Top:
AGags. Bottom: AGy.
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Parameter AED AH ¢ AH4 AGe AGy!
HB2a vs. HB2b
Cu(+II) -0.72 -0.29 -0.54 0.45 0.45
Ni(+II) -0.14 0.44 0.09 1.83 1.83
Co(+II) 0.21 0.38 0.29 0.56 0.56
Fe(+II) 0.06 0.19 0.12 0.40 0.40
R10: L,M-OH; (HB2b) + CO; = L,M-OCO + H,0
Mg(+)s 16.47 15.95 16.42 15.69h
Mg(+II) 16.93 15.57 16.23 15.52 15.23
Ca(+II) 14.36 12.96 13.70 12.69 12.39
Zn(+I) 15.45 13.93 14.73 13.31 13.00
Cu(+II) 10.20 9.08 9.63 9.02 8.27
Ni(+II) 5.26 4.55 4.90 5.39 3.25
Co(+II) 12.79 11.18 11.97 10.28 9.41
Fe(+II) 16.50 14.75 15.52 14.60 13.89
R7: LM + CO; = LoM-OCO
Mg(+II)g -6.52 -5.01 -4.33 3.72h
Mg(+II) -9.41 -8.72 -7.89 0.39 -2.63
Ca(+ID) -11.15 -10.52 -9.63 -1.61 -4.64
Zn(+II) -8.68 -8.12 -7.20 0.60 -2.45
Cu(+II) -10.49 -9.85 -8.96 -1.22 -4.27
Ni(+IT) -7.66 -7.15 -6.18 1.57 -1.48
Co(+II) -10.63 -10.48 -9.40 -2.22 -5.26
Fe(+II) -36.97 -35.44 -35.19 -24.99 -28.03
RY: L;M + H,0 = L,M-OH, (HB2b)
Mg(+I)g -22.99 -20.96 -20.74 -11.99
Mg(+II) -26.35 -24.30 -24.12 -15.13 -17.86
Ca(+II) -25.51 -23.48 -23.33 -14.30 -17.03
Zn(+1I) -24.14 -22.05 -21.92 -12.71 -15.45
Cu(+IT) -20.68 -18.93 -18.60 -10.24 -12.98
Ni(+IT) -12.92 -11.69 -11.07 -3.82 -6.56

Continued on next page.
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Table 4. (Continued). Relative and Reaction Energies?

Parameter AE?P AH ¢ AH4 AGe AGw/
Co(+II) -23.42 -21.66 -21.38 -12.50 -15.23
Fe(+II) -53.47 -50.19 -50.71 -39.59 -42.32

a All values in kcal/mol. » Relative or reaction energy, AF, computed using total
energies. ¢ Relative or reaction enthalpy at absolute zero Kelvin, 4Hy, = AE + A(ZPE). 4
Relative or reaction enthalpy at standard conditions (298.15 Kelvin), AH =AE + A(TE). ¢
Relative or reaction free enthalpy at standard conditions (298.15 Kelvin), 4G = 4H —
TA(S). [ Relative or reaction free enthalpy at standard conditions (298.15 Kelvin) with
Wertz correction for translational entropy, AGw = 4H — TA(Sw). & B3LYP/6-31G*, ref.
(16). " S(COy) = 51.17 cal/(mol-K) at B3LYP/6-31G* and was listed erroneously in ref.
(16) as S(COz) = 39.63 cal/(mol-K).

If molecular translational entropy is reduced in solution, then any association
reaction in solution will suffer less of an entropy penalty compared to the
association reaction in the gas phase; 4Gw < 4Gagg. This is borne out by the
AGw values for the formations of the OCO-ML; complexes (4Gaos - AGw = 3.04
kcal/mol) and of the H>O-ML, complexes (4Gaos - AGw =~ 2.74 kcal/mol). Note in
particular that the CO, complexes are predicted to be bound in solution: AGw(R7)
< 0 for all of the cases studied (Figure 7).

Conformational Preference Energy of H;O-ML, Complexes

We optimized the H,O-ML, complexes of the class 2 systems with two
conformations about the HO-M axis, HB2a and HB2b. On the potential energy
surface, the HB2a conformation is preferred for Cu?* and Ni2* while the HB2b
conformation is preferred for Co?* and Fe?*. Thermal energies and molecular
entropies provide advantages to the HB2b conformation, the free enthalpies 4G
all show a small preference for HB2b, and rotation about the HyO-M axis is
essentially free. Reactions R9 and R10 have been evaluated using the HB2b
structures.

Alternatives to Magnesium

The major reason for the exergonicity of the CO; capture reaction with
rubisco mimics is the coordination of the carbamic acid adduct to the metal cation
(R5). The overall exergonicity of the CO, capture reaction is moderated by the
H>O/COs replacement penalty (R10) which allows for overall reversibility. The
most important parameter of the present study clearly is 4Gw(R10); it needs to
be positive and of significant magnitude. In addition, it is advantageous if the
water binding is not too strong; |[4Gw(R9)| should be relatively small because the
reaction rate constant for the dehydration is inversely proportional to the strength
of the water binding.

Among all of the metals studied, magnesium shows the highest AGw(R10)
value. Iron shows the second highest H;O/CO, replacement penalty, but the
very high water affinity is a disadvantage for iron(II). The data show that the
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closed-shell systems calcium and zinc are excellent candidates to serve as
potential magnesium alternatives. The data further suggest that the open-shell
transition metal ions copper(Il) and cobalt(I) might be possible magnesium
alternatives.

Reaction Free Enthalpies and Equilibrium Concentrations

We computed reaction free enthalpies 4G (also referred to as Gibbs free
energies) and these values provide the equilibrium constants K; via the familiar
equation 4G; = -RT"In(K;), or equivalently K; = exp(-AGi/RT), where AG; is the
free enthalpy of reaction i, R is the gas constant, and 7 is the absolute temperature.
With Chicone, we recently described mathematical methods for the determination
of steady-state concentrations of all species in multiequilibria systems using
the traditional equilibrium approach or with the dynamical approach (59). The
dynamical approach to the equilibrium problem involves the formulation of the
kinetic rate equations for each species using general mass action kinetics theory,
which together constitute a nonlinear system of ordinary differential equations
(ODEs). The equilibrium concentrations are determined by evolving the initial
concentrations via this dynamical system to their steady state (59).

Every equilibrium reaction is described by two reaction rate constants, one
reaction rate constant kr for the forward reaction and one reaction rate constant
kv for the backward reaction. These reaction rate constants are related via the
equilibrium constant K via K = ki'ky. If the equilibrium constants K are specified
for a multiequilibria system and one is interested in the determination of the
concentrations of all species at equilibrium, then one can freely choose in each
case either the forward or backward reaction rate constant and use the equation
Ki = keilkvi to determine the other. Hence, with the reaction free enthalpies
AG; reported here and some elemental knowledge of computing software
(i.e., Mathematica, (60)), the fast and accurate computation of all equilibrium
concentrations is feasible for any given set of initial conditions. On the other
hand, if one is interested in the transient kinetics of reaching the equilibrium,
then it no longer suffices to know only the ratios of the forward and backward
reactions (i.e., the equilibrium constants) and one must also know one of the
reaction rate constants for each elemental reaction (59). We are in the process of
computing the actication barriers for the M2*-catalyzed carbamylation reactions
for simulations of the transient kinetics.

Electronic Structures and Spin Density Distributions of
Formate Complexes of Open-Shell Systems

Molecular orbitals (MOs) with significant d-orbital involvement are shown in
Figures 8 and 9, respectively, for iron formate, FeL, (d¢) and nickel formate, NiL,
(d®), respectively. The description of atomic orbital (AO) components of the MOs
assumes that the molecules lie in the xy plane with the CH bonds aligned with the
X-axis.
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In the quasi spl-coordination, the lobes of the d(xy) orbital are oriented toward
the O atoms of the formate ligands and d(xy) is the highest-lying d-orbital because
of electron-electron repulsion. The lobes of the d(yz) orbital are in the plane that
is perpendicular to the molecular plane and mirrors the two ligands. The d(xy)
orbital is singly occupied in CuL; and it is left empty in NiL,, CoL, and FeL,. The
d(yz) orbital is doubly occupied in CuL, and NiLy, it is singly occupied in CoL,,
and it is left empty in FeL,. The MO analysis helps to understand the spin density
distributions of CoL, and CuL, (Figure 10).

MO46, d(xy), unocc. MO43, d(yz), unocc.

MO36, d(Z) - d(x*-y?), HOMO MO34, d(xz), occ.

MO029, some d(x*-y?) MO28, d(Z°) + d(x*-y?)

Figure 8. Selected MOs of iron formate, FeL; with significant d-orbital
involvement. The description of AO components of the MOs assumes that the
molecule lies in the xy plane with the CH bonds aligned with the x-axis.

For CoL,, one might expect single-occupation of the d(z2) MO because it is
above the d(yz) MO in NiL,. Nevertheless, CoL, features single-occupation of the
d(yz) orbital as is evidenced by the a-spin density in a d(yz)-shaped region around
the cobalt center. The a-spin density is largely localized at the Co-center with only
minor spin polarization in the basins of the formate O atoms. Large a-spin density
accumulation at the M2+ center might lead to spin-polarization of a coordinating
CO; and influence its reactivity.
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On the other hand, the spin density distribution of CuL; is more complex. The
SOMO of CuL; involves the d(xy)-MO as expected, but the excess a-spin density
clearly is not localized in the d(xy)-shaped region around the copper center. For
CuL,, the MO analysis merely provides a starting point to think about the spin
density and the actual spin density distribution shows large transfers of a-spin
density from a d(xy)-shaped region around copper toward the formate O-atoms.

MO44, d(xy), unocc.

MO29, d(yz), occ.

MO33, mostly d(z°)

MO30, some d(z%)

MO31, some d(xz)

MO25, some d(xz)

MO27, some d(x*-y%)

MO022, some d(x’-y?)

Figure 9. Selected MOs of nickel formate, NiL; with significant d-orbital
involvement. The description of AO components of the MOs assumes that the
molecule lies in the xy plane with the CH bonds aligned with the x-axis.
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Co™, d’, d(yz)-shaped region Cu*", d&’, d(xy)-shaped region

Figure 10. Spin density distributions of the formates CuL; and CoL; in their
doublet states. The complete UMP2/6-31G* spin densities are shown for an
isodensity value of 0.001 e/au’; a-spin density is shown in dark grey (blue online)
and B-spin density regions in light grey (green online). The description of d-type
AO components assumes that the molecules lie in the xy plane with the CH bonds
aligned with the x-axis.

Conclusions

The equilibrium CO; + H,O-ML; = OCO-ML; + H20 lies very much on
the left side: Water is great donor ligand, CO; is a comparatively poor donor
ligand, and the H>O/CO; exchange reaction is significantly endergonic for M2*
= Mg2* (AGw = 15.2 kcal/mol). How can a reaction with such a large H,O/CO;
replacement penalty be nature’s key to reversible CO, capture? Well, the “capture”
reaction is only one side of the coin and the “release” reaction is just as important
for “reversibility”. Rubisco’s ACO; binding is reversible because of the large HO/
CO; replacement penalty and this advantage of reversibility comes at the tolerable
disadvantage of slow CO, loading. The equilibrium reaction CO; + H;O-ML, =
OCO-ML; + H>O may go back and forth many times, but an OCO-ML, aggregate
must eventually lead to CO; capture because only CO> can react with the lysine’s
amino group and because the carbamic acid complex (RNH)(HO)C=0-ML,; is
bound much more strongly than CO; and also more strongly than H,O. Water does
not prevent CO; capture, it only slows it down, and more importantly, it is only
for the sake of water that CO; release is feasible.

The enzyme rubisco employs magnesium and Mg2?+ exhibits the highest
H>0/CO; replacement penalty among the metal ions studied here. The results
show that the closed-shell systems Ca2?* and Zn2* are excellent candidates
for magnesium alternatives. The theoretical analysis further suggests that the
open-shell transition metal ions Co?" and Cu?* also are interesting targets in the
search for magnesium alternatives with similar size and comparable binding
energies, and Co?" is particularly interesting from a mechanistic perspective.
The cobalt ion’s spin density is localized at the Co2*-center and may lead to
spin-polarization of coordinating O=C=0 or (RNH)(HO)C=0 and influence their
reactivities.
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One of the permanent methods to store anthropogenic CO> is
to convert it into thermodynamically stable mineral carbonates.
Depending on the reaction pathways and the reaction conditions
such as temperature, partial pressure of CO», composition and
concentration of the reaction fluid and reactants, different phases
of magnesium and calcium carbonates can be formed with tuned
chemistry and structures. Naturally occurring silicate minerals
such as olivine (Mg>Si0s), serpentine (Mg3(OH)4(Si30s)) and
wollastonite (CaSiO3) as well as alkaline industrial wastes can
be used to capture and store CO,. Furthermore, the tailored
formation of carbonates and their by-products such as silica
would allow their utilization in various applications including
construction materials. Some studies have shown that the
mechanical strength of construction materials can be sustained
or even improved with the addition of carbonated materials
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and Si-rich by-products. This chapter introduces different
carbonation pathways and the chemical and physical properties
of carbonation products for the application in construction
materials.

Introduction

A rapid increase in the CO2 concentrations in the atmosphere over the
past century has significant environmental and ecological implications such as
inverted weather patterns and ocean acidification. As shown in Figure 1, the
largest contributors to increasing CO, emissions are power generation at 79%,
followed by the emission from the cement production, refineries, iron and steel
manufacturing, and petrochemical production which account for 7, 6, 5, and 3%
of the global CO; emissions, respectively (/, 2). The CO, footprint from power
generation is primarily from the combustion of fossil fuels, while the calcination
of limestone is responsible for the large fraction of the CO, emissions from the
cement industry. Thus, considerable CO; emissions from the cement industry
could be reduced by limiting the uses of raw materials or processes that result in
the significant CO; emissions (3).

Petrochemical
Ironand Steel Production
Manufacturing

Cement
Production

Power
Generation

Figure 1. Contribution of various industrial activities to the global CO; emission.

(data from ref (1, 2)).
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In the past few decades, various CO; capture, utilization, and storage
(CCUS) technologies have been developed to reduce carbon emissions and limit
atmospheric CO> concentration. One of the methods to permanently store CO>
is by converting gaseous CO; into solid carbonates via a process also known as
carbon mineralization. This particular technology has been proposed to offset the
large CO, emission from the cement and construction industries by utilizing the
products and by-products of the carbon mineralization process as construction
materials. The carbon mineralization process can be performed using both Ca-
and Mg-bearing minerals and industrial wastes including waste cement and lime
kiln dust. The key factors to consider for the use of engineered carbonates as
construction materials would include compressive and mechanical strengths, as
well as long-term environmental safety and the net CO; reduction.

Most of the carbon mineralization technologies have been developed by
mimicking the natural weathering process of silicate minerals. As Ca- and
Mg-bearing minerals such as wollastonite (CaSiO3), olivine (Mg»SiO4) and
serpentine (Mg3(OH)4(Si30s)) react with CO», they form calcium or magnesium
carbonates, which are environmentally benign, thermodynamically stable, and
insoluble in water (4). One of the primary advantages of carbon mineralization
using silicate minerals and rocks, is that more than 10,000-1,000,000 Gt of total
carbon can be stored as carbonates, which do not require long-term monitoring
and formation of carbonates is exothermally favored (5). In addition, a fraction
of the carbonated products and by-products of the carbon mineralization process
(e.g., silica) can also be used as value-added materials in various applications
ranging from paper fillers to construction materials. The extent of their utilization
would be limited by the size of each application market, which is generally
significantly smaller than the amount of carbon to be sequestered. Their use as
construction materials is particularly interesting since, as discussed earlier, the
cement and construction industries are one of the large emitters of CO», and thus,
any CO; captured and utilized along with their own wastes would reduce the
overall carbon footprint of those industries. Studies have shown that replacing
10% of building materials with minerals carbonated with anthropogenic CO; is
expected to reduce CO; emissions by 1.6 Gt/year (6).

Industrial wastes that have a potential to mineralize CO> include fly ash,
cement kiln dust, and steel slag and they have a significant amount of calcium
and/or magnesium contents. Often these alkaline wastes are co-generated with
CO; as in the cement production process. Figure 2 represents the annual CO;
emissions from specific industrial sectors in 2002 and the amounts of their
co-generated industrial wastes in the United States. The CO, emission from
power generation was the highest at 2068 million metric tons/year followed
by CO> emissions related to iron and steel, mining, cement, and aluminum
production at 115, 99, 83, and 57 million metric tons/year, respectively (7,
8). The corresponding industrial wastes co-produced with power generation,
iron and steel production, cement, and aluminum production were fly ash (131
MT/year), steel slag (9 MT/year), cement kiln dust (14 MT/year), and red mud (3
MT/year) (7, 9-11). Carbonation of these industrial wastes can not only capture
anthropogenic CO; in solid carbonate forms, but also neutralize these highly
alkaline wastes so that they can be safely disposed or utilized. However, as shown
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in Figure 2, there is a mismatch of scales of CO, emission and the generation
of alkaline wastes. Therefore, the overall carbon storage potential of industrial
wastes is not as large as silicate minerals. About 200-300 Mt of CO; can be
stored using industrial alkaline wastes annually in the world (5). Nevertheless,
the carbon mineralization technology offers an option of reducing the carbon
footprint, reusing the wastes, and reducing the alkalinity of the solid wastes in
these energy and carbon intensive industries.

10000

10000
1000

1000
100 100
m I | || |I |
1 I 1

Mining Power Iron and Cement Aluminum
Generation Steel Production
Production

and mine tailings

CO; Emissions in 2002
Qo

(million metric tons/year)

Caand Mg bearing silicate minerals
Annual Generation Rate of
Alkaline Industrial Wastes from 1995-2015
{million metric tons/year)

Figure 2. Annual emission rate of CO; produced from each industrial sector (7)
and corresponding co-generated alkaline industrial wastes (7, 9—11).

The industrial wastes have a wide range of calcium and magnesium contents.
The calcium contents in fly ash, cement kiln dust, steel slag, and red mud are
in the range of 9~34%, 22~31%, 27~39%, and 1~6%, respectively, whereas
their magnesium contents are 0~7%, 0~1.3%, 1~5% and negligible amount,
respectively (/2). These values are significantly lower than the Ca and Mg
contents in silicate minerals which are generally more than 30%. On the other
hand, the alkaline industrial wastes are generally significantly more reactive than
silicate minerals and possess higher surface areas.

Industrial wastes such as fly ash are already being used as construction
materials (/3-15), and more carbonated forms of the alkaline industrial wastes
are being introduced as alternatives to construction materials produced using
freshly mined materials. Studies have shown that alkaline industrial wastes
converted into carbonates could be used in cement based materials (/6). It has
also been reported that the carbonation of alkaline industrial wastes lead to the
immobilization of toxic heavy metals such as chromium in solid wastes making
them safer for the environment (/7). However, this is dependent on the chemical
conditions and the speciation of the specific metals concerned.

In addition to the above mentioned alkaline industrial wastes, calcium and
magnesium bearing mine tailings are another industrial source of calcium and
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magnesium for carbon sequestration, and as shown in Figure 2, the scale of mine
tailings is orders of magnitudes greater than that of alkaline industrial wastes.
Mg-bearing minerals such as serpentine ((Mg,Fe);(OH)4(Si305)) and olivine
((Mg,Fe)2Si04) are often mined for nickel (0.2~2% in ores) and large tailing
deposits of these materials already exist around the world (/2). Thus, mine
tailings have been included in the subsequent discussion as a potential carbon
mineralization feedstock.

A number of process schemes have been proposed for carbon mineralization.
An ex-situ carbon mineralization with the proposed production of value-added
materials is represented in Figure 3. One of the great advantages of the ex-situ
carbon mineralization technology is that the chemical compositions (e.g.,
hydration degree) and physical properties (e.g., particle size and particle size
distribution, morphological structures like surface area and pore sizes) of the
carbonated materials, as well as reaction by-products, can be tuned for each
proposed application (i.e., construction materials, fillers) (/2, 18-23). In this
chapter, the carbonation of silicate minerals, their by-products such as silica
and industrial wastes will be discussed in terms of the tailored formations of
the products and by-products, including precipitated magnesium carbonate,
precipitated calcium carbonate and silica while considering their subsequent use
as construction materials.

*MT = million metric tons

Disposal (mine reclamation)

< Mineral carbonates

Mine tailings

(e.g.

M: W
Serpentine Tailings)

Ex-situ Carbon
Mineralization Plant

Engineered
MgCO; or CaCO;,

Industries generating
both CO, and alkaline

industrial wastes

(e.g., coal-fired power plants, cement, h Va |UB-ad_ded prodt_;cts
steel, and aluminum industries) (e.g., fillers, construction materials)

Figure 3. Carbon mineralization scheme for converting alkaline materials such
as Ca and Mg-bearing minerals and industrial wastes to Ca and Mg-carbonates
for disposal and use as value-added products.
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Conventional Cement Production

The global cement production is about 1.7 x 10° tons/year, which makes
concrete one of the most extensively used materials around the world (3).
Unfortunately, the production of concrete results in CO, emissions of 0.2 tons per
1 m3 of cement or 0.08 tons per ton of concrete (3). The primary reason for the
high CO; emissions is the extensive use of limestone (mostly CaCO3) to produce
portland cement clinker, whose principal component is alite (impure Ca3SiOs),
as represented by the following reaction:

3CaCOs(s) + SiOzs) > Ca3SiOs(s) + 3COx2() (Rx. 1)

For every ton of alite that is produced, 579 kg of CO is released. In addition,
the enthalpy of this reaction is +416 kJ/mol (at 20 °C), which implies that 1.83 GJ
of energy is needed to produce 1 ton of alite. The energy requirement would further
increase if the feedstock is low in quality. The reaction temperatures are as high
as 1400 °C to provide sufficient rates (3). Thus, the combustion of fossil fuels
to generate the high temperatures needed for the production of Portland cement
clinker is also responsible for high CO, emissions.

Given this backdrop, systematic efforts are being undertaken to develop
alternative materials for cement production. Some of the new and newly
repurposed materials are proposed and used as pozzolanic materials, which do
not inherently possess cementitious properties but acquire these properties in the
presence of other phases such as calcium hydroxide. Pozzolanic materials have
been widely investigated due to their ability to improve the durability and the
mechanical strength of cementitious-based composites. Some of the materials
such as Ca- and Mg-bearing minerals and rocks with hydroxides, silica, and fly
ash have been studied as potential pozzolanic materials. For example, forsterite
(Mg>Si04) and periclase (MgO) obtained from the heat treatment of asbestos
(24) and Ordinary Portland Cement (OPC) containing 35% limestone paste (25),
have been proposed as additives in cement. The following sections provide a
detailed overview of the production of potential pozzolanic materials via carbon
mineralization and how their synthesis can be tailored to achieve desired chemical
and structural properties.

Carbonation Chemistry of Mg- and Ca-Bearing Materials

The conversion of Ca- and Mg-bearing silicate minerals to carbonates was
first proposed by Seifritz (1990) (26), and then shown to be feasible by Lackner
et al., (1995) (27). The reactions of wollastonite, olivine and serpentine with CO,
are exothermic and occur in nature as evidenced in carbonate veins in geologic
formations. Unfortunately, the rates of direct gas-solid reactions between Ca- and
Mg-bearing minerals and gaseous CO, have been found to be very slow in various
experimental studies (28). Thus, most of the carbon mineralization technologies
are operated in an aqueous mode with the following reactions:
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Carbonation of Mg-Bearing Minerals (e.g., Olivine (Rx. 2) and e.g.,
Serpentine (Rx. 3)):

MgaSiOys) + 2CO2(g) + 2H20@g) -> 2MgCO3 + (SiO2s) x 2H20q)) (Rx.2)

Mg3Si205(0OH)4(s) + 3COx2(g) + 2H20(aq) > 3MgCO3 + 2(SiO2s) X 2H20(ag)) (Rx.3)

Carbonation of Ca-Bearing Minerals (e.g., Wollastonite):

CaSiOs(s) + COxg) + 2H20(q) -> CaCOss) + (SiOxs) x 2H20(q) (Rx. 4)

The aqueous carbonation of minerals can be performed via a single-step
process (also known as the direct carbonation process), where mineral and CO»
dissolution as well as the precipitation of carbonates occur in the same reactor.
Another mode of the aqueous carbon mineralization is a two-step process (also
known as a pH swing process). In both cases, there are a number of reaction
parameters such as pH, ionic strength, slurry concentration, reaction temperatures,
CO, partial pressures, and chemical additives which would impact the overall
reaction rate as well as the rate determining step. Thus, those parameters should
be carefully considered for the design of any carbon mineralization process using
silicate minerals or alkaline wastes.

One of the main drawbacks of the single-step carbon mineralization would
be the impurity of the carbonated materials. While the capital and operating
costs of the single-step process could be lower than the two-step process, the
single-step direct carbonation does not allow the production of high purity
products (e.g., carbonates) and by-products (e.g., high surface area silica).
Another challenge with direct aqueous carbonation is that various reaction steps
such as CO; hydration, mineral dissolution, and formation of carbonates, all
occur simultaneously, while they are favored at different reaction conditions
(e.g., temperature and pH). The addition of a pH buffer such as NaHCO3 which
maintains the pH in the range of 6-7, has been found to be effective in aiding the
single-step conversion of silicates minerals into carbonates (18, 29, 30) but the
use of the carbonated materials would still be limited to fewer applications due to
the low purity of the final products.

In contrast, the two-step carbon mineralization process that decouples the
reaction steps of CO; hydration, mineral dissolution, and formation of carbonates,
is expected to be more effective in aiding the production of high purity calcium
carbonate, magnesium carbonate, and by-products since each step can be
performed under optimized reaction conditions. In some cases, the CO; hydration
and mineral dissolution steps can be combined.
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The decoupled reactions are represented below.

Hydration of CO;:

COx(g) + H2Ogaq) <-> H2CO3(aq) <-> H (ag) + HCO3™ (ag) (Rx. 5)

HCO3™ (ag) <-> CO3¥(ag) + H'ag) (Rx. 6)

Dissolution of Mg-Bearing Minerals (e.g., Forsterite (Rx. 8) and Serpentine
(Rx. 9)):

Mg2SiOu(s) + 4H' ag) -> 2Mg™" (ag) + (SiO2(5) X 2H20(aq)) (Rx. 7)

Mg3Si205(OH)as) + 6H ag) -> 3Mg2+(aq) + (2Si02¢s) X SH20(ag)) (Rx. 8)

Dissolution of Ca-Bearing Minerals (e.g., Wollastonite):

CaSiOs) + 2H g > Ca®'(ag) + (SiO2s) X H20(ag)) (Rx.9)

Formation of Carbonates:

Mg*(ag) + CO3” (ag) > MgCOs(5) (Rx. 10)

Ca**(ag) + CO3%(aq) > CaCOs(s) (Rx. 11)

The reactions that are favored at a lower temperature are CO hydration, while
mineral dissolution and carbonation formation are favored at higher temperatures.
In addition, the dissolution of minerals is favored at lower pH conditions (pH <5),
while the formation of carbonate ions in solution leading to mineral carbonation
is favored at higher pH conditions (pH > 8). Therefore, various studies have
proposed the use of this "pH-swing" concept to produce high purity calcium
carbonate or magnesium carbonate, silica, and other potential by-products (3,
21). It has also been reported that weak organic chelating agents such as oxalate
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and acetate can bind to silicate minerals and destabilize the Mg-O and Ca-O
bonds leading to enhanced mineral dissolution rates. The reaction temperature
also impacts the chemistry of carbonate phases being formed, particularly for
Mg-carbonates. Generally, more hydrated phases (e.g., (Mgs(CO3)4(OH),-4H,0)
and MgCO3-3H,0) are formed at lower temperatures (< 120 °C). In this chapter,
the chemistries and morphologies of various magnesium and calcium carbonates
are discussed. The precursors for forming magnesium and calcium carbonates
as discussed in this chapter are magnesium and calcium silicate minerals. The
relative natural abundance of magnesium silicate minerals compared to calcium
silicate minerals is the reason for exploring magnesium carbonates in addition to
calcium carbonates (31).

Production of Carbonates with Controlled Physical and
Chemical Properties and Other Solid By-Products

Magnesium Carbonates

Precipitated Magnesium Carbonates (PMCs), which comprise anhydrous
magnesite (MgCO3) and hydrated magnesium carbonates like hydromagnesite
(Mgs(CO3)4(OH),-4H,0) and nesquehonite (MgCO3-3H,0), are used in many
industries such as pharmaceuticals, cosmetics, and rubber, and as precursors for
other Mg-based chemicals (32). MgCOj is the most desirable carbonate species
from a carbon storage perspective due to its omission of an added hydroxide
group and water molecule mass, the efficient stoichiometric utilization of Mg,
and the lowest solubility compared to other hydrated magnesium carbonate
phases (33—37). From a construction material standpoint, the morphologies of the
various magnesium carbonate phases may be more relevant.

Mg-Bearing Construction Materials

One of the challenges of using conventional Portland cement is the
approximate ton of CO; that is produced per ton of Portland cement produced.
One of the benefits associated with using Mg-based cements is that the kilns
for calcining MgCOs3 can operate at lower temperatures (~650 °C), compared
to temperatures greater than 1000 °C needed for CaCOs3 calcination. The lower
temperature requirement would significantly reduce the corresponding CO>
emissions. Another advantage of Mg-based cements is that MgO or Mg(OH), has
lower alkalinity compared to CaO or Ca(OH),. It is known that fresh concrete
reacts with CO; over time to form carbonate crystals, and excess CaCOs crystal
formation has been reported to reduce mechanical strength (38). Thus, less
reactive Mg-bearing materials in cements would be better for the long-term
strength of the cement. Furthermore, MgCOs crystals are stronger than CaCOs
potentially adding to the mechanical strength of the cement (38).

The use of Mg-based cements does face challenges. MgCOs3 deposits are not
as abundant as limestone reserves, and the reactivity of Mg(OH), with pozzolans
may be slower (3). While the lower calcination temperature of MgCO3; may
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result in lower energy requirements and hence lower CO; emissions compared to
CaCO;3, the CO» emissions cannot be entirely avoided. Recently, various sources
of Mg-based materials including industrial wastes have been studied, and the use
of MgCO3 as (non-reacting) filler materials to enhance the mechanical strength
of cement has been investigated. The following section presents the synthesis
of Precipitated Magnesium Carbonates (PMC) with controlled physical and
chemical properties for various applications.

Synthesis of Magnesium Carbonates

Magnesium carbonates are formed via an ionic reaction (Rx. 10) between
Mg?2* leached out from minerals or industrial wastes and carbonate ions formed as
gaseous CO; dissolved into the aqueous phase. As discussed earlier, anhydrous
form of magnesium carbonate — magnesite (MgCOs3) - is preferred for carbon
storage, but in terms of the use of PMC as construction materials, other phases
of Mg-carbonates could be used depending on the scale and the applications. The
precipitation of hydrated magnesium carbonate species such as MgCO3-3H,0 and
Mgs(CO3)4(OH),-4H,0 is driven by the highly hydrated character of Mg2* ions
(34, 39, 40). Moreover, the Oswald rule of stages suggests that the formation of
more stable phases, MgCQOs in this case, is likely to be preceded by the appearance
of less thermodynamically stable phases such as MgCO3-3H,O (41).

While MgCO3-3H,0 is formed at ambient temperature and pressure
conditions (34, 42—45), the composition can be changed to Mgs(CO3)4(OH), 4H,O
as the temperature is increased to 55-60 °C (32, 44) or the pH is raised to
> 8.5 (44). The transformation of hydrated magnesium carbonates such as
Mgs(CO3)4(OH),-4H,0 or MgCO3-3H,0 to anhydrous MgCOj3 is quite complex,
and it can occur via dehydration (shrinkage of the hydrated species) or progressive
dissolution and precipitation of the specie (34). Davies and Bubela (1973)
(42) proposed that the transition from MgCOs3-3H,0 to Mgs(CO3)4(OH),-4H,O
proceeds via dehydration of an intermediate with a similar composition to less
common, Mgs(CO3)4(OH)2-5SH,O (dypingite). Lanas and Alvarez (2004) (46)
showed that shorter heating times at temperatures > 115 °C allowed the conversion
of MgCO3-3H,0 to Mgs(CO3)4(OH)>-4H,O, while longer heating times resulted
in the formation of amorphous magnesium carbonate.

Generally, high reaction temperatures and high CO; pressures, as well as
high salinity have shown to enhance the transition from hydrated to anhydrous
magnesium carbonates in aqueous systems (34, 40, 47, 48). Hénchen et al.,
(2008) (34) reported that even at a relatively high reaction temperature (120
°C), MgCOs3 was initially formed along with hydrated carbonate species such
as MgCOs3-3H,0 and (Mgs(CO3)4(OH)2-4H,0). The hydrated species were
subsequently transformed to MgCOs as reaction proceeded further (~ 5 hours).
Others observed that at higher reaction temperatures (~150 °C), only MgCOs3
were observed in the product phase (36, 47, 49).

These studies on the formation of magnesium carbonates are typically carried
out in hydrothermal batch systems using a variety of magnesium precursors
including MgCl,.6H,0 (34, 50-55), Mg(HCO3)2 (42, 56), Mg(NO3), (44, 57, 58),
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Mg(OH): (20, 32, 37, 59—64), and Mg-bearing silicate minerals (18, 29, 30, 65).
The carbon source for these studies also vary from CO»(g), Na>xCO3, (NH4),COs3,
HCOs3-, K2CO3, to urea (CH4N-0O).

Seeded Formation of Precipitated Magnesium Carbonates

Various methods have been proposed and tested to stimulate MgCO3 growth
at generally unfavorable reaction conditions. Reducing the activity of water by
adding salts (33) or polymers (66), increasing the ionic strength (34, 40), and
longer reaction times (34, 62) have been shown to be effective in producing
MgCOs. Slow nucleation steps were circumvented by seeding systems with
MgCOs to accelerate the precipitation of MgCOs (65). Additionally, Swanson et
al., (2014) (48) found the use of MgCO3 seed particles to direct the precipitation
of carbonates to produce MgCOs3 at 150 °C and 15 atm CO», where the unseeded
tests produced Mgs(CO3)4(OH),-4H,O. Hovelmann et al., (2012) (67) also
observed carbonate growth with AFM and found that the carbonates to grow up
and not across a Mg(OH), surface. The growth of carbonate on the magnesium
carbonate phase instead of magnesium hydroxide was explained by self-adhesion
and linear phase misfit between hydroxide and carbonate.

Morphologies of Precipitated Magnesium Carbonates

The most common magnesium carbonate phases reported in literature,
MgCO3-3H,0, Mgs(CO3)4(OH)2-4H,O and MgCOs, are represented in Figure
4. The materials shown in the SEM images were synthesized by reacting
aqueous Mg(OH), and CO; at different temperatures, which favor the formation
of particular carbonate phases. As shown in Figure 4, the morphological
diversity among magnesium carbonate phases is clearly apparent and matches the
previously reported structures (given as references): needle-shaped MgCO3-3H,0O
(55), sheet and rosette-shaped Mgs(CO3)s(OH)2-4H,O (33), and crystalline cubic
shape MgCOs (68). While these distinct phase morphologies provide general
guidelines for the controlling the morphologies of magnesium carbonate products,
some have reported that both sheet-like and needle-shaped morphologies for
MgCOs3-3H,0 can be co-synthesized (55).

In addition to the morphological structure, the particle size distribution of
precipitated magnesium carbonates can also be tuned. Increasing the reaction
(aging) time was shown to increase the particle size (22, 67). The samples
analyzed after longer reaction or aging periods had much more distinct and clearly
delineated morphological features compared to the fresh samples (22).
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Mg and Ca-bearing minerals
and industrial wastes
(e.g., Mg,Fe},Si0;:, (Mg Fe)s(OH).(Si:0s), CaSiOs,
fly ash, steel slag, cement kiln dust
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Figure 4. Products and by-products from the carbonation of Mg-bearing minerals
(e.g., serpentine and olivine) and Ca-bearing minerals (e.g., wollastonite):
various phases of Mg- and Ca-carbonate phases and non-carbonate by-products
such as silica. (SEM image adapted from reference (137). Copyright 2009, ACS)
and geothite (SEM image adapted from reference (138). Copyright 2005, ACS).
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Calcium Carbonates

Precipitated Calcium Carbonate (PCC) has a wide range of industrial
applications ranging from coatings to paper fillers and pigments (69). In the
United States, the production of limestone including dolomite was to the order
of 781 million tons in 2012 (70) and the global production of limestone is set to
increase to 5.7 billion metric tons by 2020 (77). As discussed earlier, limestone
is mined to produce lime via calcination which is used in Portland cement or
directly used as filler materials. The increasing production of limestone and the
associated CO; emissions from calcination are expected to increase over time.

Ca-Bearing Construction Materials

The utilization of limestone filler in concrete is a common practice in
European countries. As limestone (CaCO3) replaces ordinary Portland Cement
(OPC), the economics, as well as the environmental impacts, could be positively
improved. If the cementations composite containing limestone can perform as
well as the one with only OPC, the cement usage and its associated CO, emissions
can be significantly reduced leading to the conservation of fossil fuels and
mineral resources (72). Most Portland cement specifications allow the inclusion
of limestone up to 5% (73, 74). Beyond that, Portland limestone cements are
categorized based on the percentage of limestone added to the cement, generally
ranging from 5% to 35%. The European Standard (EN 197-1-2000) also identified
four different types of Portland-Limestone Cements (PLC) that contain 6-20%
(types 1I/A-L and II/A-LL) and 21-35% limestone types (II/B-L and II/B-LL)
(74).

The performance of limestone addition to Portland cement has been widely
studied. It has been reported that limestone improves the hydration rate of
the cement compounds and consequently shows high compressive strength
at an early age up to 28 days or longer (75, 76), although a drop in cement
strength has been suggested at above 20% limestone inclusion. The limestone
reacts with the alumina phases of cement to form hydrated calcium phases such
as calcium monocarboaluminate hydrate (3Ca0.Al,03;.CaCO3.nH>O, n~11 at
room temperatures). Limestone also acts as the crystallization nucleus for the
precipitation of calcium hydroxide (CH), resulting in an increase in the rate
of hydration of silicates, a change in the composition of the calcium silicate
hydrate (C-S-H) system, and a better development of the microstructure of the
cementitious composite (77, 78).

Other advantages of using limestone as a filler material, is better packing
of cement granular skeleton and larger dispersion of cement grains. Increased
cement strength is attributed to a denser microstructure of the composite through
the filler effect, reducing a void volume of the composite. The strength of
concrete containing limestone is affected by the quality of limestone, and particle
size distribution of limestone (79). It is reported that addition of limestone up
to 5% would increase strength at early age due to its particle packing effect
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(80). Limestone addition produces a more desirable particle size distribution and
improved particle packing when mixing with OPC (81).

While the use of ground limestone without any chemical treatment would
be most economical, from a morphological standpoint, however, it would be
interesting to investigate the effects of using CaCOj3 with different morphological
structures on the mechanical strength of cement. Unlike magnesium carbonates,
calcium carbonates has been extensively studied including the formation of
CaCOs from the carbon mineralization process starting with Ca-rich minerals and
industrial wastes such as wollastonite and fly ash as represented in Figure 4.

Synthesis of Calcium Carbonates

CaCOs can exist as three distinct crystalline structures, which are calcite
(rhombohedral), aragonite (spiky/orthorhombic), and wvaterite (plate-like/
hexagonal) (Figure 4). However, polycrystal and football-shapes for calcite,
rosette for aragonite, and sphreulite, and lettuce-shapes for vaterite have also been
reported (82). Calcite is the most thermally stable structure, while vaterite is most
unstable (83). Other metastable phases of calcium carbonate: monohydrocalcite
(CaCO3'H,0), and ikaite (CaCO3-6H,0), do exist but they are generally not
found in carbonate products due to their highly unstable nature (84, 85). The
crystallization behaviors of CaCOjs in different structures have been extensively
studied in the past due to its importance not only in the industrial systems, but
also in the ecological systems (e.g., shells and bonds of many animals (§6—-89)) as
well. Understanding the crystal structures and the reaction conditions that result
in their formations would be important for determining how they can be utilized
as construction materials.

Most of the studies in this area have been focused on the synthesis of CaCOs
phases from Ca-bearing solutions derived from minerals and industrial wastes rich
in calcium. It has been demonstrated that it is possible to achieve a high level of
control on the synthesis of calcium carbonate crystals with tuned morphological
structures. Colfen (2003) (90) reviewed various approaches to control the crystal
structure of CaCO3 during its synthesis. The use of additives (e.g., polymers),
fluid composition and concentration, solution pH, temperature, and degree of Ca
saturation were found to affect the phases of CaCOj3 formed (82, 9/-93). Polymers
tested include double-hydrophilic block copolymers (DHBCs) (94, 95) and amino
acids (96, 97).

The morphology of CaCOs can also be controlled via self-assembled (98)
and Langmuir (99) monolayer depositions. The growth of CaCOs3 on gold
nanoparticles (/00) and bio-based solid matrixes (e.g., cellulose, chitosan, and
chitin in the presence of acidic macromolecules such as poly-acrylic acid (101)
have been reported with different crystal structures. Other unconventional
substrates such as decalcified egg membrane and Nylon 66 fibers were also used
to grow CaCOs3 (/02). The addition of ethanol to the carbonation system also
influenced the crystalline structure of produced CaCOs3 (/03), while in some cases,
the presence of competing ions (e.g., Mg2") inhibited the formation of calcium
carbonate (/04—106). As with the synthesis of precipitated magnesium carbonate
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(PMC), a highly precise control over CaCO3 morphology was also reported using
seed crystals (/07). The following sections describe various synthesis routes for
three CaCOs3 phases.

The formation of plate-like vaterite, which is most unstable among CaCO3
phases, has been reported in cross-linked gelatin films containing peptides such
as poly-L-aspartate and poly-L-glutamate (/08). In an alternative route, Li
et al., (2002) (109) proposed the synthesis of pure vaterite by mixing CaCl,
and urea (CO32 donor) in the presence of solvents such as ethylene glycol, 1,
2-propanediol and glycerol at temperatures in the range of 80-190 °C. Han et
al., (2005) (110) observed that increasing the flow rate of CO, bubbled through
a CaCl, solution resulted in the preferential formation of vaterite. Due to its
metastable characteristic, vaterite can quickly transform to other forms of CaCOs.

The crystallization of spiky aragonite has found to be favored at higher pH
conditions (> 13.5) and with longer reaction times compared to vaterite (/7).
Kitano et al., (1962) (/12) showed that pure aragonite could be prepared at around
25 °C by slowing the removal of CO; from a solution containing Ca(HCO3)»
and MgCl,. Like vaterite, the formation of aragonite is also challenged by its
metastable nature. Depending on the temperature and pH, aragonite readily
transforms into calcite within a day (//3, 1/4). Interestingly, stable aragonite
with mechanical stability and strength has been observed in nature and when it
is formed with complex structures is exemplified in the nacre of pearls (/75).
Unique biomimetic pathways have been shown to use macromolecules (e.g.,
polymers and protein) to induce the formation of stable aragonite structures as
shells (/16—119). Other alternatives for synthesizing aragonite include using
ultrasonic irradiation of Ca(HCOs3), (120), reverse surfactant microemulsions
(121), self-assembled monolayers as substrates (/22), and vapor diffusion of CO>
into a solution of CaCl, mixed with particles of a hydrophilic block copolymer
(123).

Calcite is the most stable crystal structure of CaCO3 and it is rhombohedral
as shown in Figure 4. A number of studies have shown that the solution pH
and temperature have the most significant effects on altering the phases of
calcium carbonate (82, 83). Under ambient condition, the optimal pH conditions
for forming calcite, aragonite and vaterite are pH >12, pH ~11 and pH <10,
respectively (82). Calcite can be formed directly from a Ca-rich solution or
indirectly using metastable CaCO3. An increase in reaction time leads to the
preferential formation of calcite over the other phases (i.e., vaterite and aragonite)
(83). As the reaction temperature increases, the production of aragonite becomes
favored if pH <11 and at pH > 11, calcite is formed as the main product (83).
Orthophosphate ions in solution favor calcite formation, while aragonite and
calcite formations are favored in the presence of magnesium and manganese ions
(82).

Silica (Non-Carbonate By-Product)

Many of previously discussed approaches for the production of magnesium
and calcium carbonates involve silicate minerals or industrial wastes that contain
a significant fraction of silica (e.g., steel slags). Thus, one of the major by-products
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of these processes is Si-bearing materials. High surface area silica is produced as
Mg and/or Ca are leached out from the silicate minerals such as olivine, serpentine
and wollastonite under low pH conditions. The resulting silica can be further
ground to achieve the same fineness as silica fume, which are widely used in the
cement industry. Traditionally, silica fume is one of the by-products generated in
electric arc furnaces that produce silicon and ferrosilicon alloys (/24). High purity
quartz silicon is converted to SiO, vapor at a high temperature (2000 °C), and it is
subsequently oxidized and condensed resulting in non-crystalline silica particles
(125). Silica fume is a very fine powder with spherical shape, which is about 100
times smaller than the size of cement. Particle size of silica fume ranges from 0.1
and 0.2 um and is highly pozzolanic in nature because silica fume contains about
90 wt.% of non-crystalline silica with high surface area (13,000 — 30,000 m%/kg)
(126).

Many have reported that the mechanical strength of construction materials can
be improved with the addition of silica fume since it reacts with Ca(OH), resulting
in an increase in bond strength between hydrated cement materials and sand as well
as changes the pore distribution of cementitious composite (/27—130). Sobolev
(2004) (131) observed the maximum compressive strength of 91 MPa at 10% silica
fume replacement of cement for high performance concrete. By adding silica
fume, pore alteration can also improve the durability of concrete. For example,
the diffusion of chloride ion into concrete is reduced with an increase in the silica
fume content in cement (/32—134). Silica fume has also been used to compensate
for the reduction in the compressive strength of mortar when high compositions
of limestone are used (/35). The use of limestone-silica fume Portland cement
mortars were also found to increase sulfate resistance of the construction materials
(136). Various by-products of magnesium and calcium silicates such as silica (/37)
and geothite (/38) can be produced in various carbonation processes discussed
earlier (Figure 4). Silica-bearing by-products (or wastes) in particular have a great
potential to be used in construction materials with lower environmental impacts.

Use of Low Grade Industrial Wastes in Construction Materials

Various wastes can be carbonated and utilized as discussed in Bertos et al.,
(2004) (16). Some of the most common alkaline industrial wastes include blast
furnace slag, stainless steel slag, MSWI ash, cement kiln dust, air pollution control
residues, coal fly ash to list a few. However, the effectiveness of using these
wastes is dependent on the chemical and morphological properties they impart to
the cement. For example, greater alkalinity, high content of Ca and higher Ca:Si
ratio result in a greater extent of carbonation (739, 140). The presence of organics,
anions (e.g., chloride, sulfate, and nitrate), heavy metals (e.g., Pb, Cd, and Ni), and
phases such as ettringite (CagAl2(SO4)3(OH)12-26H,0) that decompose to form
gypsum, carbonate, and alumina gel in the presence of CO; affect the long-term
mechanical strength of cement (/47). The effect of water is also important to
consider. While excess initial free water occupies the pore space and hinders
CO; diffusion which lowers strength development, some water is needed to aid
the carbonation reaction. Morphological features such as greater microporosity of
the hydrated products aid better carbonation, and materials with less surface area
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need less water for optimum carbonation (/42). Higher gas permeability of the
cementitious materials aids CO, diffusion thereby facilitating carbonation (/6).

Some of the abundant industrial wastes such as fly ash and steel slags are of
particular interest for their use as construction materials. Some of those materials
are interesting because they also have carbon capture and storage potential based
on their alkaline contents. According to Cement and Concrete Terminology from
ACI Committee 226, fly ash is defined as “the finely divided residue resulting from
the combustion of ground or powdered coal, which is transported from the firebox
through the boiler by flue gases” (143). The particle size of fly ash varies from less
than 1 pm to more than 100 pum, and the surface area of fly ash is typically 300 —
500 m?/kg. The bulk density can also vary from 540 to 860 kg/m3, and the relative
density of fly ash is between 1.9 and 2.8. The exact compositions of fly ash differ
depending on the source of coal, but all fly ashes include large amount of silica
(Si0.) and lime (CaO) as major constituents. Minor phases include alumina, iron,
magnesium, sulfur, and sodium. Fly ash can be classified as Class F or Class C
(144). Class F has low calcium (< 10% CaO) with around 5% carbon, whereas
Class C is high calcium fly ash with less than 2% carbon (/45).

Fly ash can be used to replace cement up to 25-35 wt.% of the total
construction material based on its workability, which is a measure of the ease of
homogeneous compaction of the construction material (/46). Studies have shown
that fly ash significantly improves the mechanical properties of concrete due to
its pozzolanic reaction (/47, 148), particularly in the long run if the concrete is
kept moist (/49-151). Studies have reported that the natural uptake of CO> in
fly ash concrete forms CaCOs3 over time (/3—15). Alternatively, the industrial
wastes with high Ca and Mg contents can be carbonated prior to be used as
construction materials. Another interesting property of fly ash in cement is that it
acts as lubricating balls when mixed with cementitious materials because it has a
high content of micro beads providing enhanced workability and the ability to be
compacted (/52). One of the technical challenges of using industrial wastes such
as fly ash is the lack of consistency in the composition of the material to produce
carbonated construction materials of consistent quality. Another environmental
challenge is the presence of heavy metals such as Ni and Cr and how they may be
immobilized or mobilized in construction materials.

Other major industrial wastes in the United States which contain calcium
and could be used as construction materials are cement kiln dust and steel slag
(12). As discussed earlier, all of these alkaline industrial wastes can offset the
carbon emission from its own process (e.g., fly ash in a power plant and steel
slags in a steel manufacturing plant). However, their scales do not match their
CO; emissions. Thus, the carbon capture and storage potentials of these industrial
materials are limited. But in terms of both carbon and solid wastes management
perspectives, this approach of treating industrial wastes with anthropogenic
CO; and using them in construction materials is a positive step towards the
environmental sustainability.
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Effects of Carbonated Stainless Steel Slags and Carbon
Mineralization By-Product in Construction Materials

To further investigate the concept of adding carbonated industrial wastes
and other solid additives to the construction materials, the mechanical strength
of construction materials in the presence of silica-rich materials and carbonated
stainless steel slag (cSSS) were examined. Silica (SiO,), which is a by-product
of the carbon mineralization process, was chosen to determine if it would have
the same beneficial effects in enhancing the mechanical strength of construction
materials as silica fume. Stainless steel slag (SSS) was studied since it usually
contains more than 20 wt% of free lime (CaO) and silica, which both are known
to enhance the binding of cement and improve the mechanical strength of the
material.

In this study, silica and carbonated stainless steel slag were prepared using
two different methods. Silica was obtained by dissolving serpentine in 1.5 liters
of 70% HNO3 at 80 °C for 96 hours. The solution was then filtered and the
filtrate was collected and analyzed using the Inductively Coupled Plasma - Atomic
Emission Spectroscopy in order to determine the extraction extent of Mg. The
solid product rich in SiO> was cleaned using de-ionized water and dried at 70 °C
for 48 hours. Carbonated stainless steel slag was prepared by reacting SSS with
CO; at 30 °C in a solution of 1.0 M NaHCOs;. The reaction was performed at
ambient pressure with a CO» flow rate of 0.25 scfm, while stirring at 200 rpm for
12 hours. Next, the cementitious composite was prepared by replacing cement
with silica derived from serpentine to constitute 20% of the total binder content.
In case of cSSS, the cement was prepared with ¢SSS to constitute 10% of the
total binder content. The water to cementitious material ratio was kept at 0.5 for
both cases. The raw materials were mixed in a mortar mixer for 3 min, casted
into the plastic cubic molds, and subsequently compacted by a tamping rod. All
specimens were removed from the molds after 24 hours and cured in water at room
temperature until performing the compressive strength tests (3, 7, and 28 days).
The compressive strength of each cement mortar was measured while applying
the load at a rate of 150 N/s.

As shown in Figure 5, after 28 days, the compressive strengths of construction
materials containing SiO»-rich by-product and ¢SSS (51 and 42 MPa, respectively)
were substantially greater than that of the control case prepared without any
additives (34 MPa). Since both SiOz-rich materials and ¢SSS do not contain
reactive components, the enhanced compressive strengths should have been due to
the filler effect which reduced the void space in the cementitious composite. The
compressive or mechanical strength of composite containing SiO»-rch by-product
was significantly increased with the curing age (from 3, 7, to 28 days), whereas
that of composite containing c¢SSS relatively leveled off after 10 days. These
two additives also changed the hydration behaviors of cementitious composites,
which implied that changes occurred in the heat flow and binding behaviors of
these materials.
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Figure 5. Compressive strengths of cementitious composites prepared with no
additives (control case), 20% Si-rich materials and 10% carbonated stainless
steel slag (cSSS).

Conclusions

A number of options exist for the reduction of industrial CO, emissions.
Among those, the use of industrial wastes in carbon capture and storage is
attractive because it allows for the simultaneous management of CO» and
solid wastes. The carbonation of alkaline industrial wastes mimics the natural
weathering of silicate minerals which can also be performed in an ex-situ mode
at industrial scales. The carbonated materials can either safely store carbon
permanently, or be used in various applications including construction materials
as discussed in this chapter. The complex chemistry and morphological structures
when naturally occurring calcium and magnesium bearing minerals and industrial
wastes are carbonated and by-products such as silica are produced are important to
consider. More importantly, how these materials impact the mechanical strength
and durability of the construction material prior to full implementation needs to
be investigated. The impacts of impurities in these additives on the integrity of
cement are also important to consider.
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A biomass gasification system with COs-recycling was
developed and examined using the thermal equilibrium
model. Performance comparison was conducted against the
conventional air gasification system. Sensitivity analyses were
performed by varying the gasifier temperature from 750 °C to
950 °C and testing three kinds of rice husk as feedstock: As
harvested, naturally dried, or torrefied. The proposed system
produced 7.5 % higher efficiency than the conventional air
gasification. Moreover, the system exhausted 302 g-CO»/kWh
lower emission and in the form of high purity of CO; stream
that is favorable for sequestration process. The recycled CO»
from the gas turbine acted as an effective heat source for
the gasifier as well as gasifying agent. The positive effect
of CO»-recycling was more prominent at the lower gasifier
temperature. The utilization of high quality feedstock, i.e.

© 2015 American Chemical Society
In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.



Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch013

low moisture content and low O/C ratio, was favorable for
optimizing the effect of CO»-recycling on the system efficiency.
Under the examined conditions, the optimum conditions for
gaining the highest system efficiency, 39.4%, were a gasifier
temperature of 850 °C with CO, recycling ratio of 0.87 and the
torrefied feedstock. Application of carbon capture and storage
process to the system at the optimum condition resulted in
1.75 kg-COy/kg-dry-biomass negative carbon intensity with
merely 6.5% efficiency penalty. These results show that the
COs-recycling gasification system is promising for effectively
applying BECCS concept.

Introduction

In terms of carbon neutrality of biomass, bioenergy can be further driven to
carbon-negative by reducing the release of carbon emission from the conversion
process to the atmosphere. This concept can be realized by integrating the carbon
capture and storage (CCS) process to the biomass-to-energy conversion system,
so called bioenergy with carbon capture and storage (BECCS). BECCS offers a
unique opportunity for the net removal of atmospheric CO, while at the same time
fulfilling energy requirements. However as a relatively new emerging concept,
BECCS still has large gaps to the implementation. One of the biggest challenge
arises from the scale contradiction between the biomass conversion system that in
many cases is required to be small (/, 2) and the CCS sub-system that is merely
feasible for the relatively large scale and multicomponent process. The balance
between these factors is largely unexplored (/).

In this study we recognized the potential utilization of biomass CO;
gasification as a compatible method for supporting the implementation of
BECCS. 1t is related to the fact that CO, could react with carbon in biomass
through Boudouard’s reaction. By this feature, the high yield of producer gas
yield, that might lead to high thermal effciciency, could be expected while
on the other the producer gas of this process would be mainly consisted of
CO and CO; (3, 4). Combustion of the producer gas with O, will result in a
high purity of CO, stream that can be sequestrated in a simple process and/or
recycled back to the gasifier as gasifying agent. Studies regarding the potential
implementation of CO, gasification had been frequently conducted (3—6). The
promising performances also had been shown in some proposed comprehensive
systems of CO, gasification (including energy conversion units and CO> cycle)
(7, 8). However, only limited number of research works examined the potential
of CO, gasification for supporting the application of CCS. Moreover, all of
those studies were performed with coal feedstock. Walker et al. (9) developed
the dry gasification oxy-combustion (DGOC) power cycle. In the system, the
recycled flue gas (61 % CO- and 32 % H»>O) was utilized in the high pressure
O blown gasification and boiler (6 atm.). A 34.2 % system efficiency after CCS
was obtained in DGOC that is 4.9 % higher than the oxy-combustion-based
CCS technology. Oki et al. (10) investigated the CO; recycle in the pressurized
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oxygen blown-Integrated Gasification Combined Cycle (oxy-IGCC) with coal.
The proposed system successfully obtained more than 40 % thermal efficiency
after CO; sequestration.

To the best of our knowledge, CO, gasification systems with biomass and
especially with the complementary CCS sub-system have hardly been examined.
The optimum operating parameters of the biomass system might differ from those
of the coal system since the feedstock properties are significantly different. In
addition, small and distributed conversion is common for processing biomass.
Therefore, system modifications and/or simplifications might be required for the
biomass-fed CO; gasification systems.

COz-Recycling Gasification System

In order to examine the feasibility of biomass CO; gasification as an effective
method for implementing BECCS concept, a biomass-based COs-recycling
gasification system was developed in this study. Compared with the systems
established in the previous works (9, 10), some simplifications are proposed:
the first simplification consists in the performance of the atmospheric pressure
gasification process; the second simplification involves the omission of the steam
turbine component for optimal utilization of hot gas turbine flue gas as heat source
for the gasifier and as gasifying agent.

Description of the System

Figure 1 shows the scheme of the proposed COs-recycling biomass
gasification system. Compared to the conventional air blown gasification
system, shown in Figure 2, the main improvement of the CO,-recycling biomass
gasification system is the recycle of high temperature flue gas from the gas
turbine, which mainly consisted of CO», to the gasifier (stream 16 Figure 1) and
to the gas turbine cycle (stream 15 Figure 1). To the gasifier, the recycled CO;
was aimed to be the heat source and gasifying agent in addition to the supplied
0,. It is expected to improve heat recovery and producer gas yield compared
with the merely flue gas heat recovery in the air gasification system (stream 9
Figure 2). The Boudouard‘s reaction (Eq. 1) and the reverse water gas shift
reaction (the reverse of Eq. 2) were expected to be the dominant reactions in
CO; gasifier. Hence, the produced CO and the unconverted CO> would be the
major composition in the producer gas (stream 2 Figure 1). Combustion of the
CO;-diluted producer gas with oxygen would exhaust high concentration of CO,,
over than 98 % mass, and small amount of water vapor. Thus, it can be recycled
in the next process cycle (stream 12 Figure 1). The un-recycled part of the flue
gas would go to the CO» capture process (stream CO20UT Figure 1).

C+CO:2—2C0 AH=171.1kJ/mol (1)

CO+H:0 < CO:+H: AH=-41.1kJ/mol (2)
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To the gas turbine cycle, the recycled CO, was aimed to be the producer gas
diluent for controlling the turbine inlet temperature (TIT). It is also expected to
improve heat recovery from the flue to the compressed gas (steam 13 to stream
9 in Figure 1) compared with that in air gasification system (stream 8 to stream
AIRCI1 in Figure 2) where N is the major diluent. This improvement could be
expected since CO; has lower specific heat capacity and heat capacity ratio than
N». Three heat exchangers were attached for recovering the heat from the recycled
part of the flue gas to the turbine cycle (HX1 Figure 1) and from the producer gas
(HX2 and HX3 in Figure 2). In contrast, only two heat exchangers were attachable
in air gasification system (HX1 and HX2 in Figure 2) due to the limited existence
of significant temperature gradients between the streams.
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Figure 1. Scheme of the COx-recycling biomass gasification system.
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As shown in Figure 1, CO; inlet (stream CO2IN) was installed for supplying
CO; at the initial stage and will be closed later during the process cycle. CO>
supplied would be sustained during the cycle since the system is net CO;
generating. However during the operation cycles in this study, the CO» inlet tube
was continuously operated to supply the producer gas diluent instead of splitting
some of the flue gas back to the system by activating SPLIT2 block. This is since
the utilized simulation model cannot accommodate the change of the operating
mode. Therefore, the net CO, output of the system, which will subsequently go to
the CCS process, was calculated as a difference between the CO» output (stream
CO20UT) and the CO; input (stream CO2IN).
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Process Modelling Methodology

Aspen Plus software was utilized for developing the system and simulating its
behavior and performance. The process simulation was performed based on the
mass and energy balance and chemical equilibrium. The following assumptions
were applied: (1) Chemical reactions reached the equilibrium condition (kinetic
and physical limitations were neglected), (2) all gases were following the ideal
gas properties, and (3) no pressure and temperature drop inside the components
and during the transportation between components. The basic parameters of the
involved components in the CO,-recycling biomass gasification system were set
as follow:

Material and Streams

Three kinds of rice husk were tested as feedstock: As harvested, naturally
dried, or torrefied . Rice husk is chosen as a feedstock model since it is abundant
in Indonesia, the place where the BECCS is promising to be implemented due
to the availability of biomass resource and geological storage for CO» (/). The
ultimate and proximate composition of the samples, shown in Table 1, was taken
from the previous research (/2). The moisture content of the as harvested rice
husk was adjusted to 25 % to simulate the husk harvested at the rainy season. The
feed rate was fixed at 100 kg-wet-biomass/h to simulate the small and distributed
power generation system. All of the material and stream from the outside of
process were in ambient condition (28 °C, 1 atm.). The streams in the process
were in the atmospheric pressure and the possible lowest temperature was 40 °C
(after COOLER block). Heating value of the feedstock is calculated based on Boie
correlation.

The gasifier component was simulated using the RGibbs reactor model.
Syngas composition—consisted of residual C, Ha, CO, CO;, H2O, Nz, Oz, NO,
NO,, benzene, toluene, and phenol—and the temperature were calculated based
on the minimization of the Gibbs free energy. Prior to the gasifier, a block for
decomposition (DECOM block) is required when we used biomass as a feedstock
since biomass is a non-conventional component in Aspen Plus. Decomposition
block was simulated using RYield where the feedstock was converted into its
components including carbon, Hy, Oz, H20, and N». The yield distribution was
specified based on the feedstock’s ultimate analysis using a FORTRAN statement
in Calculator block. The elements and heat generated from decomposition process
were then going into the gasifier block.

The direct gasifier type was applied in this study so that the heat source mainly
came from the feedstock partial oxidation. Oxygen supply to the gasifier was set
as a dependent variable to maintain the gasifier at the target temperature, 750-950
°C, by setting the design specification and the manipulated variable limit in Design
Spec block. During the analysis of this study, oxygen supply is expressed in the
mole ratio of its supplied amount to the required oxygen for the stoichiometric
combustion of the feedstock (Eq. 3) and termed as ‘Equivalence ratio’ (E/R). The
efficiency of the gasifier is calculated as the low heating value (LHV)-based ratio
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of the energy of the producer gas to the energy of the biomass supplied in one
process cycle, shown in Eq. 4. 771 is the mass flow rate while p subscript refer to

producer gas and b subscript refers to biomass.

Table 1. Proximate and Ultimate Analysis Results of Rice Husk (12)

As harvested Naturally dried Torrefied

Proximate analysis (%owt.)?

VM 59.7 73.2 61.9
FC 7.6 9.3 223
Ash 7.8 9.6 13.2
MC 25.0 8.0 2.7
Ultimate analysis (%wt.)>

C 48.0 48.0 55.3
H 4.8 4.8 53
O (by difference) 46.5 46.5 38.5
N 0.7 0.7 0.8

« wet base , ¢ dry, ash-free base

Oz supply (mol/s)

(3)

Equivalence ratio (E/R) =

LHV};(MJ/kgp) x mp(kgp/s)

Gasifier efficiency (%) =

Gas Turbine

LHVMJ [kgs)x rin(kgs/s)

02 for stoichiometric combustion (mol/s)

(4)

The gas turbine was simulated as an arrangement of a compressor, a

combustor, a turbine/expander, and a heat exchanger.

The parameter setting

of each component is shown in Table 2. The combustor was also simulated
using RGibbs, so that the combustion products were calculated based on the
minimization of the Gibbs free energy. Oxygen supply to combustor was specified
to be in the exact amount for stoichiometric combustion of producer gas by
specifying another FORTRAN statement in Calculator block. For the purpose
of maintaining combustor at the targeted temperature, 1100 °C, CO; supply to
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the compressor as a producer gas diluent was set as a dependent variable and
manipulated by using Design Spec block specification. Since there is no heat loss
in the system, TIT was assumed to be the same as the combustor temperature.
For the purpose of maintaining turbine exit temperature (TET) at the targeted
temperature, 1000 °C, pressure ratio of the compressors were set as a dependent
variable and manipulated by using another Design Spec block specification.

Table 2. Gas Turbine Parameter Setting

Component Parameter Basic setting
Compressor Isentropic efficiency (/3) 72 %
Turbine/Expander Inlet temperature (14, 15) 1100 °C

Exit temperature 1000 °C
Isentropic efficiency (13) 80 %
Heat exchanger Minimum temperature approach 20 °C

(Wi —=We, p)(MT | 5)

5
LHV,(MJ/kgy)x tinp(kgy/s) ®

Gas turbine efficiency (%) =

The specification of TET to 1000 °C is based on the optimization of the gas
turbine efficiency with the applied TIT of 1100 °C at the various pressure ratios,
shown in Figure 3. The gas turbine efficiency is calculated as the ratio of the
net of the work produced by the gas turbine (subtraction of the turbine work, W,
and the compressor work for the producer gas, W, ,) to the LHV-based energy
of the producer gas (LHV)), shown in Eq. 5. As shown in Figure 3, the peak of
gas turbine efficiency occurred at the pressure ratio range of around 1.9 to 2.7,
obtained under the applied TET of 1000 °C to 950 °C. The occurrence of the
efficiency peak at certain pressure ratio is typical in regenerated gas turbine and
has been reported in some previous works (/6, /7). This peak is the result of the
optimization between the increase of compressor work input and turbine/expander
work output as the pressure ratio increased. However, the obtained optimum range
of pressure ratio at 1.9 to 2.7 might not be generally applicable and merely specific
for the turbine condition examined in this study. 1000 °C is specified to be the
applied TET instead of the lower temperatures in optimum pressure ratio range
since some portion of the flue gas would be utilized as heat source for the gasifier
without any additional preheating process.
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Figure 3. Effect of pressure ratio on the gas turbine efficiency.

Other Auxiliary Components, Operating Variable, and Process Parameter

The other installed auxiliary components, refer to Figure 1, are two heat
exchangers (HX2 and HX3), an oxygen compressor (COMP2), a cyclone
(CYCLONE), a gas cooler (COOLER), a liquid separator (SEP), a gas mixer
(MIXER), and two gas splitters (SPLIT1 and SPLIT2). The parameter setting of
heat exchangers and the compressor were the same as those that were attached in
the gas turbine. The cyclone and liquid separators separated all of ash and liquid
from the producer gas stream, respectively. The gas cooler outlet temperature
was set to 40 °C. In order to simplify the system, the air separation unit was not
simulated and the oxygen supply is assumed to come independently from the
outside of the system (i.e. oxygen tank or cylinders). The energy requirement of
oxygen supply was assumed to be 0.576 MJ/kg-O; as taken from the reference
(18).

The term ”CO> recycling ratio” used hereafter in this manuscript refers to the
amount of recycled CO; to the gasifier relative to the amount of carbon in biomass
in one process cycle, shown in Eq. 6. This is used since one of the main objectives
of this study is to find the optimum amount of recycled CO; to the gasifier and since
CO; recycled to the gas turbine cycle is a dependent variable of TIT. The overall
system efficiency, Eq.7, is calculated as the ratio of the net of the work produced by
the gas turbine (including the work of the O, compressor, we, 02) and the energies
of the supplied biomass and for supplying O (multiplication of O, energy cost,
E0:,0.576 MJ/kg-0,, with the mass flow rate of O, 7710>).

COzrecyclingratio = (?Oz .recycledto gas1ﬁer.(mol/s) (6)
Cin biomass (mol/kgb) X Hb (kgb/s)

(Wi —=We.p—We,0:)(MJ | 5)

Lav| W XM{kgh] +Eo] W xmo{kgmj
kg s kgo: s
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Analysis of Validity

The validity analysis of this system was partially performed on the gasifier
component by comparing the results of the simulation with those of the experiment
of mesquite fuel gasification with CO>-O; mixtures (/9). The gasifier, which
is controlled by several chemical reactions and heat equilibriums, is a highly
complex sub-system compared with the other components that are mostly
controlled by spontancous irreversible reaction (combustion in gas turbine)
and/or physical reactions (heat transfer, compression, expansion and separation).
Therefore, the validity of the gasifier is expected to well represent the validity of
the overall system.

Table 3. Comparison of the Producer Gas Composition Obtained from
Experiment and Simulation

Run 1 Run 2 Run 3
E/R 0.27 0.31 0.37
CO,/C 1.07 1.24 1.47
Gas composition (%) Exp. Sim. Exp. Sim. Exp. Sim.
Ha 4.0 15.6 5.0 16.5 5.0 16.0
CcO 24.0 243 24.0 25.7 32.0 27.3
CO, 70.0 54.5 69.0 54.9 60.0 56.3
CH4 2.0 5.6 2.0 2.9 2.0 0.4
Average RMS error 5.5 5.0 3.7

The experimental result data were interpreted from graph (/9). Experimental runs 1 and 2
were performed once, run 3 was repeated.

Table 3 shows the comparison of the producer gas composition obtained in
the experiment and in the simulation. CO»/C is calculated in the same method
as CO; recycling ratio, Eq. 6. Thermal equilibrium model can generally predict
the result of gasification under CO,-O, atmosphere with the average of root
mean square (RMS) error of around 3.7 — 5.5. The deviations might imply
that equilibrium state was hardly achieved in the experiment. In addition, the
overestimation of H> was consistently observed in the simulation results. It might
be related to the employment of an updraft gasifier type in the experiment. In
the updraft gasifier, some extent of moisture content, which is one of the H»
precursor, might be excluded from the equilibrium reaction system. This also
might shifts the equilibrium condition. The moisture exclusion is owing to the
combination of the upward direction of the product gas flow and the upper-end
position of drying sequence in the gasifier. Results of some previous research
suggest that equilibrium model was more suitable for simulating the downdraft
gasifier (20, 21). That is since all the product gas was forced toward equilibrium
state in the reduction zone before leaving the gasifier. Therefore, results with
better agreement with our simulation can be expected from downdraft gasifier
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experiment. Vice versa, our gasifier simulation might be suitable for predicting
the case where downdraft gasifier is employed. Validation with downdraft gasifier
experiment is hardly performed at present due to the nonexistence of the report of
downdraft CO,-O; gasification experiment to the best of our knowledge.

Performance Comparison of the COz-Recycling
Biomass Gasification System and the Conventional
Biomass Air Gasification System

To examine the potential advantages of CO-recycling biomass gasification
system, performance comparison was conducted against the conventional air
gasification system. Naturally dried rice husk was used as a model feedstock since
its properties, e.g. elemental composition, moisture content, etc., can generally
represent those of the most typical biomass. Table 4 shows the comparison
of the optimum operating condition and the performace of each system. For
the COj-recycling biomass gasification system, 850 °C gasifier temperature
along with 1000 °C TET were found as the optimum operating conditions.
The assessment of these optimum conditions will be described in the following
section. For the conventional air gasification system, 750 °C gasifier temperature
was considered as the optimum condition as suggested in the reference (22). Gas
turbine was specified to have 900 °C TET, associated with 2.3 pressure ratio, in
order to obtain the highest efficiency.

The proposed system produced 7.5 % higher efficiency than the conventional
air gasification over the examined conditions. This is resulted by the higher
efficiencies of the gasifier and the turbine gas as CO, were introduced in those
components. In the gasifier, the CO» recirculation to the component allow better
heat recovery and provide more producer gas precursor than the merely flue gas
heat recovery in the air gasification system. In the gas turbine, the usage of CO,
as a diluent allow better heat recovery from the flue gas to the compressed gas
than that of when N; is utilized. Hence under the certain applied TIT, a high
amount of the diluent flow, which resulted in a high work output, is allowable for
the CO> diluted fuel gas compared to that of N> diluted fuel gas.

The COs-recycling gasification system exhausted 302 g-CO»/kWh lower
CO; emission than the conventional air gasification over the examined conditions.
Moreover, unlike those of the air gasification, the exhaust gas of the CO»-recycling
gasification system was in the form of high purity CO; (over than CO> 98 %
mass) which is favorable for the sequestration process. Hence considering the
carbon-neutral property of biomass, the attachment of CO; sequestration process
to this proposed system would realize the concept of BECCS and carbon-negative
power plant. If the sequestration is applied, the system would potentially have
the negative carbon intensity up to 1.57 kg-COy/kg-dry-biomass. Up to 7.0 %
efficiency penalty might be required for total CO; sequestration. The efficiency
penalty was considering the pressurizing process for underground CO; injection,
150 atm. The penalty should be less if only transporting is considered. Despite
the efficiency penalty, the system efficiency of the CO,-recycling gasification with
CCS is still higher than that of the air gasification without CCS. Moreover, the
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air gasification system might require higher energy penalty due to the complexity
of the applicable CCS techniques. Therefore, the proposed COs-recycling
gasification system might be an effective method for applying BECCS concept.

Table 4. Comparison of the Operating Condition and the Performance
between the Conventional Air Gasification System and the CO;-Recycling
Gasification System

. . CO:.
Comparison item Conveﬁtzon.al ar recycling
gasification gasification
Operating condition
Gasifier temperature (°C) 750 850
Equivalence ratio 0.34 0.30
CO; recycling ratio (mole CO2/mole C) - 0.75
TIT (°C) 1100 1100
TET (°C) 900 1000
Gas Turbine pressure ratio 2.34 1.93
Performance
Gasifier efficiency (%) 80.8 87.6
Gas turbine efficiency (%) 374 454
System efficiency without CCS (%) 303 37.8
CO; emission (gCO2/kWh) 1286.6 984.7
System efficiency with CCS (%) - 30.8

Sensitivity Analysis

Effect of the CO>-Recycling Ratio on the Operating Variable and the
Thermal Efficiency of the System at Various Gasifier Temperature

Sensitivity analysis was performed to investigate the behavior of the main
components and performance of the total system as a function of the amount of
CO; recycled to the gasifier under various conditions. The first part of sensitivity
analysis was conducted by by varying the gasifier temperature to 750 , 850, and
950 °C. Naturally dried rice husk was used as a model feedstock. All material
stream described in this section refer to Figure 1.

Figure 4 shows the effect of the CO; recycling ratio on the gasifier efficiency
and the required equivalence ratio (E/R) to maintain the gasifier at the target
temperatures of 750, 850 and 950 °C. As previously mentioned, the recycled CO»
was obtained from the outlet of turbine/expander component at 1000 °C and no
preheating process was applied. The increased portion of the recycled CO; into
the gasifier resulted in a lower required E/R at the gasifier temperature of 750 °C
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and 850 °C. The more significant trend shown at the lower gasifier temperature.
These implied that the recycled CO» from gas turbine acted as an effective heat
source and supplied some heat demand in the gasifier. Consequently, the less
extent of the feedstock oxidation was required to provide the heat for maintaining
the target temperature as the increase of CO; recycling ratio. Meanwhile, despite
the higher CO; supply temperature than the target temperature, an increasing
trend of E/R against the increase CO» recycling ratio was observed at the gasifier
temperature of 950 °C. The increase might imply the significant progress of the
endothermic reactions (Boudouard’s reactions, Eq. 1, and the reverse water gas
shift reaction, the reverse of Eq. 2). The reactions increased the heat demand
and subsequently the extent of the feedstock oxidation required to maintain the
gasifier at this target temperature.

100 0.50
—a—T. Gasifier 750°C m  Gasifier efficiency
- ¢ - T. Gasifier 850°C " E/R
95 -4~ T, Gasifier 950°C 043
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Figure 4. Effect of the CO; recycling ratio on the required equivalence ratio and
the gasifier efficiency at various gasifier temperatures.

The CO; recycling ratio positively affected the gasifier efficiency at all gasifier
temperatures, with the more significant increase shown at the lower temperature.
At the gasifier temperatures of 750 °C and 850 °C, the gasifier efficiency increase
as CO; recycling ratio increased was strongly correlated with the reduced E/R.
While at the gasifier temperature of 950 °C, the increase implied that the producer
gas energy increased due to the enhancement of the Boudouard’s and water gas
shift reactions was more than the producer gas energy reduced by the increase of
the oxidized part of the feedstock.

Figure 5 shows the gas turbine efficiency of the CO»-recycling gasification
as a function of the CO; recycling ratio under the various gasifier temperature
setting. The gas turbine efficiency at all gasifier temperatures remained constant
under the CO» recycling ratio below 0.75 and then significantly decreased as the
CO; recycling ratio was increased. The decrease was related to the significant
reduction of the exchanged heat from the flue gas recycled toward the turbine cycle
(stream 13) to the compressed gas (stream 9) when the recycled portion of flue
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gas toward the gasifier (stream 16) increased over the CO> recycling ratio of 0.75.
Under the CO; recycling ratio below 0.75, the minimum temperature approach (the
pinch temperature) applied between the hot inlet (flue gas, stream 13) and the cold
outlet (compressed gas, stream 10) temperatures which allowed a maximum heat
transfer to the cold stream. Meanwhile under the CO; recycling ratio of 0.75 and
above, the minimum temperature approach applied between the hot outlet (stream
14) and the cold inlet (stream 9) temperatures. The temperature setting of the
gasifier slightly increased the gas turbine efficiency under the CO; recycling ratio
of 0.75 and below. This is expected because the producer gases produced in high
temperature had low energy content as is indicated by the low gasifier efficiencies
(Figure 4).
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Figure 5. Effect of the CO: recycling ratio the gas turbine efficiency at various
gasifier temperatures.

Figure 6 shows the overall efficiency of the CO,-recycling gasification system
as a function of the CO; recycling ratio under the various gasifier temperature
settings. The combination of the increase of the gasifier efficiency, the relatively
constant energy for providing O», and the decrease of the gas turbine efficiency
as the CO» recycling ratio increase, resulted in the peak of the system efficiency
under the CO» recycling ratio of 0.75 at all gasifier temperatures. At the gasifier
temperature of 750 °C, the peak of system efficiency, 38.59 %, was 1.2 % higher
than that of O, gasification-based power generation system (0 CO> recycling ratio).
At the gasifier temperatures of 850 °C and 950 °C, the peak of system efficiency
were down to 37.8 % and 37.0 %, and those were merely 0.8 % and 0.4 % higher
than those of O, gasification-based power generation system, respectively.

From the thermal equilibrium analysis, it is found that the gasifier temperature
as low as 750 °C was essential for this CO»-recycling gasification system since
COs recycle at this condition produced a significant positive trend of the system
efficiency. However a problem might occur from the kinetic limitation of the CO»-
char reaction (Eq. 1) that is highly endothermic and slow. Our previous research
(3) indicated that 750 °C might be too low for expecting the optimum performance
of CO, gasification. Other research also has shown that catalyst is required to have
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the CO» gasification performance close to the equilibrium prediction at 750 °C
(6). Hence in this first part of study, 850 °C gasifier temperature with 0.75 CO>
recycling ratio might be the optimum condition for operating the CO,-recycling
gasification system.
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Figure 6. Effect of the CO; recycling ratio on the overall system efficiency at
various gasifier temperatures.

Effect of the CO-Recycling Ratio on the Operating Variable and the
Thermal Efficiency of the System over Various Feedstock with Different
Properties

Further study was performed to examine the behavior and performance of the
proposed system over various feedstock quality. The gasifier temperature was set
at 850 °C. Rice husk underwent three types of pretreatment: as harvested, naturally
dried, and torrefied, were tested as the feedstock model. As harvested rice husk
represent the low quality fuel which has relatively high moisture, 25 % (wet base),
and high O/C ratio, 0.97 (dry base). Naturally dried rice husk represent the typical
biomass feedstock which has relatively low moisture content, 8 %, but high O/C
ratio, 0.97. Torrefied rice husk with its low moisture, 2.7 %, and low O/C ratio,
0.70, represents the high quality feedstock. The properties of the torrefied sample
is reported to be obtained from the torrefaction process at 250 °C for 1 h (13).

Figure 7 shows the overall efficiency of the CO»-recycling gasification system
as a function of the CO; recycling ratio over the various feedstock. The torrefied
rice husk produced highest system efficiency followed by naturally dried and then
as harvested sample at each CO; recycling ratio. This implied that the moisture
content of the feedstock is strongly influenced the performance of the gasifier
and eventually the total system. Moisture content reduction decreased the heat
requirement for evaporation so that lower extent of feedstock oxidation is required.
Therefore, the required E/R for torrefied rice husk, 0.28, is the lowest among the
other samples (0.29 - 0.30 for naturally dried rice husk and 0.34 - 0.35 for as
harvested rice husk). The elimination of water molecule from the gasifier also
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allowed the CO» involved endothermic reactions (Eq. 1 and the reverse of Eq. 2)
to occur in the greater extent and subsequently increase the energy content of the
producer gas. Therefore, the net CO; yield in gasification for torrefied rice husk,
0.16 - -0.32 kg-COo/kg-dry-biomass, is the lowest among the other samples over
the examined range of CO; recycling ratio shown in Figure 7 (0.37 - -0.05 kg-CO»/
kg-dry-biomass for naturally dried sample and 0.65 - 0.25 kg-CO,/kg-dry-biomass
for as harvested sample).
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Figure 7. Effect of the CO; recycling ratio on the overall system efficiency over
various feedstock.

As also shown in Figure 7, the positive effect of CO, recycling ratio on the
system efficiency is more significant in the system with higher quality feedstock.
With the torrefied sample, the optimum CO, recycle occurred at the ratio of 0.87
and it produced the highest peak of system efficiency in this study, 39.4%. It
increased the system efficiency around 0.9 % from O, gasification-based power
generation system (0 CO; recycling ratio). The optimum ratios and their impacts
were smaller over the naturally dried sample and moreover as harvested sample.
The increase of the ratio for the optimum CO; recycle was related to the increase
of the amount of the exhaust gas produced from producer gas combustion (stream
12). As the feedstock with lower moisture content and O/C ratio was supplied, the
syngas content on the producer gas increased and so the amount of O, required for
its stoichiometric combustion. Higher amount of exhaust gas allowed the more of
its portion to be recycled to the gasifier (stream 16) without reducing the amount
of heat transferred to the compressed gas (stream 9). In view of this occurrence,
the more significant effect of CO; recycle on the system efficiency can be expected
for the feedstock with higher carbon content such as coal or biomass char. Upon
the application of sequestration process, the system with torrefied feedstock would
potentially have the negative carbon intensity up to 1.75 kg-CO»/kg-dry-biomass
with the final efficiency of 32.9% (6.5% penalty). The values are higher than in
those of the system with naturally dried feedstock that were 1.57 kg-CO»/kg-dry-
biomass with the final efficiency of 30.8% (7% penalty).
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Conclusion

A biomass-fed power system utilizing CO, recycled to the gasifier and the
gas turbine cycle was proposed and analyzed using the thermal equilibrium
model. The proposed system produced 7.5 % higher efficiency and exhausted
302 g-CO2/kWh lower CO; emission than the conventional air gasification.
In addition, the exhausted CO; stream was of high purity and suitable for
sequestration or further utilization. The recycled CO; from the gas turbine
acted as an effective heat source for the gasifier as well as gasifying agent. The
positive effect on the system efficiency was more prominent at the lower gasifier
temperature. The utilization of high quality feedstock, i.e. low moisture content
and low O/C ratio, was favorable for optimizing the effect of CO,-recycling.
Peaks of system efficiency were observed under all examined condition at the
CO; recycling ratio range of 0.65-0.87. The highest peak, 39.4%, was obtain with
torrefied ruch husk under the gasifier temperature of 850 °C and CO> recycling
ratio of 0.87. Application of CCS to the system at the optimum condition resulted
in 1.75 kg-COo/kg-dry-biomass negative carbon intensity with merely 6.5%
efficiency penalty. These results imply that the CO»-recycling gasification system
is promising for effectively applying BECCS concept.

Acknowledgments

This work was supported by the National Natural Science Foundation (Grant
No. 51406182) and Talented Young Scientists Program (INA-14-003) — People’s
Republic of China.

References

1. Obersteiner, M.; Karlsson, H. Prestudy of BECCS Bio-Energy with
Carbon Capture and Storage. MISTRA (Online), June 2011. http:/
www.mistra.org/download/18.6ab10bcb1382¢9868e9442/1378682263448/
Prestudybeccs.pdf (accessed April 1, 2015).

2. Ruan, R.; Chen, P.; Hemmingsen, R.; Morey, V.; Tiffany, D. Size Matters:
Small Distributed Biomass Energy Production Systems for Economic
Viability. Int. J. Agric. Biol. Eng. 2008, I, 64—68.

3. Prabowo, B.; Umeki, K.; Yan, M.; Nakamura, M. R.; Castaldi, M. J;
Yoshikawa, K. CO»-Steam Mixture for Direct and Indirect Gasification of
Rice Straw in a Downdraft Gasifier: Laboratory-Scale Experiments and
Performance Prediction. wigyslesiisngm 2014, /13, 670—679.

4. Renganathan, T.; Yadav, M. V.; Pushpavanam, S.; Voolapalli, R. K
Cho, Y. S. CO, Utilization for Gasification of Carbonaceous Feedstocks: A
Thermodynamic Analysis. i 2012, 83, 159-170.

5. Garcia, L.; Salvador, M. L.; Arauzo, J.; Bilbao, R. CO» as a Gasifying Agent
for Gas Production from Pine Sawdust at Low Temperatures Using a Ni/Al

Coprecipitated Catalyst. [ NRRREREN. 2001, 69, 157-174.

338
In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2015.


http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.apenergy.2013.08.022&coi=1%3ACAS%3A528%3ADC%252BC3sXhsleiu7bP
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.ces.2012.04.024&coi=1%3ACAS%3A528%3ADC%252BC38XhtlGrsbrO
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0378-3820%2800%2900138-7&coi=1%3ACAS%3A528%3ADC%252BD3MXkt1yitQ%253D%253D

Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch013

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Irfan, M. F.; Usman, M. R.; Kusakabe, K. Coal Gasification in CO;
Atmosphere and Its Kinetics since 1948: A Brief Review. Lugegy 2011, 36,
12-40.

Bermudez, J. M.; Ruisanchez, E.; Arenillas, A.; Moreno, A. H.; Menéndez, J.
A. New Concept for Energy Storage: Microwave-Induced Carbon
Gasification with CO,. [ NG| 2014, 78, 559-564.
Castaldi, M. J.; Dooher, J. P. Investigation into a Catalytically Controlled
Reaction Gasifier (CCRG) for Coal to Hydrogen.

2007, 32, 4170-4179.

Walker, M. E.; Abbasian, J.; Chmielewski, D. J.; Castaldi, M. J. Dry
Gasification Oxy-Combustion Power Cycle. imessesinssly 2011, 25,
2258-2266.

Oki, Y.; Inumaru, J.; Hara, S.; Kobayashi, M.; Watanabe, H.; Umemoto, S.;
Makino, H. Development of Oxy-Fuel IGCC System with CO; Recirculation
for CO; Capture. inuymmiaiin 2011, 4, 1066-1073.

Kraxner, F.; Fuss, S.; Leduc, S.; Aoki, K.; Wicaksono, A.; Yowargana, P.;
Heidug, W.; Best, D. A Geographically Explicit Analysis of BECCS Potential
in Indonesia. The 32th International Energy Workshop 2013, International
Energy Agency, Paris, France, June 19-21, 2013.

Kuo, P. C.; Wu, W.; Chen, W. H. Gasification Performances of Raw and
Torrefied Biomass in a Downdraft Fixed Bed Gasifier Using Thermodynamic
Analysis. Fyel 2014, 117, 1231-1241.

Soares, C. Microturbines: Applications for Distributed Energy Systems;
Butterworth-Heinemann: Oxford, 2011.

Doty, D. F. Phase I Development of an Advanced, Intercooled,
Ceramic Gas Microturbine, Unsolicited Proposal Submitted to the
U.S Department of Energy, 2002. http://dotynmr.com/download/pubs/
2003 Doty DOE CGMT.pdf (accessed April 1, 2015).

Takehara, I.; Tatsumi, T.; Ichikawa, Y. Summary of CGT302 Ceramic Gas
Turbine Research and Development Program. _
2002, 724, 627-635.

Haseli, Y. Optimization of a Regenerative Brayton Cycle by Maximization of
a Newly Defined Second Law Efficiency. _ 2013,
68, 133-140.

Haseli, I.; Dincer, G. F.; Naterer, G. F. Thermodynamic Modeling of a Gas
Turbine Cycle Combined with a Solid Oxide Fuel Cell. iy
Luerey 2008, 33, 5811-5822.

Tranier, J. P.; Dubettier, R.; Darde, A.; Perrin, N. Air Separation, Flue Gas
Compression and Purification Units for Oxy-Coal Combustion Systems.
s 2011, 4, 966-971.

Chen, W.; Thanapal, S. S.; Annamalai, K.; Ansley, R. J.; Mirik, M. Updraft
Gasification of Mesquite Fuel Using Air/Steam and CO,/O; Mixtures.

issngnenisenndy 2013, 27, 7460—7469.
Sharma, A. K. Equilibrium Modeling of Global Reduction Reactions for

a Downdraft (Biomass) Gasifier. _ 2008, 49,

832-842.

339
In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2015.


http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.fuel.2013.07.125&coi=1%3ACAS%3A528%3ADC%252BC3sXhtlyku7vN
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.ijhydene.2008.05.036&coi=1%3ACAS%3A528%3ADC%252BD1cXht1KlsL%252FN
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.ijhydene.2008.05.036&coi=1%3ACAS%3A528%3ADC%252BD1cXht1KlsL%252FN
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.enconman.2013.11.021&coi=1%3ACAS%3A528%3ADC%252BC2cXitVensLw%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.egypro.2011.01.143
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.enconman.2007.06.025&coi=1%3ACAS%3A528%3ADC%252BD1cXisFOrtrs%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.ijhydene.2007.06.014&coi=1%3ACAS%3A528%3ADC%252BD2sXhtlOns77O
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.egypro.2011.01.156&coi=1%3ACAS%3A528%3ADC%252BC3MXlslGnsLc%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fef401595t&coi=1%3ACAS%3A528%3ADC%252BC3sXhs1OlsrjJ
http://pubs.acs.org/action/showLinks?system=10.1021%2Fef2002074&coi=1%3ACAS%3A528%3ADC%252BC3MXlsFWmsrg%253D
http://pubs.acs.org/action/showLinks?crossref=10.1115%2F1.1451704
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.enconman.2012.12.033
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.energy.2010.10.034&coi=1%3ACAS%3A528%3ADC%252BC3MXjslSlsw%253D%253D

Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch013

21.

22.

Zainal, Z. A.; Ali, R.; Lean, C. H.; Seetharamu, K. N. Prediction of

Performance of a Downdraft Gasifier Using Equilibrium Modeling for
Different Biomass Materials. * 2001, 42,
1499-1515.

Reed, T.; Das, A. [ INE

The Biomass Energy Foundation Press: Golden, CO, 1988.

340
In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.


http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0196-8904%2800%2900078-9&coi=1%3ACAS%3A528%3ADC%252BD3MXivFartr4%253D
http://pubs.acs.org/action/showLinks?crossref=10.2172%2F5206099

Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch014

Chapter 14

Recent Advances in CO; Capture by
Functionalized Ionic Liquids
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Department of Chemistry, ZJU-NHU United R&D Center,
Zhejiang University, Hangzhou 310027, P. R. China
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CO; capture and storage (CCS) receives wordwide attention
because the rising emission of CO, from fossil fuels is
threatening economies, environments, and human health.
Ionic liquids address new opportunities for carbon capture
because of their promising and unique properties, such as
negligible vapor pressures, high thermal stabilities, excellent
CO; solubilities, and tunable properties. In this review, we
summerized the recent advances in the chemisorption of CO;
using functionalized ionic liquids. It is of great importance
to tune the anion structures, including amino acid anions,
azole anions, and phenol anions because the anion moieties
of ionic liquids usually play a dominant role in the absorption
performance of CO,. Strategies for efficient CO, capture,
energy-saving release, and rapid absorption kinetics are present.
The absorption mechanism was studied through a combination
of spectroscopic investigation, and theoretical calculation.
The recent developments in carbon capture by non-amino
anion-functionalized ionic liquids present limitless potential
to enhance the absorption performance of CO,. Some new
concepts, such as multiple site cooperative interactions, the
effect of enthalpy, and phase-change ionic liquids, open a door
for improving CO; capture by tuning the specific structure of
the ionic liquid.
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Introduction

Emissions of CO> from the consumption of fossil fuels have received
worldwide attention due to the effects of CO; on climate change as a major
greenhouse gas (/—4). Myriad efforts have been dedicated to one challenging
environmental objective—CO; capture and storage (CCS) (5, 6). The traditional
method for CO; capture is chemcial absorption by aqueous amine solutions (7,
8). This liquid-based method with numerous advantages, e.g., high reactivity, low
cost, and good absorption capacity, gained in popularity in industry (9). However,
some serious inherent drawbacks including solvent loss, coorosion, and high
energy demand for regeneration, limit the use of this amine-based technology
(10). Various novel materials and technologies are emerged and developed for
efficient, revesible, economical CO, capture from the burning of fossil fuels.
Metal-organic frameworks (MOFs) are crystalline and porous materials, in
which metal centres can coordinate with the intended organic linkers, but also
with solvent molecules (/7). Subsequent activation by removal of the solvent
molecules creates unsaturated ‘open’ metal sites for CO, adsorption (/2—17).
Zeolites, crystalline and porous aluminosilicates, have the avarage pore sizes with
a conventional value of 9-10 nm, giving advantage of a strong affinity for CO>
but difficult to regenerate and very sensitive to the presence of water in the flue
gas (18—22). Membranes with intrinsic porosity exhibit excellent CO, permeation
performance with low energy requirements relative to conventional amine
absorber/desorber columns (23-27). Ionic liquids (ILs) offer a new opportunity
for developing novel capture systems that are capable of reversibly capturing
COy in high capacity, because of their unique properties, such as negligible
vapor pressures, high thermal stabilities, excellent CO; solubilities, and tunable
properties (28-38).

Room temperature ionic liquids (RTILs), which are composed entirely of
ions and are liquids under ambient conditions, provide unlimited potential to
address the challenge of developing novel capture methods. A great deal of
experimental and theretical studies on the solubility of CO; in the ILs focus
on understanding and increasing the physical solubility of CO; (39-57). Even
with these improvements, it is clear that the CO capacity of the ILs for physical
dissolution at low partial pressures of CO, from post-combustion flue gas is too
low to develop a reasonable separation process based on physical solubility.
Therefore, the design of functionalized ILs for chemical absorption of CO»
is highly desirable. The Davis group (52) reported the first example of CO;
chemisorption by an IL that tethered with an amine group on an imidazolium
cation in 2002; their work presented that 0.5 moles of CO, was captured per mole
of IL under ambient pressure (Table 1, entry 1). One of the disadvantages of this
method was its low absorption kinetics as a result of the relatively high viscosity of
the IL during the absorption of CO; (52, 53). Nevertheless, after that, ionic liquid
once again became a hot research area as a promising absorbent for CO» capture.
Some strategies utilizing other functionalized ILs such as amino acid-based
ILs (54, 55), azole-based ILs (56), and phenol-based ILs (57) with improved
properties were developed. Some significant progresses in the capture of CO;
by the ILs have been achieved (58—69). Noble and coworkers have explored
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the use of room temperature ionic liquids (RTILs) in absorptive and membrane
technologies for CO; capture (58, 60, 70). Atilhan et al. (67) reviewed the use of
the ILs as alternative fluids for CO; capture and natural gas sweetening. Recently,
itreceived increasing attention in CO; chemisorption by functionalized ILs. It was
demonstrated by Dai that a 1:1 mixture of a superbase and an alcohol-containing
task-specific ionic liquids (TSILs) can serve as a non-volatile CO; capture solvent
(71). Brennecke and coworkers studied CO; solubility in several commonly
used ILs and concluded that the anion plays a dominant role in CO; solubility
(72, 73). Subsequently, they proposed a new concept for postcombustion CO;
capture technology that uses phase-change ionic liquids (PCILs) (74). Rogers
demonstrated chemisorption of CO; in 1,3-dialkylimidazolium acetate ionic
liquids (e.g., 1-ethyl-3-methyl-imidazoliumacetate ([Comim][OAc]), Scheme 1),
and evidenced the presence of an unstable N-heterocyclic carbene in a relatively
stable IL based on single crystal X-ray diffraction analysis (75). Currently, Dai
et al. establish a facile synthetic strategy to fabricate a porous liquid containing
empty cavity by surface engineering of hollow structures with ionic liquid species
(76). In their work, the ether groups in the supported ionic liquids enhance
the gas solubility and selectivity towards CO» and the presence of the empty
cavities improve gas separation. Therefore, it is of great importance to design the
strategies for improving CO; capture performance by tuning the structures of ILs.
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Scheme 1. Proposed reaction of CO; and [Comim][OAc].

This perspective review focuses on recent advances and strategies in CO;
capture by functionalized ILs. Herein, we present the strategies for high CO»
capacity, energy-saving demand, and rapid absorption kinetics. It is entirely
feasible to achieved desirable carbon dioxide capture with both high capacity
and low energy penalty by carefully designing suitable structures of ILs. CO
absorption by different functionalized ILs was explained and investigated at the
molecular level through a combination of experiments, spectroscopic methods,
and theoretical calculations. Finally, the future directions and prospects for CO>
capture by designs of functionalized ILs are put forward. There is still a long way
to go in order to fully understand the reasons behind some interesting absorption
behaviours.
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Strategies for Efficient CO, Capture

One of the most important features of any CO» absorbent is its absorption
capacity. An amine group was first projected onto the cation by Davis (52) to form
the amino-functionalized IL, which reacts with CO; in a carbamate mechanism
similar to the aqueous amine system, as shown in Scheme 2. This process is atom
inefficient because one captured CO, molecule require two amines. Subsequently,
some other amino-functionalized ILs, such as sulfone anions with ammonium
cations were explored for CO» capture (77). However, all these systems were
considered atom inefficient to produce a 1:2 stoichiometry. How to enhance the
absorption capacity of gasous CO; by tunable designs of the structures of ILs?

Ha
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Scheme 2. Reaction mechanism of amino-functionalized IL and CO5.

Attaching an Amine Group to the Anion

Zhang et al. (55) employed amino acids as the anion moieties to fabricate
amino acid-based ILs. The CO; absorption of the ILs supported on porous SiO; is
fast and reversible with a captured amount of 0.6 mole of CO; per mole of IL (Table
2, entires 1-3), resulting from the reaction mechanism of two amine groups with
one CO,. Wang et al. (78) developed a strategy for improving CO> capture through
entropic effect by tuning the geometric construction of anion-functionalized ionic
liquids with the amino group at the para or ortho position (Table 1, entries 2-5).
Brennecke and co-workers (79) reported CO; absorption with enhanced capacity
by phosphonium-based amino acid ILs ina 1:1 stoichiometry (Table 1, entries 6-7),
achieving higher molar capacities than cation-functionalized ILs or even aqueous
amine absorbents.

Theoretical caculations at the B3LYP/6-31G ++ (d, p) level were carried
out on isolated prolinate and methioninate anions binding with CO; in a 1:1
stoichiometry, as shown in Scheme 3. The net energies for the formation of the
prolinate and methioninate complexes are -71 and -55 kJ mol!, respectively,
which are in good agreement with the experimental values (-80 kJ mol-! and
-64 kJ mol-!) measured using calorimetry. The ab initio calculations indicated
that tethering the amine to the cation favored the formation of carbamate salt,
reflecting the electrostatic stability of the zwitterions, leading to a poor efficient
absorption capacity (one mole of CO» per two moles of IL), while an equimolar
CO; capture was achieved when tethering the amine to the anion favored the
carbamic acid, indicating the instability of the product dianion. The equimolar
reaction mechanisms of CO, with [Pese14][Pro] and [Pessi4][Met] were further
confirmed by FT-IR spectroscopy. For example, the prolinate N-H stretch at 3290
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cmr! disappears, no ammonium bands emerged, and a new band centered at 1689
cm!, belonging to the new COOH moiety formed from the reaction of CO, and
[Pess14][Pro] (79).

(o]
@I 1o r 1©
(‘36H13 NH, HNLOH
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6713 /P*C14H29 o s | + CO, — [PGBBM] % s~
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Scheme 3. Reaction schematics of COz with [Pess14] [Met] (top) and [Psssi4] [Pro]
(bottom).

To further increase the absorption capacity, Brennecke (73) selected anions
of naturally occurring amino acids containing an additional amine group
(e.g. lysine, asparaginate, glutaminate) and trihexyl(tetradecyl)phosphonium
cations to fabricate functionalized ILs (Table 1, entries 8-14). For
example, The CO, capacity approached to 1.4 mol CO; per mol IL by
trihexyl(tetradecyl)phosphonium lysinate ([Pess14][Lys]) at room temperature
at 1 bar CO,. Recently, to gain insight of these amine-functionalized amino
acid-based ionic liquids as absorbents for CO,, Riisager (80) studied the effect of
cation on the absorption capacity of CO,. Thus, trihexyl(tetradecyl)phosphonium
cation ([Pess14]) was replaced by trihexyl(tetradecyl)ammonium cation ([Ness14]).
An absorption capacity of up to 2.1 mol CO, per mol of IL was achieved by
[Ness14][Lys] at ambient temperature under 1 bar of CO». They proposed that the
[Pss614][Lys]-CO2 and [Ness14][Lys]-CO> adducts are comprised of two different
anion structures (Scheme 4). However, the dramatic increase in viscosity of an
amino acid IL would make the practical application for postcombustion CO;
capture quite challenging.

Scheme 4. Proposed structures of the anions in the [Psssi4] [Lys]-CO: and
[Nsss14] [Lys]-CO: adducts (CO; groups highlighted in gray color).
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Attaching Amine Groups to Both the Cation and the Anion

To improve the CO; absorption efficiency, more amino groups were modified
into both the cation and anion moieties of an IL thanks to its facile structure
tunability. From this point of view, dual amino-functionalized ILs including an
amine-based cation and an amino acid anion were synthesized and developed
to enhance the absorption capacity of CO, (Table 2, entries 7-10). Zhang et
al. (81) investigated a series of dual amino-functionalized phosphonium ILs,
(3-aminopropyl) tributylphosphonium amino acid salts ([aPs443][AA]) as shown
in Scheme 5 for the capture of CO,. Supported absoprtion of CO; by [aP4s43][AA]
ILs on porous SiO, was performed to accelerate the absorption rate, which can
overcome the high viscosities of these ILs so that it takes only 80 min to complete
the CO, absorption. Due to the dual-amino functionalization of ILs, both the
cation and the anion parts were able to capture CO,, resulting to an equimolar
CO; absorption by [aP4443][Gly] and [aPs443][Ala].

CaHo
CaHo F\’ ® ©0  NH,
~,
/ CH,)sNH
CaHo (CH2)3NH, Io R

Scheme 5. Structure.of the dual amino-functionalized phosphonium ILs
([aP4443][AA]). [AA]- = [Ala]-, [Arg]-, [Asn]-, [Asp]-, [Cys], [GIn]-, [Glu]-,
[Gly[-, [His]-, [lle]-, [Leu]-, [Lys]-, [Met]-, [Phe]-, [Pro]-, [Ser[-, [Thr]-, [Trp]-,
[Tyr]- and [Val]-.

The theoretical absorption capacity should be about 1.5 moles of CO; per mole
of IL for dual-amino functionalized ILs because one amine-tethered anion and two
amino-tethered cations can catch one CO> molecule, respectively. Mu ef al. (82)
gave one reason why the absorption capacity could not reach 1.5 moles of CO»
per mole of IL as the R-NTH,COO- formed between the amine tethered anion and
CO; was not enough stable, and can react with another amine to form R-NHCOO-,
leading to the absorption capacity not good as expected with the value of about 1
mole of CO; per mole of IL.

Multidentate Cation Coordination

The traditional technology for CO, capture was based on aqueous
alkanolamine systems, which have some intrinsic drawbacks, including solvent
loss, degradation, and high energy consumption for regeneration. Thus, Wang et
al. (83) present a new method using tunable alkanolamine-based ILs (Table 1,
entries 46-50) through multidentate cation coordination between alkanolamine
and Li* for efficient CO; capture, eliminating both intensive synthesis of
traditional functionalized ILs and the volatility of alkanolamine. For example,
[Li(DOBA)][Tf:N] (DOBA, 2,2’-(ethylenedioxy) bis(ethylamine)) shows a high
absorption capacity of 0.90 mole CO» per mole IL in the presence of two amine
groups in this IL.

Highly efficient CO, absorption was realized through the formation of
zwitterionic adducts, He et al. (84) adopt a similar strategy making use
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of multidentate cation coordination between Li* and an organic base to
enhance CO»-philicity. As an example, the CO; capacity of the neutral ligand
PEGi50MeBu,N was highly increased from 0.10 to 0.66 (mol CO, per mol base)
through the formation of zwitterionic complexes stabilized by Li*.

Incorporating Non-Amino Groups into the Anion

It is in common that amino-functionalized ILs were designed for CO; capture
making use of the reaction of the amine in the cation or anion with CO>. Whether
can we develop novel non-amino contaning ILs for enhancing the chemisorption
of CO,? Dai and coworkers (85) offered a strategy for equimolar CO> capture
by employing non-amino groups as the anion parts. Treatment of a superbase
with weak proton donors such as imidazole, fluorinated alcohol, pyrolidinone,
and phenol, affords a series superbase-derived protic ionic liquids (Scheme 6).
The superbase plays a vital role as a stronge proton acceptor to deprotonate the
weak proton donors directly, providing a thermodynamic driving force for the
reaction of the reactive protic ILs with CO,. An equimolar absorption amount of
CO; was successfully achieved in this system under atmospheric pressure, where
a gravimetric capacity was up to more than 16% (Table 1, entries 15-20). The
tunable anion provides the different driving forces for the reaction with CO, and
affects the absorption amount. Fixing [MTBDH] as the cation, the absorption
capacities of [TFE], [Im], and [PhO] anion were 1.13, 1.03, and 0.49 moles of
CO; per mole of IL, respectively.
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Scheme 6. Reaction mechanism of non-amino anion-functionalized protic ILs
and CO>.

To gain insight into the mechanism of CO, absorption by these non-amino
anion-functionalized protic ILs, they computed the gas-phase energetics
according to the reactions in Scheme 4 at the B3LYP/TZVP level of theory
and obtained changes of energy at -116.8, -85.2, and -41.7 kJ mol-! for TFE-,
Im-, and PhO-, respectively, which are in agreement with the variations of CO>
absorption capacity. Furthermore, the equimolar reaction mechnism of CO;
with [MTBDH][Im] was confirmed by NMR and IR spectroscopy. For exmple,
after CO, bubbling, a new band observed at 1696.4 cm-! would be assigned to
carbamate stretches (86, 87).
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Multiple-Site Cooperative Interactions

In the past decades, great endeavors have been devoted to the capture of CO»
in 1:1 stoichiometry by the ILs. Whether a new method for capturing CO> in more
than 1:1 stoichiometry can be achieved? Wang et al. (88, 89) first demonstrate that
it can achieve an extremely high capacity of up to 1.60 mol of CO; per mol of IL
in the presence of multiple-site cooperative interactions (Scheme 7), which was
originated from the m-electron delocalization in the pydrine ring. In their work,
the pyridine-containing anion-functionalized ionic liquids (Table 1, entries 51-55)
were selected for significant improvements in CO; capture.
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Scheme 7. The plausible mechanism of CO; absorption by [Psssi4][2-Op]
through multiple-site cooperative interactions.

The existence of multiple site cooperative interactions was fully evidenced
by experimental results, quantum-chemical calculations, spectroscopic
investigations, and calorimetric data. In detail, The absorption capacities of
[Pss614][PhO] and pyridine are 0.85 and 0.013 (mol CO, per mol IL), respectively.
While, CO; capacities of the hydroxypyridine anion-containing ILs, Such as
[Psss14][2-Op], are significantly higher than the combination of that by phenolate
IL and that by pyridine. The Mulliken atomic charges of the nitrogen atom in
[P66614][2—Op], [P66614][3-Op], and [P66614][4—Op] are -0.323, —0.235, and -0.285,
respectively, far above that in pyridine (-0.161), illustrating the negative charge
of the O atom was delocalized to the N atom. The multiple site interaction
of [Pess14][2-Op] with CO;, was further investigated by 13C NMR and FTIR
spectroscopy (Figure 1). After the uptake of CO,, two new peaks appeared in
IR spectra at 1670 cm! and 1650 cm-!, which were assigned to the asymmetrial
stretching vibrations of carboxylate ion in N-CO: interaction and O-CO;
interaction, respectively. Two new signals in the 13C NMR spectra at 159.3
ppm and 166.6 ppm emerged after the absorption of CO», and further confirmed
the formation of carbonate and carbamate carbonyl carbon. Furthermore, The
appearances of two exothermic peaks in the calorimetry after the capture of
COs by [2-Op] also evidenced the presence of multiple-site interactions (N-CO;
interaction and O-CO; interaction) in the hydroxypyridine anion. In situ IR
spectroscopy with two-dimensional correlation analysis revealed that the change
of the peak at 1586 cm-! and 1650 cm-! preceded 1670 cm-!, suggesting the O
atom superior to the N atom binds CO, first.
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Inspired by this work, a new method for enhancing the CO; capacity
by introducing a carbonyl group into the anion (Table 1, entries 56-61) was
subsequently developed by Wang et al. (90). Thus, an extremely high capacity
of up to 1.24 mol CO; per mol IL resulted from lewis acid-base and cooperative
C-H:--Ohydrogen bonding interactions.
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Figure 1. a) IR and b) 13C NMR spectra of pyridine containing
anion-functionalized IL [Pesss14][2-Op] before and after CO; capture.

Stetric Hindrance

In amino-containing ILs systems, the formation of carbamate salt usually
leads to the atom inefficiency for the CO; capture. Stetric hindrance provides an
effective idea to make the formed carbamic acid more stable than the ammonium
carbamate, resulting in equimolar absorption and improved ease of desorption. He
et al. (72) selected sodium N-alkglycinates and alaninates with PEG as a suitable
solvent to design a steric hindrance-controlled absorbent for CO; absorption,
realizing a high CO; capacity of up to 1:1 stoichiometry.
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Temperature Time Absorption capacity AHY
Entry Ionic liquid (°C) (min) (mol mol-1) (kJ mol-1) Reference
1 [Apmim][BF4] 22 180 ~0.5 —c (52)
2 [Pess14][p-AA] 30 —a 0.94 (-41) (78)
3 [Poss14][0-AA] 30 —a 0.60 (-56) (78)
4 [Pese14][p-ANA] 30 —a 0.78 (-54) (78)
5 [Pess1a][0-ANA] 30 —a 0.56 (-60) (78)
6 [Psss1a][Met] 25 —a ~0.8 -64 (79)
7 [Psss14][Pro] 25 —= ~0.9 -80 (79)
8 [Psss14][Tau] 25 —a 0.8 —c (73)
9 [Pess14][Gly] 25 —a 1.26 —c (73)
10 [Psss1a][Ala] 25 —a 0.66 —c (73)
11 [Psss14][Sar] 25 —a 0.91 —c (73)
12 [Psss14][Ile] 25 —a 0.97 —c (73)
13 [Psss14][Pro] 25 —= 0.88 — (73)
14 [Psss14][Met] 25 —= 0.88 — (73)
15 [MTBDH][TFE] 23 10 1.13 -116.8 (85)
16 [MTBDH][TFPA] 23 60 0.93 —c (85)
17 [MTBDH][Im] 23 30 1.03 -85.2 (85)
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Temperature Time Absorption capacity AHb
Entry Ionic liquid (°C) (min) (mol mol-1) (kJ mol-!) Reference
18 [(P2Et)H][Im] 23 10 0.96 -85.2 (85)
19 [MTBDH][Pyrr] 23 30 0.86 —c (85)
20 [MTBDH][PhO] 23 30 0.49 -41.7 (85)
21 [Psse14][Pyr] 23 20 1.02 91 (56)
22 [Ps6614][Im] 23 20 1 -89.9 (56)
23 [Psss14][Ind] 23 20 0.98 -63.1 (56)
24 [Pes614][Triz] 23 20 0.95 -56.4 (56)
25 [Psss14][Bentriz] 23 20 0.17 -37.2 (56)
26 [Pses14][Tetz] 23 20 0.08 -19.1 (56)
27 [Pes614][Oxa] 23 20 0.91 -69.8 (56)
28 [Psss14][PhO] 23 20 0.5 -46.7 (56)
29 [Ps6614][4-Me-PhO] 30 30 0.91 -49.2 57)
30 [Pss614][4-MeO-PhO] 30 30 0.92 -51.4 (57)
31 [Pss614][4-H-PhO] 30 30 0.85 -46.8 (57)
32 [Pss614][4-Cl1-PhO] 30 30 0.82 -38.1 (57)
33 [Pess14][4-CF3-PhO] 30 30 0.61 224 (57)
34 [Ps6614][4-NO»-PhO] 30 30 0.3 -17.1 (57)
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Table 1. (Continued). CO; Chemisorption by Different Functionalized Ionic Liquids

Temperature Time Absorption capacity AH?

Entry lonic liquid (°C) (min) (mol mol-1) (kJ mol-1) Reference
35 [Pss614][3-C1-PhO] 30 30 0.72 -31.4 57)
36 [Pss614][2-C1-PhO] 30 30 0.67 -27.6 (57)
37 [Psss14][2,4-C1-PhO] 30 30 0.48 -29.5 57)
38 [Pss614][2,4,6-C1-PhO] 30 30 0.07 -19 (57)
39 [Psss14][3-NMe2-PhO] 30 30 0.94 -42.9 (57)
40 [Pse614][1-Naph] 30 30 0.89 -27.9 57)
41 [Psss14][2-Naph] 30 30 0.86 2323 57
42 [Ps6614][2-CN-Pyr] 22 —a ~0.9 -43 (54)
43 [Pes614][3-CF3-Pyr] 22 —= ~0.9 -46 (54)
44 [Aemim][Tau] 30 —a ~0.9 — (54)
45 [Choline][Pro] 35 240 ~0.5 —c (96)
46 [Li(EA)][TH:N] 40 60 0.54 — (83)
47 [Li(DEA)][Tf:N] 40 60 0.52 — (83)
48 [Li(AEE)][TfN] 40 60 0.55 —c (83)
49 [Li(HDA)][Tf:N] 40 60 0.88 —c (83)
50 [Li(DOBA)][Tf:N] 40 60 0.9 — (83)
51 [Pses14][2-Op] 20 —a 1.58 —c (89)
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Temperature Time Absorption capacity AHb

Entry Ionic liquid (°C) (min) (mol mol-1) (kJ mol-!) Reference
52 [Pess14][4-Op] 20 —a 1.49 —c (89)
53 [Pses14][3-Op] 20 —a 1.38 —c (89)

59 [Psss14][3-OMes-2-Op] 20 —a 1.65 — 89)
55 [Pess14][4-ABI] 20 —a 1.6 — 89)

(56) [Pess14][4-CHO-PhO] 30 —a 1.01 —c (90)

57 [Psss14][4-EF-PhO] 30 —a 1.03 — (90)
58 [Pss614][4-Kt-PhO] 30 —a 1.04 — (90)
59 [Pss614][4-CHO-Im] 30 —= 1.24 — (90)
60 [Pes614][4,5-2EF-Im)] 30 —a 0.85 —c (90)
61 [Im-EA][TH;N] 30 —a 0.06 — (90)

a Absorption time is not mentioned in the literature. » Absorption enthalpy is calculated by DFT method, values given in brackets are obtained using the
van’t Hoff equation. ¢ Absorption enthalpy is not mentioned in the literature

In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.



Publication Date (Web): September 11, 2015 | doi: 10.1021/bk-2015-1194.ch014

Strategies for Energy-Saving Release

For traditional amino-functionalized ILs, the enthalpy of CO; absorption is
about 80 kJ mol-! (59), which require a huge amount of energy for regeneration.
It is an urgent task to design attractive sorbent materials that can capture CO; in
an efficient and energy-saving manner. Non amino-functionalized ionic liquids
are endowed this mission, because their physicochemical properties can be easily
tuned by changing the structures of cation and anion. Herein, we present some
representative works for reducing the absorption energy of CO».

Tuning the Basicity of the Anion

It is realized that the anion part plays a dominant role in determining the
chemisorption capacity of CO,. Therefore, Wang et al. (56) designed a series of
non amino-functionalized ILs such as azole-based ILs to tune the enthalpy of CO,
chemisorption due to the various basicities of the anion moieties with pKa values
in DMSO ranging from 19.8 to 8.2. Quantum chemical calculations showed the
enthalpy of CO» absorption decreaed from 91.0 to 19.1 kJ mol-! in accordance with
the decreasing trend of the pKa value of the anion in DMSO (Figure 2), resulting
in an energy-saving requirement during regeneration, shown in Table 1, entries
21-28. There is a quantitative relationship between the enthalpy of CO; absorption
and the pKa value, indicating that the enthalpy of CO, absorption can be quantified
by tuning the basicity of the ILs, which is helpful to future design for CO; capture.
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Figure 2. The relationship between CO; absorption capacity (m), absorption
enthalpy (AH, 0), and the pKa value of the anion in DMSO. The linear
relationship between \H and the pKa of anion in DMSO is shown: R? = (.930.

Thermal gravimetric analysis (TGA) was an effective calorimetric
methodology to evaluate the release capability of CO». The results reveal that the
desorption of CO, is more facile when the basicity of the IL decreases, which
is in accord with the change trend of the enthalpy of absorption. Furthermore,
the absorption capacity of the IL was tuned by the basicity of the IL, for
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example, among the mentioned ILs, [Psss14][ Tetz] has the smallest amount of CO»
absorption due to its weakest basicity with the pKa value of 8.2 in DMSO. While,
[Psss14][Pyr] captures CO; up to 1.02 mol per mol IL, which agrees well with its
robustest basicity in DMSO with pKa value of 19.8. Therefore, the enthalpy of
CO; absorption and absorption capacity can be adjusted by tuning the basicity of
the ILs, suggesting that it is promising to achieve both efficient CO, capture and
energy-saving release.

NMR and IR spectroscopy further confirmed the chemisorption of CO; in
these azole-based ionic liquid systems. The formation of a liquid carbamate via
reaction with CO; results in an equimolar CO; absorption. For exmple, compared
with fresh IL [Pgss14][Triz], a new peak formed at 1736 cm-! upon the uptake of
COo, attributable to a carbamate (C=0) stretch. Similarly, after the absorption of
CO», a signal at 160.7 ppm appears in 13C NMR spectrum, which can be assigned
to carbamate carbonyl carbon.

Tuning the Substituent of the Anion

The substituent effect of the anion works on the absorption capacity of
CO; because the enthalpy of CO; absorption can be tuned by the substituent
of the anion-functionalized ILs. Wang et al. (57) designed a series of
substituent-containing phenolic ILs to investigated the chemisorption of carbon
dioxide. It was found that the enthalpy of CO; absorption significantly depended
on the electron-withdrawing ability, position, and number of the substituted group
in the anion of these phenolic ILs (Table 1, entries 29-41). The results showed
that the stronger the electron-withdrawing ability of the substituent on the anion,
the lower the enthalpy of CO, absorption as well as CO, absorption capacity.
Moreover, the increasing numbers of the electron-with-drawing substituent result
in the decreasing absorption enthalpy and capacity of CO,.

The interactions between CO; and these phenolic ILs were studied by IR and
NMR spectroscopy to support the experimental results. During the chemisorption
of COg, reaction with CO; affords a liquid carbonate salt. For example, a new
band at 1617 cm-! in the IR spectrum and a new peak at 161 ppm in the 13C NMR
spectrum of [Pgss14][4-C1-PhO]-CO2 upon CO» absorption strongly evidenced the
formation of the carbonate salt. To gain insight into the effect of substituents
on the phenolic anion on the enthalpy of CO; absorption, the Mulliken atomic
charge of the oxygen atom in such substituted phenolic anions was calculated at
the B3LYP/6-31++G (p, d) level. The results showed that the decrease of charge
on the oxygen atom lead to the decrease of absorption enthalpy as a result of a
weaker interaction between the chemical binding site and the acidic CO». Thus,
the interaction strength of the binding site in the anion with CO, was tuned by the
substituent, which is useful for designing ILs with low energy requirements during
the regeneration.

Brennecke and coworkers (54) reported a similar work on the CO» capture by
a class of functionalized ILs with substituted aprotic heterocyclic anions such as
trihexyl(tetradecyl)phosphonium 2-cyanopyrrolide ([Psss14][2-CN-Pyr]), as seen
in Table 1, entries 42-43. Likewise, the reaction enthalpy of CO, absorption was
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modulated by altering the substituent on the anion, indicating energy demands
during the desorption process could be properly regulated and controlled.

Phase-Change Ionic Liquids (PCILs)

It is true that the chemical tunability of ILs provides innumerable opportunities
to achieve desirable CO; capture and energy-saving release. It still needs a
strong impulsion to reduce the energy consumption during the regeneration.
Phase-change ionic liquids (PCILs), which are solid salts at normal flue gas
processing temperatures, react with CO; to form liquid PCIL-CO, complexes,
whose melting points are sufficiently lower than those of the pure PCILs.

Brenneckes et al. (74) discovered a series of phase-change ionic liquids based
on aprotic heterocyclic anions (AHAs) (Scheme 8). Utilizing this unique phase
transition ability, it can be anticipated that a postcombustion CO, capture with
PCILs has the potential to require less parastitic energy, because phase-change
that the liquid complex changes back to a solid releases heat, reducing the added

energy for rggeneration
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Scheme 8. Schematic of [P222:][Bnim]-CO; reaction.

Strategies for Rapid Absorption Kinetics

Despite great advances have been obtained by amino-functionalized ILs for
COy capture, there is still enormous room for enhancing the development of
efficient CO; capture and storage. For example, the formation of intermolecular
hydrogen bonding dramatically increased the visicity of the amino-functionalized
IL systems by up to two orders of magnitude, resulting to slow absorption rate.
Another remarkable disadvantage is that it always requires a huge amount of
energy to strip the chemisorbed CO, during the regeneration. Thus, the question,
how to reduce the visicity and improve absorption rate, appears relevant. Many
groups have already realized the importance of this point. With the aid of
a molecular dynamics simulation method, Maginn et al. (91) explained the
dramatic increase in viscosity, which is due to the formation of strong and densely
hydrogen-bonded networks between the zwitterions and dication species formed
after the uptake of CO, by the amino-based cation. Despite some progresses
have been achieved to avoid the formation of carbamate salt through tethering
the amine to the anion (73, 92), the viscosity only can be mitigated to a limited
degree. Thus, Non-amino anion-functionalized ILs in the absence of hydrogen
bonding networks received particular attention for CO; capture in the recent
years. Therefore, in this case, we summarize the general strategies to reduce the
viscosity and improve the absorption kinetics during the absorption of CO, by
functionalized ILs.

356
In Advances in CO2 Capture, Sequestration, and Conversion; He, et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2015.


http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1194.ch014&iName=master.img-009.png&w=223&h=59

Publication Date (Web): September 1%, 52815 | doi: 10.1021/bk-2015-1194.ch014

Table 2. CO; Chemisorption by Ionic Liquid-Based Mixtures

Entry System Ratio® Abso;)pctjon T Absor;;il;,;l time C(?nzdc erf;ﬁ)ty Reference
1 [P4444][Gly]-SiO2 —b — 100 ~0.6 (55)
2 [P4sas][Ala]-SiO; —b — 100 ~0.65 (55)
3 [Pasad][B-Ala]-SiO; —b — 100 ~0.6 (55)
4 [Hmim][TE:N]-MEA 1:1 40 25 ~0.5 (93)
5 [EmimOH|[TEN]-DEA  1: 1 40 25 ~0.3 (93)
6 [Choline][Pro]-PEG200  1: 1 35 50 ~0.61 (96)
7 [AP4443][Gly]-SiO, —b — 80 ~12 (81)
8 [AP4443][Ala]-SiO; —b — 80 ~1.15 (81)
9 [APy43][Val]-SiO, —b — 80 ~1.1 81)
10 [AP4ss3][Lau]-SiO; —b — 80 ~1.08 (81)
11 [ImyOH][TH;N]-DBU 1:1 20 30 1.04 (71)
12 [Imy;OH][T£;N]-DBU 12:1 20 30 111 (71)
13 [Nip2nOH][TEN]-DBU ~ 1: 1 20 30 1.02 (71)
14 [Imy OH][TEN]-MTBD  1: 1 20 30 1.02 (71)
15 [ImyOH][TEN]-BEMP  1: 1 20 60 0.81 (71)
16 [Bmim][T£;N]-DBU 1:1 23 30 0.99 (97)
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Table 2. (Continued). CO; Chemisorption by Ionic Liquid-Based Mixtures

Entry System Ratioe Abso;opctvjon T Absor;:; llfl;l time C(ronzolcff;?f)w Reference
17 [Bmim][BF4]-DBU 1:1 23 90 0.80 97)
18 [Emim][BF4]-DBU 1:1 23 30 0.93 (97)
19 [Bmim][BF¢]-DBU 1:1 23 60 0.75 (97)
20 [Bmim][Tf2N]-MTBD 1:1 23 30 1.08 (97)
21 [Pdmim][T£,N]-DBU 1:1 23 30 0.64 97)
22 [Bmim][TfN]-EtP, 1:1 23 30 1.00 (97)

« The molar ratio of the ionic liquids mixture. » The ratio is not mentioned in the literature. < Absorption temperature is not mentioned in the literature.
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Eliminating the Intermolecular Hydrogen Bonds

To avoid the formation of hydrogen bonds, Wang and coworkers (56)
provided a class of non-amino anion-functionalized ILs such as azole-based
ILs for CO; capture (Table 1, entries 21-28). An important feature of these
azole-based ILs is that the chemisorption kinetic of CO» is rapid (Figure 3). It can
be seen that the absorption was almost complete in the first 10 min with a faster
rate than that by conventional amino-functionalized ILs. The absorption rate by
the ILs may result from the differences of viscosity during the CO, absorption.
Contrary to the dramatic increase in the viscosity during the absorption of CO, by
amino-functionalized ILs, there is no obvious change of viscosity in the absence
of hydrogen bonding networks upon CO> capture by non-amino azole-based ILs.
As examples, the viscosites of [Pess14][Pyr] and [Psss14][Im] varied only from
245.4 to 555.1 cP and 810.4 to 648.7 cP respectively after the uptake of CO,.
Similarly, the viscosites of substituted phenol-based and pyrrolide-based ILs
changed little during the absorption of CO> in the absence of hydrogen bonding
networks, which resulted in rapid absorption kinetics.
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Figure 3. Rapid CO; absorption by some non-amino anion-functionalized
ILs: ¢ [Pesssi4][Pyr], O [Pesssi4][Im], N7 [Psssi14][Triz], © [Pesssi4][Oxa], <
[Pess14] [Tetz], I\ [Pess14] [PhO].

Mixed Solutions Based on ILs

Considering the disadvantages of amine-functionalized ILs, such as high
viscosity, multi-step synthesis, and no cost-competition with commodity
chemicals, Noble et al. (93) reported an industrially attractive and unprecedented
method for rapid and reversible capture of 1 mol CO; per 2 moles amine by
using organic amine/RTIL solutions (Table 2, entries 4-5). The RTILs with
desirable properties, i.e., nonvolatility, enhanced CO; solubility, and lower
heat capacities, were mixed with commercial amines to capture CO,, which
offered significant advantages, including increased energy efficiency. The
absorption reaction was rapid and complete after 25 min because RTILs with
T£:N anions have relatively low viscosities, and the insoluble amine-carbamate
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precipitate helps to drive the capture reaction. Taking advantage of the significant
performance of functionalized ILs in the uptake of CO,. Li and coworkers (94)
realized that mixing functionalized ILs with N-methyldiethanolamine (MDEA)
solution is a good way to improve the efficiency of ILs in the absorption of
COs. Thus, [N1111][Gly], [N2222][Gly], [N111:1][Lys], [N2222][Lys] was selected for
CO, absorption due to their extremely high solubility in water. The mixture of
functionalized ILs and MDEA aqueous solution greatly increased the absorption
rate of CO; because plenty of MDEA deprotonate the formed zwitterions. In
addition, Chen et al. (95) reported that hydrogen bonding between protonated
monoethanolamine and chloride ion can benefit the CO» capture in hydroxyl
imidazolium based ionic liquids and monoethanolamine mixture. Recently,
Wang ef al. (83) presented a new strategy for CO; chemisorption by a class of
tunable alkanolamine-based IL. The formation of the multidentate coordination
interactions between alkanolamine and alkali metallic ions in a quasi-aza-crown
ether fashion results to the high capacity and rapid kinetics of CO; absorption by
tuning the chelation of the alkali metal salt.

To deal with the high viscosity of amino-functionalzied ILs and solvent
loss during the capture of CO,, the Han group (96) employed another strategy
by mixing an amino-functionalized IL (2-hydroxyehtyl-trimethyl-ammonium
2-pyrrolidine carboxylic acid salt, [Choline][Pro]) and polyethylene (PEG 200) as
shown in Table 2, entry 6. Addition of PEG 200 in the IL enhanced the absorption
rate of CO; significantly. PEG 200 acts as a solvent to decrease the viscosity of
the system upon CO; capture, which is kinetically beneficial for the absorption
of COa.

Mixtures of an amidine with an alcohol, alkylamine, or amino alcohol have
been reported for the capture of CO». The associated key problem of these methods
is the volatility of their molecular constituents. To overcome loss of the absorbents,
Dai and coworkers (71) proposed an integrated strategy with an equimolar mixture
of a hydroxyl-functionalized IL as a proton donor and a superbase as a proton
acceptor, which was capable of rapid and reversible capture of about 1 mol CO;
per mol IL (Table 2, entries 11-15). Furthermore, they also present another method
for CO» capture to avoid the use of volatile alcohol or amine by the mixture of
imidazolium ILs and a superbase (Table 2, entries 16-22) (97). Similarly, it also
reach rapid and equimolar absorption of CO> in these systems.

Effect of Water

Due to the inescapability of water in postcombustion CO», a great deal of
researches emerged and developed to investigate the effect of water on CO»
capture. It has been found that adding water into ionic liquids results to a
dramatically decreased viscosity. The effect of water content on the capacity of
CO for a series of amine-functionalized ionic liquids with tetra-alkylphosphonium
cations was studied. As a result, the presence of water reduces the viscosity
of both pure IL samples and CO>-complexed IL samples and causes a slight
decrease in CO, molar capacity, presumably due to reprotonation of the anion
(98, 99). Recently, Brennecke (100) investigated the effect of water on aprotic
heterocyclic anion-functionalized ILs for CO; capture. In contrast to the previous
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works, water improve the solubility of CO; in trihexyl(tetradecyl)phosphonium
2-cyano-pyrrolide [Pess14][2-CNPyr] and significantly altered the slope of the
isotherm. The enhanced CO, solubility may result from the formation of
bicarbonate and changes in the activity of the IL-CO; complex upon addition of
water. Briefly, in one word, a certain amount of water into the pure ILs decreases
the viscosity, which is favorable for rapid absorption kinetics.

Supported Functionalized ILs

How to find out a solution to eliminate the high viscosity of functionalized
ILs, Zhang et al. (81) investigated the absorption of CO» by amino-functionalized
ILs supported on porous silica gel. These ILs contain amino acid anions and
tetrabutylphosphonium cations (Table 2, entries 1-3). They found that fast and
reversible CO, absorption was achieved by this method when compared with
bubbling CO» into the bulk of the ionic liquid. The large surface of silica gel
provides a significant improvement of the absorption rate of CO».

Supported IL membranes play a crucial role in gas separation and significantly
save the operational cost. Undoubtedly, this method avoids the question of the
high viscosity during CO; separation. Hanioka (/01) reported a supported liquid
membrane (SLM) based on a task-specific ionic liquid to achieve the selective
and facilitated CO; separation from the CO,/CH4 gas mixture. The prepared
SLM facilitated by the amine-terminated ionic liquid exhibited high selectivity
and high permeability for CO; transport through the membrane because CHy
permeation only depends on simple physical transport. Subsequently, it was
reported that a supported ionic liquid membrane (the amino-functionalized
ILs [HoNCsHsmim][Tf;N] in a cross-linked nylon-66 polymeric support)
separated CO; from H> with a high permeability and selectivity even at elevated
temperatures (/02). Furthermore, supported liquid membranes incorporating
amino acid ionic liquids remarkably facilitated CO, permeation under dry and
low humid conditions (/03).

Conclusions and Outlook

In summary, by taking advantage of their unique properties, including
negligible vapor pressures, high thermal stabilities, excellent CO; solubilities,
and tunable properties, ionic liquids offer new opportunities for CO, capture
and storage, especially after Davis first reported a task-specific ionic liquid for
CO; capture. Considering the limited CO, solubility of physical absorption,
this review focuses on the chemical absorption of CO, by functionalized ionic
liquids. Despite great progress has been achieved in improving the chemisorption
of CO2 by functionalized ionic liquids, it still remains challenging to design
a new strategy by tuning the structure of the ionic liquid for high absorption
capacity of CO;, energy-saving demand during the regeneration, decreased
visicosity upon the uptake of CO», and rapid absorption rate. In view of the
dramatic increases in the viscosities of amino-functionalized ionic liquids upon
CO; uptake, supported ionic liquids and non-amino anion-functionalized ionic
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liquids are highly desirable and promising for industrial applications in carbon
capture. The interactions between ionic liquid and CO; should be investigated in
depth, which are the reasons for some interesting and abnormal phenomena of
CO; absorption. Multi-cooperative interactions provide countless opportunities
to improve the absorption performance of CO; in an atom-efficient manner.
Furthermore, the physicochemical property changes (e.g. polarity, basicity, and
viscosity) of ionic liquids upon CO; absorption present unlimited potential as
switchable solvents. The CO, loaded ionic liquid possesses sufficient thermal
stability by tuning the structure of the ionic liquid to allow the conversion of CO;
to value-added chemicals or materials (/04). lonic liquids as efficient catalysts,
react with CO, to form liquid carbonate, carbamate, or phenolate salts, which
might render the chemical transformation under mild reaction conditions via
activation of CO; (/05). The prosperous development of ionic liquids for CO>
capture can not live without the unremitting efforts of chemists. Great endeavors
should be devoted to seeking the new breakthough of ionic liquids for CO;
capture. We hope that new strategies and concepts can be introduced into ionic
liquids for CO; capture, facilitating an indepth understanding of the interactions
between ionic liquids and CO,.
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