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Imidazolate framework ZIF-8 is modified via postsynthetic method using etheylenediamine to improve its adsorption per-
formance toward CO,. Results show that the BET surface area of the modified ZIF-8 (ED-ZIF-8) increases by 39%, and
its adsorption capacity of CO, per surface area is almost two times of that on ZIF-8 at 298 K and 25 bar. H>O uptake
on the ED-ZIF-8 become obviously lower compared to the ZIF-8. The ED-ZIF-8 selectivity for CO,/N, adsorption gets
significantly improved, and is up to 23 and 13.9 separately at 0.1 and 0.5 bar, being almost twice of those of the ZIF-S.
The isosteric heat of CO; adsorption (Qy,) on the ED-ZIF-8 becomes higher, while Qy, of N> gets slightly lower com-
pared to those on the ZIF-8 Furthermore, it suggests that the postsynthetic modification of the ZIF-8 not only improves
its adsorption capacity of CO, greatly, but also enhances its adsorption selectivity for CO,/N,/H>O significantly.

© 2013 American Institute of Chemical Engineers AIChE J, 59: 2195-2206, 2013
Keywords: ZIF-8, modification, adsorption/gas, isosteric heat of adsorption, selectivity

Introduction

CO, has often been cited as the primary anthropogenic
greenhouse gas (GHG) as well as the leading culprit in
global climate change. The development of a viable carbon
capture and sequestration technology (CCS), is therefore, a
scientific challenge of the highest order.'™ Currently, a vari-
ety of methods, such as membrane separation, chemical
absorption with solvents, and adsorption with solid adsorb-
ents, have been proposed to sequester CO, from the flue
gases of power plant. Thereinto, the adsorption is considered
to be one of the most promising technologies for capturing
CO, from flue gases because of their easy control, low oper-
ating and capital costs, and superior energy efficiency.””’
Many adsorbents have been investigated for CO, adsorption
including activated carbons, zeolites, hydrotalcites and metal
oxides.® 14 However, although some zeolite materials have
been claimed to be most adequate for CO, separation from
flue streams, it is difficult to regenerate them without signifi-
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cant heating which leads to low productivity and great
expense.'>!°

Recently, metal-organic frameworks (MOFs) have
attracted great attention and present a promising platform for
the development of next-generation capture materials
because of their high capacity for gas adsorption and tunable
pore surfaces that can facilitate highly selective binding of
CO0,.""7%° To optimize a MOF for a particular application, it
is important to be able to tailor its pore metrics and function-
ality in a straightforward fashion. However, tailoring MOFs
materials by modifying their textural properties (e.g., surface
area and pore volume) and surface chemistry (acid—base
properties, functional groups) for adsorption application is
still a difficult task.”” Many researchers have given insight
into modification of the MOF materials so as to develop new
and better adsorbents. Strategies reported include ligand
functionaliz:eltion,zé"zgf39 framework interpenetration,zz’23
introduction of alkali-metal cations,“o‘42 control of pore
size™™ and incorporation of open metal sites
(OMSs). 3831 However, because of the instability under
conditions for the synthesis of MOFs or the competitive
reaction with some framework components, it may be diffi-
cult for certain functional groups to incorporate into MOFs
using aforementioned strategies. Another strategy for gener-
ating desired functionalities in MOFs is the postsynthesis
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modification of preconstructed, robust precursor MOFs.>25°

For example, An et al.*’ demonstrated that postsynthetic
exchange of extra-framework cations within anionic bio-
MOE-1°° can be used as a means to systematically modify
its pore dimensions and metrics. Farha et al.”’ synthesized a
series of cavity modified MOFs by replacing coordinated sol-
vents with several different pyridine ligands. They found
that a p-(CF3)NCsHy-modified MOF showed considerable
improvements in the CO,/N, selectivities compared to the
parent framework.*® Long and his coworkers™® previously
reported the grafting of ethylenediamine (en) within a water-
stable MOF H;[(Cu4Cl)3(BTTri)g] (CuBTTri), and found that
the en modified sample had more greater attraction of CO,
at low pressures and the CO,/N, selectivity also increased
over the entire pressure range measured. More recently,
Long and coworkers™ incorporated the N,N'-dimethylethyle-
nediamine (mmen) into the CuBTTri MOF, and showed that
the CO, uptake was drastically enhanced. Zhang et al.®
reported that after ZIF-8 was modified by ammonia impreg-
nation, the surface basicity was greatly increased and there-
fore the CO, uptake was enhanced. Park et al.°' reported a
postsynthetic reversible incorporation of organic linkers 3,6-
di(4-pyridyl)-1,2,4,5-tetrazine (bpta) into SNU-30
[Zny(TCPBDA)(H,0),]-30DMF-6H,0 through single-crystal-
to-single-crystal transformations, and found that the desol-
vated SNU-31" exhibited enhanced selective adsorption of
CO, over N,. Xiang et al.®? incorporated the CNTs into
HKUST-1, and then modified it with Li*. The results
showed that the hybrid Li@CNT@][Cus(btc),], which is
formed by the combination of Li doping and CNT incorpora-
tion, having an enhancement of CO, uptakes by about
305%. However, to this date, no work has been reported out
on the postsynthetic modification of ZIF-8 to enhance its
functionality.

In this work, the postsynthetic modification of the ZIF-8 is
proposed to prepare a novel adsorbent with higher CO,
adsorption capacity and CO,/N, selectivity. The postsyn-
thetic modification of the ZIF-8 crystals would be carried
out by using ethylenediamine treatment. Then the surface
groups of the modified ZIF-8 samples (ED-ZIF-8) would be
characterized. Single-component isotherms of CO, and N,
on the modified ZIF-8 samples would be measured sepa-
rately. Furthermore, the CO,/N, selectivity is estimated by
using IAST on the basis of single-component isotherms of
CO, and N,. The influence of the textural structures and sur-
face chemistry of the original and modified ZIF-8 samples
on their adsorption capacities for CO, and selectivity of
CO,/N, would be discussed and reported here. This informa-
tion will be valuable for selecting appropriate adsorbents for
CO, capture process.

Methods and Materials
Materials and instruments

Zinc nitrate hexahydrate (Zn(NO3),-6H,0, 98%, extra pu-
rity) and 2-methylimidazole (H—MeIM) (99% purity) were
purchased from J & K Chemicals. N,N— Dimethylacetamide
(DMF) was purchased from Qiangshen Chemicals Co., Ltd.
of Jiangshu (Jiangshu, China), and it was further purified by
4A molecular sieve to eliminate the water.

Maganetic suspension balance RUBOTHERM was sup-
plied by Germany. Its precision was 0.000001 g. ASAP
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2010 sorptometer was
Norcross, GA, USA.

supplied by Micromeritics Co.,

Adsorbents

Synthesis of ZIF-8 was performed following the reported
procedures®® with a few modifications. First, a solid mixture
of zinc nitrate hexahydrate Zn(NO;),-6H,O (0.956 g, 3.2
mmol) and 2-methylimidazole (H—MelM) (0.24 g, 3.4
mmol) was dissolved in 70 mL of DMF solvent. The mixture
was quickly transferred to a 100 mL autoclave and sealed.
Second, the autoclave was heated at a rate of 5 K/min to
413 K in a programmable oven and held at this temperature
for 24 h under autogenous pressure by solvothermal synthe-
sis, followed by cooling at a rate of 0.3 K/min to room tem-
perature. Third, after removal of mother liquor from the mix-
ture, chloroform (40 mL) was added to the autoclave. The
as-synthesized ZIF-8 crystals were then isolated by filtration.
Colorless polyhedral crystals were collected from the upper
layer, washed with DMF (10 mL X 3), and dried at 383 K
overnight.

To further remove the guest species from the framework
and prepare the evacuated form of ZIF-8 crystals for modifi-
cation and gas-sorption analysis, the as-synthesized ZIF sam-
ples were immersed in methanol at ambient temperature for
48 h, and evacuated at ambient temperature for 5 h, and sub-
sequently at an elevated temperature 673 K for 2 h.

Postsynthetic modification of adsorbents

The as-synthesized ZIF-8 crystals (labeled as ZIF-8) were
dried at 383 K for 24 h for postsynthetic modification.

The subsequent treatment applied to the modification of
ZIF-8 crystals consists of the following steps: The modified
ZIF-8 sample (labeled as ED-ZIF-8) was synthesized using
ethylenediamine as a linker. In a typical procedure, the ZIF-
8 sample was added to 30% ethylenediamine solution and
then the mixture was placed in a stainless high-pressure
autoclave. The autoclave was heated in an oven at 416 K for
1 h and then 381 K for 6 h. The light yellow product was fil-
tered and washed with deionized water. Finally, the sample
was dried at 383 K overnight.

Characterization of adsorbents

The specific surface area and pore volume of original
ZIF-8 and modified ZIF-8 crystals were measured on a
Micrometrics gas adsorption analyzer ASAP 2010 instrument
equipped with commercial software for calculation and
analysis.

Powder X-ray diffraction data were collected using a D8
advance 0-20 diffractometer (Bruker) in reflectance Bragg-
Brentano geometry employing Cu Ko line focused radiation
with 40 kV voltages and 40 mA current. The X-ray scanning
speed was set at 2°/min and a step size of 0.02° in 20. A
Jade 5 XRD pattern processing software (MDI, Inc., Liver-
more, CA) was used to analyze the XRD data collected on
the ZIF-8 samples.

The surface organic molecules were analyzed by taking
FTIR spectra on a Bruker 550 FTIR instrument equipped
with a diffuse reflectance accessory that included a reaction
cell. Data acquisition was performed automatically using an
interfaced computer and a standard software package. The
samples were dried in vacuo at 423 K prior to mixing with
KBr powder. The samples were run in ratio mode allowing
for subtraction of a pure KBr baseline. The sample chamber
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Figure 1. N, adsorption-desorption isotherms of ZIF-8
and ED-ZIF-8 samples.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

was kept purged with nitrogen during the entire experiment.
The spectrometer collected 64 spectra in the range of 400—

4,000 cm ™', with a resolution of 4 cm ™.

CO; and N, adsorption measurements

The CO, and N, adsorption-desorption isotherms at 298
K, 308 K, 318 K, and 328 K were obtained on a RUBO-
THERM magnetic suspension balance. The initial activa-
tion of the modified sample was carried out at 423 K for
12 h in a vacuum environment. He (ultra-high purity, U-
sung) was used as a purge gas in this study. The adsorp-
tion processes were carried out using high purity CO, and
N, (99.999%) gas. A feed flow rate of 60 mL/min of
CO,, 40 mL/min of N, and 30 mL/min of He, respec-
tively, were controlled with the mass flow controllers
(MFC) to the sample chamber. Both adsorption and de-
sorption experiments were conducted at the same tempera-
ture. The temperature of the sorption chamber can be
adjusted and maintained constant by an internal tempera-
ture sensor. However, the pressure can be changed step-
wise through the gas flow rate.

Typically, there are four steps for finishing determination
of an isotherm of CO, or N, by using Rubotherm magnetic
suspension balance. These detail steps are shown by the
operation manual of Rubotherm maganetic suspension
balance.

H,0 adsorption measurements

The water adsorption measurements were conducted on a
computer-controlled DuPont Model 990 TGA. The partial
pressure of water was varied by changing the blending ratios
of water-saturated nitrogen and pure nitrogen gas streams.
Before measurement, the modified ZIF-8 samples were acti-
vated at 423 K for 6 h.
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Figure 2. PXRD patterns of ZIF-8 and ED-ZIF-8
samples.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Results and Discussion
Structure and pore characterization

Figure 1 exhibits the adsorption-desorption isotherms of
N, at 77 K on the two samples ZIF-8 and ED-ZIF-8. It can
be seen that both samples show type-I behavior, indicating
they are microporous in nature. Table 1 lists structure param-
eters of the two samples. These data indicate that the BET
surface area and micropore volume of the ED-ZIF-8 sample
are significantly higher than those of the original ZIF-8 sam-
ple, with an increase of ~39% and 35.6%, respectively.
Yaghi and his coworkers reported a pore volume of 0.66
Cm3/g for ZIF-8 from the single crystal structure. For the
ZIF-8 sample, the total pore volume is calculated to be 0.54
cm’/g, because part of the pores might be blocked. However,
after the postsynthetic modification, the blocked pores were
reopened, and at meanwhile, some new pores were
formed.®+% Thus, the total pore volume of the ED-ZIF-8
sample is greatly improved.

Figure 2 shows the powder X-ray diffraction (PXRD) pat-
tern of the modified ZIF-8 sample. It can be seen that the
main peaks of the modified ZIF-8 sample are very clear, and
similar to those of the original ZIF-8 sample, indicating that
the integrity of the modified ZIF-8 sample maintains well af-
ter the postsynthetic modification. However, for a deep look-
ing, it can be found that the major peaks of ED-ZIF-§ all
shifted to the left side (low-angle area) a little bit, which
means after modification, the lattice distance increased.

In order to obtain information concerning changes in the
surface groups, FTIR experiments were carried out to char-
acterize the samples. Figure 3a shows the FTIR spectra of
the original ZIF-8 and the ED-ZIF-8 sample. It is noticed
that the spectra for the two samples show high similarities,
and the main peaks of both ZIF-8 samples match well with
the published FTIR spectra for the ZIF-8. However, some

Table 1. Porous Structure Parameters of the Modified ZIF-8 Crystals

BET surface Langmuir surface Micropore volume Total pore Micropore Mesopore
Sample area (mz.gfl) area (mz.gfl) (cm3.g71) volume (cm3.g71) diameter (nm) diameter (nm)
ZIF-8 1025 1352 0.45 0.54 0.352 443
ED-ZIF-8 1428 1897 0.61 0.75 0.544 4.53
AIChE Journal June 2013 Vol. 59, No. 6 Published on behalf of the AIChE DOI 10.1002/aic 2197
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Figure 3. a. FTIR spectra of the modified ZIF-8 crystals
between 4,000-400 cm™'; b. FTIR spectra of
the modified ZIF-8 crystals between 4000-
2,400 cm™".
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

differences are also observed. For example, the spectrum of
the ED-ZIF-8 sample is different from that of the ZIF-8 sam-
ple in that (1) as shown in Figure 3b there is a new peak at
3381 cm~ ! which is assigned to N—H group appeared on
the spectrum of the ED-ZIF-8 sample, suggesting some
N—H groups have been introduced on the surfaces of the
sample ED-ZIF-8, and (2) a peak at 3626 cm”! assigned to
O—H of the adsorbed H,O is present in the spectrum of the
ZIF-8 sample, which is absent in the spectrum of the ED-
ZIF-8 sample, as shown in Figure 3b.

CO, and N, adsorption isotherms

For comparison, Figure 4 shows the isotherms of CO, on
the ZIF-8 and ED-ZIF-8 samples. It is visible that the
amount adsorbed of CO, increases as temperature decreases.
This suggests that the adsorption of CO, is mainly physical
adsorption. More importantly, it is found that the ED-ZIF-8
sample had higher CO, adsorption capacities compared to
the ZIF-8 sample, indicating that the adsorption capacities of
the modified ZIF-8 toward CO, are greatly improved, nearly
being twice as much as the ZIF-8. One of the reasons is that
the surface area (BET) of the ED-ZIF-8 increases by 39%,
as indicated in Table 1. The other reason is that adsorption
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capacity per unit surface area of the ED-ZIF-8 for CO,
increases due to an introduction of N—H groups by postsyn-
thetic modification. To further understand that, Figure 4a and
4b are separately transferred into Figure 5a and 5b in which
the equilibrium uptakes of CO, based on unit surface area
(BET) of the two samples are plotted as a function of CO,
pressure. Comparing Figure 5b and Figure 5a shows that the
CO, uptake per surface area (BET) of the ED-ZIF-8 is obvi-
ously higher than that of the ZIF-8, which is mainly ascribed
to the introduction of N—H groups, as shown in Figure 3.

Figure 6a and 6b show the N, adsorption isotherms on the
two samples. It is visible that the N, uptakes on the modified
ZIF-8 samples are slightly higher than that on the ZIF-8 due to
its larger surface area and pore volume after modification.
However, after Figure 6a and 6b are converted into Figure 7a
and 7b in which the equilibrium uptakes of N, based on unit
surface area of the two samples are plotted as a function of
pressure, it is found from Figure 7 that the equilibrium uptakes
of N, per surface area of the ED-ZIF-8 are slightly lower than
that of the ZIF-8, which means that ED-ZIF-8 sample has less
affinity toward N, than ZIF-8 sample. This will be helpful to
enhance the adsorption selectivity for CO,/N..
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Figure 4. a. Isotherms of CO, on the ZIF-8 sample with
different temperatures; b. isotherms of CO,
on the ED-ZIF-8 sample with different
temperatures.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Multiple cycles of CO; adsorption-desorption on the
ED-ZIF-8

To evaluate the regeneration performance of the modified
sample or the reversibility of CO, adsorption on the modi-
fied sample, the experiments of multiple cycles of CO,
adsorption-desorption on the ED-ZIF-8 were performed in
the Rubotherm system at 298 K. For adsorption process, the
adsorption pressure were targeted for 25 bar; while for de-
sorption process the system pressure was targeted for 1
mbar, and then the desorption system was quickly depressur-
ized by using vacuum pumping. Figure 8 shows the variation
curve of the amounts adsorbed of CO, on the ED-ZIF-8 dur-
ing four consecutive cycles of CO, adsorption-desorption
experiments at 298 K. It was visible clearly that during the
desorption, the amounts adsorbed of CO, on the ED-ZIF-8
sample decreased sharply with time, and then reached a very
low content, about 2.21 wt % of residual CO, which was
present on the sample after desorption at 1 mbar. The effi-
ciency of CO, desorption was nearly up to 98% over the
entire four circles. It indicated further that CO, adsorption
was reversible with very little accumulation of irreversible
bound CO, on the ED-ZIF-8 framework. In addition, it was

AIChE Journal June 2013 Vol. 59, No. 6
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also observed from Figure 8 that the curves representing the
cycles of CO, adsorption-desorption experiments were very
similar, suggesting that adsorption and desorption properties
of the sample ED-ZIF-8 for CO, were stable or repeatable.
It also proved that the pressure swing was effective in strip-
ping adsorbed CO, from the ED-ZIF-8.

H,O0 adsorption isotherms

Figure 9 shows the water isotherms on the modified ZIF-8
samples at 298 K. The water uptake on the ED-ZIF-8 sample
is less than that on the ZIF-8 sample, indicating that the sur-
face of the modified sample became more hydrophobic com-
pared to the ZIF-8 sample. It also means that the interaction
of the water molecule with the modified sample became
weaker as compared to that with the ZIF-8.

Ideal adsorbed solution theory (IAST) selectivity
Of COz/N 2

The ideal adsorbed solution theory (IAST) developed by
Myers and Praunitz®® provides an effective method to predict

the adsorption selectivity and the adsorption equilibrium of
gas mixtures from the isotherms of the pure components.
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Figure 6. a. Isotherms of N, on the ZIF-8 sample at
different temperatures; b. isotherms of N, on
the ED-ZIF-8 sample at different
temperatures.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

DOI 10.1002/aic 2199



(a) 0.08
0.07 4
~ 0.06-
E
o 0.054
E
o 0.04-4
X
[V]
2 0.03-
3
="0.02-

0.01+

0.00+

o 3 ¥ T L T T T
0 5 10 15 20 25
Pressure (bar)

(b) 0.08
no7d 298 K
0.06 4
0.05 -
0.04 -
0.03 -

« 0.02

uptake (mg/m?)

N

0.01-

0.00 4

0 5 10 15 20 25
Pressure (bar)

Figure 7. a. Isotherms of N, on the ZIF-8 sample based
on unit surface area; b. isotherms of N> on
the ED-ZIF-8 sample based on unit surface
area.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Previous work reported that the IAST can accurately predict
gas mixture adsorption in a number of zeolites and MOF
materials.' 45770

The TAST assumes that the adsorbed mixture is an ideal
solution at constant spreading pressure and temperature,
where all the components in the mixture conform to the rule
analogous to Raoult’s law, and the chemical potential of the
adsorbed solution is considered equal to that of the gas phase
at equilibrium.

From the IAST, the spreading pressure 7 is given by

0

RT [
ﬂ?(P?)ZTJ qdlnp 1)
0
A ”?ql
Sy [ () 2
" TRT Jo p” @

Where A is the specific surface area of the adsorbent, © and
n* are the spreading pressure and the reduced spreading pres-
sure, separately. p? is the gas pressure of component i corre-
sponding to the spreading pressure m of the gas mixture.

At a constant temperature, the spreading pressure of single
component is the same
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3

For binary adsorption of component 1 and 2, the IAST
requires

YipPt = X1P1

(1=y)pi = (1—x1)p2 @

Where y; and x; denote the molar fractions of component 1
in the gas phase and in the adsorbed phase, respectively. p;
is the total gas pressure, p; and p, are the pressures of com-
ponent 1 and 2 at the same spreading pressure as that of the
mixture, respectively.

Adsorption selectivity in a binary mixture of component 1

and 2 is defined as
=)
X2/ \J1

For the application of TAST to predict adsorption separa-
tion selectivity, the following two conditions are necessary:
good quality adsorption data of each single component; and
excellent curve fitting model for such data.*®’"7?

In order to perform the integrations of Egs. (1) and (2)
required by IAST, the single-component isotherms should be
fitted by a proper isotherm model. In practice, several meth-
ods are available. In this work, it is found that the dual-site
Langmuir-Freundlich (DSLF) equation can be successful to
fit this set of adsorption data. The dual-site Langmuir-
Freundlich model can be expressed as follows

bip!/™ % bop'/™
1+ b1p1/”‘ Im2 1+ bzpl/"z

(&)

q=qm1X (6)

Where p is the pressure of the bulk gas at equilibrium with
the adsorbed phase (kPa), ¢,,.1, ¢n» are the saturation capaci-
ties of sites 1 and 2 (mmol/g), b, and b, are the affinity
coefficients of sites 1 and 2 (1/kPa), and n; and n, are the
deviations from an ideal homogeneous surface.

Figure 10 shows a comparison of the model fits and the
isotherm data. It is visible that the DSLF model can be
applied favorably for fitting experimental data of CO, and
N, adsorption. Table 2 presents the fitting parameters of
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Figure 8. Recycle runs of CO, adsorption-desorption
on the ED-ZIF-8 at 298 K and 25 bar for
adsorption and 1 mbar for desorption.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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DSLF equation as well as the correlation coefficients (Rz).
Examination of the data shows that this DSLF model is able
to fit the adsorption data well since the correlation coeffi-
cients R are up to 0.9997.

In this work, the equilibrium adsorption data of single
component CO, as well as N, are available, and the DSLF
model can fit the experimental isotherms of CO, and N,
adsorption very well. Therefore, the DSLF model can be
combined with the ideal adsorbed solution theory (IAST) to
predict the mixture adsorption isotherms and calculate the
selectivities of the two samples for CO,/N, adsorption.

Figure 11a and 11b present, respectively, the adsorption
isotherms predicted by IAST for equimolar mixtures of CO,/
N, in the samples ZIF-8 and ED-ZIF-8 as a function of total
bulk pressure. It can be seen that CO, is preferentially
adsorbed over N, on the two samples because of stronger
interactions between CO, and the ZIF-8 sample, and the
amount adsorbed of N, is much lower in the mixtures than
that in single-component adsorption because of competition
adsorption from CO,, which adsorbs more strongly.
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Figure 10. DSLF fitting of the CO, and N, isotherms on
ZIF-8 and ED-ZIF-8 at 298 K.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Table 2. The Fitting Parameters of the Dual-site Langmuir-
Freundlich Equations for the Pure Isotherms of CO, and N,

at 298 K
ZIF-8 ED-ZIF-8
CO, N, CO, N,
R? 0.9997 0.9999 0.9997 0.9999
Q.1 (mmol/g) 27.25 27.87 48.88 28.32
Qm.2 (mmol/g) 2.122 1.919 4.672 1.847
by (atm™ ) 0.01533 0.001170  0.01259  0.001388
b, (atm ™) 0.006895 0.02609 0.02948 0.02504
n, 1.600 0.7875 1.404 0.7704
n, 0.3244 0.9634 0.4430 0.8671

Figure 12 shows the IAST-predicted selectivities of the
two samples for equimolar CO, and N, mixtures at 298 K as
a function of total bulk pressure. It can be seen that the
adsorption selectivity of the two samples for CO,/N,
dropped with an increase in the pressure. More importantly,

400
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11. a. The |IAST-predicted isotherm for
equimolar CO,/N, mixtures of the ZIF-8
sample at 298 K as a function of total bulk
pressure; b. the IAST-predicted isotherm
for equimolar CO,/N, mixtures of the ED-
ZIF-8 sample at 298 K as a function of
total bulk pressure.

o -

Figure

[Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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the adsorption selectivity of CO,/N, on the sample ED-ZIF-
8 is always higher than that on the sample ZIF-8, especially
in the low-pressure region. For example, at 0.1 and 0.5 bar,
the selectivity of the sample ED-ZIF-8 for CO,/N, were up
to 23 and 13.9 separately, which is almost twice of those of
the sample ZIF-8.

Figure 13a and 13b show, respectively, the IAST-pre-
dicted selectivities of the samples ZIF-8 and ED-ZIF-8 for
CO,/N, at different mixture compositions and different pres-
sures. It is noticed that the selectivity increases rapidly as
the gas-phase mole fraction of N, approaches unity. For
example, at yN, = 0.9, a typical feed composition of flue
gas, high selectivities are obtained. Even at yN, = 0.5, the
selectivity of the ED-ZIF-8 for CO,/N, is in the range of 6—
24, much higher than those on the ZIF-8 sample and many
other MOF samples such as ZIF-70%°, ZIF-68*" and MOF-
508b.7* This property is very important since some separa-
tion processes could be operated at low pressures, such as
vacuum swing adsorption (VSA), which could be extremely
efficient by using the sample ED-ZIF-8 because its selectiv-
ity increases dramatically with decreasing pressure.

Ideal adsorbed solution theory (IAST)
selectivity of CO,/N,/H,0

The major challenge of CO, capture from power plant
flue gas wastes is the separation of CO,/N,. In addition,
competition adsorption of water molecule must be taken into
account, because these flue gas wastes are usually saturated
with certain amount of water (5-7% by volume) for the
industrial postcombustion processes. Thus, for real industrial
use of adsorbents, the effect of water on CO,/N, selectivity
is another crucial factor that needs to be considered and
evaluated. Here, the IAST was adopted to evaluate the ter-
nary mixture CO,/N,/H,O adsorption on the modified ZIF-8
samples.

First, the experimental isotherms of water on the modified
ZIF-8 samples at 298 K were fitted using the DSLF model.
Table 3 presents the fitting parameters of DSLF equation as
well as the correlation coefficients. It can be seen that the
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DSLF model fits the H,O adsorption on both samples very
well. Second, the DSLF model was combined with the ideal
adsorbed solution theory (IAST) to predict the mixture
adsorption isotherms, and then calculate the selectivities of
the two samples for CO,/N, adsorption.

Figure 14 shows the predicted isotherms of ternary mix-
ture CO,/N,/H,O on the modified ZIF-8 samples at 298 K.
It can be observed that in comparison with the ZIF-8, after
modification, the CO, adsorption capacity of the ED-ZIF-8
in the ternary mixture obviously increased, and its N,
adsorption capacity somewhat increased, which made CO,/
N, adsorption selectivity of the ED-ZIF-8 increase. More
importantly, its water adsorption capacity in the ternary mix-
ture became lower compared to the ZIF-§, and it was also
lower than the single component water uptake. It means the
competition adsorption of H,O in the ternary mixture was
weakened on the surfaces of the ED-ZIF-8 sample.
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Figure 13.a. The IAST predicted selectivities at
different mixture compositions and
different pressures for the ZIF-8 sample at
298 K; b. the IAST predicted selectivities at
different mixture compositions and
different pressures for the ED-ZIF-8
sample at 298 K.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Table 3. The Fitting Parameters of DSLF Equation for H,O Adsorption on the Modified ZIF-8 Samples

Materials Qm.1 (mmol/g) Qm.2 (mmol/g) by (atm ™) b, (atm ™) n; n, R?
ZIF-8 3.093 0.454 0.3893 2.117 0.1377 0.5053 0.9995
ED-ZIF-8 1.250 0.658 0.3647 0.9058 0.6170 0.1562 0.9995

Isosteric heats of adsorption

The regeneration temperature of a CO, capture material in
a PSA or TSA process largely depends on the thermodynam-
ics of adsorption, which is commonly expressed as the isos-
teric heat of adsorption Qst. The average interactions of ad-
sorbent-adsorbate at a specific surface coverage are
calculated by fitting isotherms at two or three temperatures
with the virial’”*’® method. Here, a virial-type expression
comprising the temperature-independent parameters @; and b;
are employed to calculate the enthalpies of adsorption for
CO; (at 298 K, 308 K, 318 K and 328 K) on the samples
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+CO,
0.154
. N2
0124 ¥ HO
o
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E
5 0.06 4
0.034 . —33 ———r—H
 pum
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Figure 14. a. The IAST-predicted isotherm for CO./Ny/
H>O mixtures on the ZIF-8 sample at 298 K
as a function of total bulk pressure
(CO2x:Nx:H,O = 15:75:10); b. the IAST-
predicted isotherm for CO,/N5/H>0O mixtures
on the ED-ZIF-8 sample at 298 K as a
function of total bulk pressure (CO5:N5:H,O
= 15:75:10).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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ZIF-8 and ED-ZIF-8. In each case, the data are fitted by
using the equation

1 m . n .
InP=1InN + TzaiN' + Zb,N’ @)
i=0 i=0

where P is the pressure expressed in atm, N is the amount
adsorbed in mg/g, T is the temperature in K, @; and b, are
virial coefficients, and m and n represent the number of
coefficients required to adequately describe the isotherms (m
and n are gradually increased until the contribution of extra
added a and b coefficients are deemed to be statistically in-
significant toward the overall fit, and the average value of
the squared deviations from the experimental values is mini-
mized). The values of the virial coefficients ao through a,,
are then used to calculate the isosteric heat of adsorption by
using the following expression

Qy= —RY aN' ®)
i=0

Figure 15 shows the isosteric heats of adsorption (Q,,) of
CO, as a function of the amounts adsorbed of CO, on the
two samples ZIF-8 and ED-ZIF-8, respectively. It is visible
that at the onset of adsorption, Qy; of CO, adsorption on the
sample ED-ZIF-8 is higher than that on the sample ZIF-8,
indicating a much stronger interaction between CO, and the
ED-ZIF-8 framework. This high Qy, is due to favorable inter-
actions between adsorbed CO, molecules and the Lewis ba-
sic amine decorating the frameworks. In addition, the Qg of
CO, decreases with the increase in the CO, uptake on the
ED-ZIF-8 sample. This decreasing trend of the isosteric heat
of adsorption with an increase in the amount adsorbed of
CO, can be ascribed to the surface heterogeneity of the

40

Qst (kJ/imol)
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0 T T T T T T T T
0o 1 2 3 4 5 6 7 8

CO, adsorbed (mmol/g)
Figure 15. Dependence of isosteric heat of adsorption

on the amounts adsorbed of CO, over the
modified ZIF-8 samples.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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ED-ZIF-8 sample. At the same time, it is noticed that Q,, of
CO; on the ZIF-8 sample is nearly independent of the CO,
loading, which means that there is no specific interaction
between CO, molecule and the homogeneous surface of the
ZIF-8 sample. Figure 16 shows that Oy, of N, adsorption as
a function of the amounts adsorbed of N, on the two sam-
ples. A comparison of Figures 15 and 16 shows that Qy, of
N, adsorption are lower than the Qg of CO, adsorption on
each of the samples, which further confirmed the favorable
selectivity of the original and modified ZIF-8 samples for
CO,/N,. Furthermore, it is interesting to point out that after
modification; the Q,, of CO, adsorption on the sample ED-
ZIF-8 becomes higher, while the Q,, of N, adsorption gets
smaller in comparison with those on the sample ZIF-8. As a
result of that, the adsorption selectivity of the ED-ZIF-8
becomes higher compared to the ZIF-8, as shown in
Figure 12.

Conclusions

From foregoing discussion, following conclusions can be
drawn. The ZIF-8 sample can be modified with ethylenedia-
mine by using postsynthetic method to enhance its adsorption
performance toward CO,. The BET surface area of the modi-
fied sample (ED-ZIF-8) increases by 39% as compared to the
original ZIF-8 sample, and some N—H groups are introduced
on the surfaces of the ED-ZIF-8. Furthermore, the ED-ZIF-8
sample has higher CO, adsorption capacities compared to the
ZIF-8 sample, nearly being twice as much as the ZIF-8. This
increase is mainly ascribed to its larger surface area and the
introduction of some N—H groups on the surface of the ED-
ZIF-8. The DSLF model can be applied favorably for fitting
experimental isotherm data of CO, and N, adsorption. The
IAST can be applied to predict the adsorption selectivity from
the pure component isotherms. The modified sample ED-ZIF-
8 has higher adsorption selectivity of CO,/N, than the original
ZIF-8, especially in the low-pressure region. At 0.1 and 0.5
bars, the selectivities of the sample ED-ZIF-8 for CO,/N,
were up to 23 and 13.9, respectively, which is almost twice of
those of the sample ZIF-8 at 298 K with equimolar CO, and
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N, mixtures. More interestingly, the uptake of water on the
ED-ZIF-8 sample is less than that on the ZIF-8 sample, indi-
cating that the surfaces of the ED-ZIF-8 became more hydro-
phobic compared to the ZIF-8, and that the interaction of the
water molecule with the modified sample became weaker as
compared to that with the ZIF-8. The predicted isotherms of
ternary mixture CO,/N,/H,0 on the ED-ZIF-8 sample exhibits
that the CO, is more favorably adsorbed than the N, and H,O
molecules. The isosteric heat Q,, of CO, on the sample ED-
ZIF-8 is obviously higher than that on the sample ZIF-8, while
Q. of N, is slightly lower than that on the sample ZIF-8. On
the other hand, it indicates a much stronger interaction
between CO, and the ED-ZIF-8 sample. On the other hand,
the interaction between N, and the ED-ZIF-8 sample is weak-
ened. It suggests that the use of postsynthetic method to mod-
ify the ZIF-8 not only improves its adsorption capacity toward
CO,, but also enhances its adsorption selectivity for CO,/N,.

Acknowledgments

This work was supported by National Natural Science
Foundation of China (No. 20936001, 21176085). The authors
greatly acknowledge the financial support by National Sci-
ence Fund for Distinguished Young Scholars of China (No.
21225625). Author Z. Zhang thanks to the China Scholarship
Council (CSC, 2010615043) for a fellowship to support her
stay at Rutgers University, and is also grateful to the valua-
ble discussions with Prof Katsumi Kaneko in Chiba
University.

Notation

b1, by = dual-site Langmuir-Freundlich constant for species 1
and 2, atm™!
ny, ny = exponent of species 1 and 2 in the dual-site Langmuir-
Freundlich isotherm, dimensonless
P = equilibrium pressure of the adsorbate in gas phase, bar
p? = pressure of component i that corresponding to the
spreading pressure 7 of the gas mixture
D1, P2 = the pressures of component 1 and 2 at the same spread-
ing pressure as that of the mixture
p, = the total gas pressure
Gm,1, 9m2 = saturation loading of species 1 and 2, mmol/g
S12 = IAST adsorption selectivity
x1 = molar fractions of component 1 in the adsorbed phase
y1 = molar fractions of component 1 in the gas phase

Greek letters
n = spreading pressure
n* = reduced spreading pressure
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