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The competitive hydrogenation of glycolaldehyde and glucose over 1% Rul/C catalyst was studied in a batch reactor at
373403 K and 6 MPa hydrogen pressure, with or without the presence of ammonium metatungstate (AMT). It was
found that the presence of AMT retarded significantly the hydrogenation of both aldoses, and this suppressing effect
was more pronounced on the glucose hydrogenation. The hydrogenation of glycolaldehyde occurred always preferen-
tially to the glucose hydrogenation, with or without the presence of AMT. The kinetic data in the absence of AMT were
well modeled based on Langmuir-Hinshelwood—Hougen—Watson kinetics assuming the surface reaction being rate-
determining and noncompetitive adsorption of dissociatively chemisorbed hydrogen and aldose. However, in the pres-
ence of AMT, the complexing between AMT and aldose and the strong adsorption of AMT on Ru surface must be con-
sidered in the development of new kinetic model. The as-modified model described the data satisfactorily. © 2014

American Institute of Chemical Engineers AIChE J, 61: 224-238, 2015
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Introduction

Lignocellulose is being considered as a sustainable alterna-
tive to fossil feedstock for the production of fuels and chemi-
cals. Various chem- and bio-transformation routes have been
developed to this end,"™' among which the one-pot chemical
transformation of cellulose to ethylene glycol (EG) and pro-
pylene glycol may provide a new route for the production of
commodity chemicals from renewable biomass.*>*” Although
a great deal of efforts have been devoted to the design and
development of effective and robust catalysts,*** the reaction
kinetics as well as the underlying mechanism implications
have rarely been studied, possibly due to the complicated
nature of the involved reactions.

For the one-pot conversion of cellulose to EG, there are
three consecutive reactions: (1) hydrolysis of cellulose to
glucose; (2) retro-aldol condensation of glucose to glycolal-
dehyde; and (3) hydrogenation of glycolaldehyde to EG.*® In
addition, several parallel side reactions are also involved to
compete with the three main reactions, such as hydrogena-
tion of glucose to sorbitol, and isomerization of glucose to
fructose followed by subsequent hydrogenation to mannitol
and sorbitol, as illustrated in Scheme 1.*° The three main
reactions are catalyzed by different active sites: the hydroly-
sis of cellulose is usually catalyzed by protons that are either
in situ generated by hot water or provided by additional acid
catalysts4’5 ‘1% the retro-aldol condensation of glucose is
effectively and wuniquely catalyzed by tungstic com-
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pounds ; and the hydrogenation of glycolaldehyde is
catalyzed by supported metal catalysts such as Ni and Ru.
As such, the one-pot reaction from cellulose or glucose to
EG necessitates the employment of bifunctional or dual cata-
lysts. In our previous work, the dual catalysts composed of
tungstic acid (HbWO,) and Ru/C or Raney Ni showed high
activity, selectivity, and durability for the one-pot conversion
of cellulose to EG.**>* Nevertheless, due to the temperature-
controlled phase transfer behavior of tungstic acid, that is, it
is insoluble in water at room temperature but becomes par-
tially soluble during the reaction by transforming into tung-
sten bronze (H,WOj), it is quite difficult to precisely
quantify the real catalyst amount. Therefore, in the kinetic
studies of glucose conversion to EG, it is preferable to use a
soluble tungstic compound as the catalyst component for
retro-aldol condensation of glucose. Furthermore, the reac-
tion tests with various tungstic compounds (WC,, WOs;,
H2W04, H4O4()PW12, (NH4)6H2W12040, etc.) showed that
the EG yields were comparable.45 Based on these considera-
tions, in the first part of the kinetic studies,*® we used
ammonium metatungstate (AMT) (abbreviated as AMT, the
chemical formula (NH4)¢H,W1,049) as the sole catalyst
component to study the kinetics of glucose retro-aldol con-
densation. The results showed that the activation energy for
glucose retro-aldol condensation was as high as 141.3 kJ/mol
and the reaction was first-order with respect to glucose and
only moderately dependent on the AMT concentration
(0.257th-order). These kinetic parameters strongly indicate
that the occurrence of retro-aldol condensation of glucose
requires a high temperature, and our experiments proved that
the optimum temperature for EG production from cellulose
was between 513 and 533 K.
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Scheme 1. The reaction network of cellulose transformation with dual catalyst HXWO; + Ru.*®

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

To obtain the detailed kinetics of the overall reaction from
glucose to EG, following the kinetics of retro-aldol condensa-
tion of glucose in previous work,*® we studied the kinetics of
the competitive hydrogenation of glycolaldehyde and glucose
under the presence of dual catalyst AMT + Ru/C, and the
results are reported herein. In the one-pot conversion of glucose
to EG, one of the main side reactions is the hydrogenation of
glucose to sorbitol, which competes with the hydrogenation of
glycolaldehyde over the same Ru surface.*> Therefore, how to
suppress the hydrogenation of glucose is the key to enhancing
the selectivity to EG, as shown in reaction Scheme 2. The
kinetic study of the competitive hydrogenation of glucose and
glycolaldehyde is expected to provide useful information to
this end.

At first sight, the kinetics of sugar hydrogenation is simple
and well-defined kinetic models have been developed,‘”‘55
for example, for the hydrogenation of glucose over Ni or Ru
Catalysts.‘w*5 2 However, in this work, we have for the first
time found that the presence of AMT, which is one constitu-
ent of the dual catalyst for the one-pot conversion of cellu-
lose/glucose to EG, retarded significantly the hydrogenation
of sugars, especially for the hydrogenation of glucose. In
this case, traditional kinetic models cannot be directly
applied to the hydrogenation of sugars. New kinetic models
must be developed.

Crezee et al. made a detailed study on the mass transfer
and kinetics of three-phase hydrogenation of p-glucose over
a 5% Ru/C catalyst at 373-403 K, 4.0-7.5 MPa H, pres-
sure, and D-glucose concentration of 0.56—1.39 mol/L.>?
According to their results, the hydrogenation reaction rate
was first-order with respect to hydrogen, but it showed a
shift in the reaction order with respect to glucose from
first-order at low concentrations (<0.3 mol/L) to zero order
at high concentrations. The observed activation energy was
55 kJ/mol which was much bigger than the activation
energy of diffusion in liquids (12-21 kJ/mol’"), confirming
the chemical kinetics control. Three different models based
on Langmuir-Hinshelwood—Hougen—Watson = (LHHW)
kinetics, including noncompetitive adsorption of hydrogen
and glucose (Model 1), competitive adsorption of molecular
hydrogen and glucose (Model 2), and competitive adsorption
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of dissociatively chemisorbed hydrogen and glucose (Model
3), were used to describe the kinetics of p-glucose hydrogen-
ation, and they were all found to model the data satisfacto-
rily.>* Also using a 5% Ru/C as the catalyst, Kuusisto et al.
studied the kinetics of p-lactose hydrogenation at 383—403 K
and 40-60 bar hydrogen.” The kinetic data were well mod-
eled by LHHW kinetics assuming noncompetitive adsorption
of molecular hydrogen and lactose on the catalyst surface.
The apparent activation energy was in the range of 54-73
kJ/mol, and the reaction rate was first-order with respect to
both hydrogen and lactose. Chang et al. studied the kinetics
of the hydrogenation of four different ketones over Raney Ni
catalyst via the initial-rate method.’® The four hydrogenation
reactions were successfully described by L-H kinetic model
assuming the surface reaction of adsorbed ketone molecules
and adsorbed hydrogen atoms being the rate-determining
step. They further successfully applied this model to describe
the kinetics of the mixture of four ketones.

Different from the extensive kinetic study of glucose
hydrogenation, the hydrogenation of glycolaldehyde has rarely
been reported. Glycolaldehyde is the simplest aldose molecule
containing two carbon atoms. Compared with other sugars, it
is more reactive toward oxidation, condensation, hydrogena-
tion, and other chemical transformations. For example, it was
reported that lactic acid can be formed in a yield of 28%
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Scheme 2. Competitive hydrogenation of glucose and
glycolaldehyde over Ru/C catalyst with or
without the presence of AMT.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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from glycolaldehyde through aldol condensation in alkaline
hydrothermal conditions.”” Delidovich et al. further investi-
gated the kinetics for the condensation of glycolaldehyde with
formaldehyde in a weakly alkaline medium and found that
the reaction order with respect to glycolaldehyde was unity.”®
On the other hand, inspired by formose-based hypotheses sur-
rounding the origin of life,”® Dusselier et al. developed a new
catalytic route starting from glycolaldehyde toward a series of
a-hydroxy acids and their esters using Sn-based catalysts.® In
the context of the bio-oil upgrading, glycolaldehyde was also
used as a model compound in the bio-oil for study its hydro-
genation performance, and a high yield of EG was obtained
at a reaction temperature of 363—418 K and a H, pressure of
10 bar using a homogeneous Ru catalyst.®’ Nevertheless, no
kinetic data were reported.

In this work, the kinetics of hydrogenation reactions of
glycolaldehyde and glucose as well as their mixture over a
1% Ru/C catalyst are studied with or without the presence of
AMT. This study, together with the kinetic result of retro-
aldol condensation of glucose described in previous work,*®
will provide a clear image for the mechanism understanding
and kinetic correlations of the one-pot conversion of cellu-
lose and glucose to EG, and therefore, can pave the way for
the industrial application of sustainable production of EG
from biomass.

Methods
Reaction tests

As described in our previous work,*® the hydrogenation
reactions of glucose (J & K Chemical) and glycolaldehyde
(Chemfun Medical Technology Co., Shanghai) were con-
ducted in a batch reactor of stainless-steel autoclave (Parr
Instrument Company, 300 mL) which is equipped with sam-
pling tube, stirring impeller, and temperature and pressure
control system. For each reaction, 0.20 g 1% Ru/C (Shanxi
Rock New Materials Co.), 0.05 g AMT (added only when
considering the effect of AMT), and 140 mL water were put
into the autoclave. The autoclave was flushed with H, five
times and then sealed. After the autoclave was heated to the
desired temperature, pure H, gas was charged until the pres-
sure of 6 MPa. Ten milliliters of an aqueous solution of glu-
cose or glycolaldehyde or a mixture of glucose and
glycolaldehyde was fed into the autoclave by a Shimadzu
LC pump (LC-20A) at a flow rate of 10 mL/min. It took 1
min to finish the feeding process, and this point was consid-
ered as the initial time (¢ = 0). Then, the reaction was started
by strong agitation at 1100 rpm. Samples were taken from
the reactor at a certain time interval for analysis.

Products analysis

After filtration through a 0.45 pm PTFE filter, the liquid
samples were analyzed with a high performance liquid chro-
matograph (HPLC, Aglient 1200), with water as the mobile
phase and refractive index (RI) as the detector. For the
separation of products, a Shodex SC100 column was used
with water flow rate of 0.6 mL/min and column temperature
of 348 K. The quantification of products was made by an
external standard method.

Kinetics model development

Aldoses Hydrogenation Without the Presence of AMT.
Based on the previous reports on the kinetics of glucose
hydrogenation®’ % or ketones hydrogenation,”® we used
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Figure 1. The recycling ability of Ru/C in glucose and
glycolaldehyde hydrogenation.
Conditions: 7=373 K, Py=6.0 MPa, 2.0 g glucose
(1.0 g glycolaldehyde), 0.2 g 1% Ru/C, 100 mL H,0, 40

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

LHHW model to describe the kinetics of aldoses (glucose
and glycolaldehyde) hydrogenation considering the following
assumptions: (i) the reaction is 100% selective to EG for
glycolaldehyde hydrogenation and 100% selective to sorbitol
for glucose hydrogenation; (ii) no catalyst deactivation
occurs during the reaction; (iii) both glycolaldehyde and glu-
cose are molecularly adsorbed while H, is dissociatively
adsorbed on the Ru surface, and the adsorption between
aldose and hydrogen is noncompetitive; (iv) the surface reac-
tion between the adsorbed glycolaldehyde/glucose and
hydrogen atom is the rate-determining step; and (v) there is
negligible adsorption of solvent and product. The assump-
tions (i) and (ii) were justified by the hydrogenation tests in
the batch reactor. For both glucose and glycolaldehyde
hydrogenations, the selectivities to sorbitol and EG were all
100%, and no any byproduct was detected by HPLC. To
evaluate the reaction stability, a higher aldose/Ru ratio was
used to maintain the conversion of aldose below 100%. As
shown in Figure 1, the Ru/C catalyst after the first run was
submitted to the second run, and either the conversions of
aldoses or the selectivities of sorbitol (or EG) remain essen-
tially unchanged, demonstrating that the catalyst was rather
stable and no any deactivation occurred during the reaction.
As for the assumption (iii), considering that the dissociated
hydrogen atom is far smaller than glycolaldehyde or glucose,
the assumption of noncompetitive adsorption is reasonable
and has also been adopted in many earlier reports.”*3%>

Based on the above model and assumptions, the reaction
rates for individual glycolaldehyde and glucose hydrogena-
tion can be expressed as

ren=kon KuPy KgaCoa )
(1+/KuPy)* (1+KaCoa)
_ KuPu KsCg
rg=Kkg " 2 (11 KoCo) 2)
( \/KHPH) GLG

where kga and kg are the rate constants for glycolaldehyde
hydrogenation and glucose hydrogenation, respectively; Ky,
Kga, and Kg are the adsorption equilibrium constants of
hydrogen, glycolaldehyde, and glucose, respectively; and Py,
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Cga, and Cg are the hydrogen partial pressure, glycolalde-
hyde concentration, and glucose concentration, respectively.

The partial pressure of H, is used in the above rate
expressions in place of the hydrogen concentration in the lig-
uid phase considering that Henry’s law is effective in this
case and Henry’s law constant is incorporated in Kp. In
addition, as the hydrogen concentration in the liquid phase
was several orders of magnitude lower than the glycolalde-
hyde or glucose concentration,’* the hydrogen adsorption
term in the denominator was negligible compared to the gly-
colaldehyde or glucose adsorption term. Thus, the rate
expressions can be further simplified as

KuPuKcaCoa

aa= kga 1 HEGATCA 3

rga= kca (1 +KorCon) 3
KuPuKsCg

=k, 4

TR 1K Co) @

And the mass balances of glycolaldehyde and glucose take
the following form

dCga
dt = TTIGA Pcat (5)
dCg
7:7”3 Peat (6)

The temperature dependencies of kga, kg, Ku, Kga, and
K in Egs. 3 and 4 are described as follows

ZEqi

ki=A;e® (@)

*Alli

Ki=aje rm ®)

where A; (i=GA, G) is the pre-exponential factor; E,; is the
activation energy (kJ/mol); a; (j=H, GA, G) is the pre-
exponential factor in Van 't Hoff equation, AH; is the
adsorption enthalpy (kJ/mol). R is the ideal gas law constant
(8.3143 X 102 kJ/mol K); T is the temperature (K).

Aldoses Hydrogenation with the Presence of AMT. 1In
the presence of AMT, the complexing effect between AMT
and aldose and the poisoning effect of AMT on the Ru/C
surface are considered based on the previous study46 as well
as the control experiments below. Thereby, we make the fol-
lowing assumptions to develop the new kinetic model: (i)
AMT is adsorbed on the surface of Ru/C; (ii) free or
adsorbed AMT can bind glucose molecules step by step until
a maximum of 4; (iii) the complex formed by coordination
of AMT and glucose in solution can also be adsorbed on the
Ru/C surface; (iv) the kinetics of the hydrogenation of
AMT-coordinated glucose follows the LHHW model; and
(v) the surface reaction is the rate-determining step.

With these assumptions, the elementary steps for glucose
hydrogenation on the Ru/C catalyst under the presence of
AMT can be described by the following equations

AMTG3%+G = AMTG4+ 13)

K
AMT+4G = AMTG4 (14)

K
AMTG4+ % — AMTG4x (15)
AMTG45+2H %~ AMTG3%+Sx (16)
AMTG35%+2H % —% AMTG2++Sx (17
AMTG25+2H % —2 AMTGs+ S+ (18)
AMTG++2H % % AMT++ S« (19)

Kg
G+ + 8 Gy (20)

Ky
H,+ % = 2Hx (21)
G+ 2H % ~% St 5 (22)

Ks

Sk =S+x (23)

As the surface reaction is the rate-determining step, the
adsorption equilibria for glucose, AMT-binded compounds,
and hydrogen on Ru/C are achieved, and the rate expressions
becomes:

Kamr Camr Ovi= Oamr (24)
Oamrc=K10amrCa (25)
Oamrc2=K1 K> OpamrCa® (26)
Oamrc3=K1K2K3 OamrCo’ (27)
Oamrcs =K1K2K3Ky OamrCo* (28)
KsCamrCo*=Camras (29)

Ks Camrcs Ovi=0amrca (30)
Kc Cc Ovi=0g (€2))
Oamrcs=KeKsCamrCo® Oy (32)
Oamrcs = K6K5C2T2504 il (33)

KeKsCamrCa? Oy

Kawr 0 = 34
AMT+ % = AMTx ) AMTG2 K4K3Cg? G
AMT++G = AMTG+ (10) PR KsKsCamrCa* Ovi 35)
. AMTG KiK:KoCG?

AMTGx*+G = AMTG2x an

£ KamrCamrOvi = Oamr (36)
AMTG2%x+G = AMTG3x% (12)

KHPHGVZ = QH (37)
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The balance of the catalyst sites is necessary to relate all
the species adsorbed on the surface

Oamt +0amtc T 0amTG2 +0amrG3 +0aMTGs T 06+ 05+ 0y =1
(38)

The noncompetitive adsorption between hydrogen and glu-
cose leads to

9\/2 + HH =1 (39)

As the adsorption of sugar alcohols (sorbitol) is much
weaker than that of sugars (glucose), the balance of the cata-
lyst sites becomes

Oamt +0amT6 T 0amT62 +0aMTG3 T 0aAMTGs T06+0vi =1
(40)

Considering that the AMT and Ru/C had been mixed
adequately prior to the glucose being fed into the reactor,
most of the AMT was strongly adsorbed on the Ru/C sur-
face, which would decrease greatly the probability of the
interaction between free AMT and glucose. Thus

KeKs < K4K3K>, K4K3, Ky (41)
Then, the equations become

KeKsCamrCs®* Ovi

Oamras = KiCo ~ 0 (42)
KKsCamrCg* 0
Oamrca = — SKfIZTCGGZ I'x~o0 (43)
KyPy

(KG—amrCamrCo*+KsCo)

KeKsCamrCs?* Ovi

Oamrc = KKK Co? ~0 (44)
Finally, the balance of the catalyst sites becomes
Oamr +0amrca +06+0vi =1 (45)
Therefore,
o : (46)

 1+KeKsCamrCo* +KGCo+KamrCamr

And the rate expression for glucose hydrogenation
becomes

I'G—AMT =T 'AMTG T7'AMTG2 T 7AMTG3 T 7AMTG4 T7Go
=k100u0am1G +koOn0anmTG2 + k8O0 0AMTGS

+ k7000 amrG4 + kG006 =k7010AMmT64 T kG OHOG
47)

We assume that the binding of AMT with glucose does
not affect the surface reaction rate constant between
adsorbed glucose and hydrogen, that is, k;=kgs=ko=k0=kg,
then the rate expression becomes

7G-aMt =kG 01 (Oamras + 0G) (48)

For convenience, we define the adsorption equilibrium
constant: KsK¢=Kg-amr- Hence, the reaction rate for glu-
cose hydrogenation can be described as

rG-amt = kg

The hydrogen adsorption term in the denominator was
negligible compared to the glucose adsorption term, and then
the equation can be further simplified as

KuPu(Kg-amrCamrCao* +KsCq)
1+Kg- amrCamrCs* +KcCo+KamrCamr
(50)

rg-amt = kg

Similar to kinetic model development for glucose hydro-
genation, we make the following assumptions for develop-
ment of kinetic model of glycolaldehyde hydrogenation in
the presence of AMT: (i) AMT is adsorbed on the surface of
Ru/C; (ii) free or adsorbed AMT can coordinate glycolalde-
hyde with a stoichiometric ratio of 1/1; (iii) the complex
formed by coordination of AMT and glycolaldehyde in solu-
tion can also be adsorbed on the Ru/C surface; (iv) the
kinetics of the hydrogenation of AMT-coordinated glycolal-
dehyde follows the LHHW model; and (v) the surface reac-
tion is the rate-determining step. Based on these assumptions
and LHHW kinetic model, the elementary steps for glycolal-

(1+/KgPy)? (1+KG-amrCamrCe* +K6Co+ KamrCawmr)

(49)
AMT+ # 2 AMTs (53)
AMT#+GA < AMTGAx (54)
AMTG A%+ 2Hs— AMTx +EGs (55)

Kca
GA++ 2 GAx (56)

Ky
Hy++ S8 opp 57)

kca
GA*+2Hx——EG*+x* (58)

Keg

EG+ = EG+x* (59)

As the surface reaction is the rate-determining step, the
adsorption equilibria are achieved. As such, the rate expres-
sions become

dehyde hydrogenation on the Ru/C catalyst under the pres- Camtca=Ki11 Camr Coa (60)
ence of AMT can be described by the following equations
Oamroa=K12 Camrca Ovi (61)
K
AMT+GA * = AMTGA 51
* D Oamr=Kamr Camr Ovi (62)
K
AMTGA+ * \éAMTGA* (52) GAMTGA:KB CGA GAMT (63)
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Figure 2. Effect of agitation speed on the product con-
centration of glucose hydrogenation.

Reaction conditions: 7=403 K, Py=6.0 MPa,
Cgo=9.92 mol/m>, 0.2 g 1% Ru/C. [Color figure can be
viewed in the online issue, which is available at wileyon-
linelibrary.com.]

Oga=Kca Cga Ovi (64)

KHPH0V2 = HH (65)

The balance of the catalyst sites is necessary to relate all
the species adsorbed on the surface

Oamrca +0amr +06a +0pc +0vi =1 (66)

Based on the noncompetitive adsorption between hydrogen

and glycolaldehyde
0\/2 + HH =1 (67)
Considering that the adsorption of EG on Ru surface is

much weaker than that of glycolaldehyde, the balance of the
catalyst sites becomes

Oamra T 0amr+0ca+0pc+0vi=1 (68)

Resolve the above equations, one can obtain

1
 1+K 11K 12CamrCon +KcaCoa + KanrCamr

Ovi (69)

We assume that the binding of AMT with glycolaldehyde
does not affect the surface reaction rate constant between
adsorbed glycolaldehyde and hydrogen, that is, kj4=kga.
Moreover, for convenience we define K 1K= Kga—amt-
Then, the rate expression for glycolaldehyde hydrogenation
becomes

7GA-AMT ="AMTGA T7GA =k140u0amTeA +hkGaOn06a =kcaOu (Oamrca+0ca)

KuPy

Kga-amrCamrCoa+KcaCoa (70)

=kca
(

The hydrogen adsorption term in the denominator is negli-
gible compared to the glycolaldehyde adsorption term, then
KuPu(Kga-amrCamrCoa+KsaCaa)

1+Kca-aMTCamtCoa +KcaCoa +KamrCamr
(71)

rGa—amr =kga

The experimental data with and without AMT, respec-
tively, were fitted with the above four kinetic models (Eqgs.
3, 4, 50, and 71) using Microsoft Excel Solver pack as
described by Kemmer and Keller.®> Due to the constant
value of hydrogen adsorption term in these equations, only
two parameters are to be determined. During the fitting pro-
cess, the sum of squared residuals is computed and mini-
mized using the solver add-in to obtain the set of parameter
values that best describes the experimental data. The initial
parameter values were set as 0.1 for both parameters. The
fitting procedure was repeated using different initial values,
and the fitting result was found to be independent on the ini-
tial values, demonstrating the reliability of the fitting result.

Results and Discussion
Mass transfer effects

For the kinetic study, it is important to ensure that the rate
data are obtained in the kinetically controlled regime. There-
fore, prior to the kinetic study, the effects of mass transfer
were investigated in the hydrogenation of glucose under the
catalysis of Ru/C and AMT. Figures 2—4 show the effects of
agitation speed, catalyst particle size, and catalyst loading on
the reaction rates. It is clear that both external (gas-liquid
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1+vKuPr)* 1+Kca-amrCamrCoa+KcaCoa+KamrCamr

and liquid—solid mass transfer) and internal diffusion limita-
tions can be safely eliminated when the reaction was oper-
ated at a stirring speed above 900 rpm, catalyst loading in
the range of 0.2-0.6 g, and catalyst particle size smaller than
74 pm (>200 mesh). Therefore, in the subsequent kinetic
studies, all the hydrogenation reactions were performed at an

=)

—— 60-100 mesh
—e— 150-200 mesh
——200-250 mesh
1-—250-300 mesh

S

Sorbitol concentration (mol/m])
(39

—

0 300 600 900 1200

Time (s)
Figure 3. Effect of particle size on the product concen-
tration of glucose hydrogenation.

Reaction conditions: T=403K, Py=6.0MPa, Cgy=
9.92 mol/m?, 0.2 g 1% Ru/C. [Color figure can be viewed
in the online issue, which is available at wileyonlineli-
brary.com.]

DOI 10.1002/aic 229


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

0.0154 R*=0.993
% 0.0121
E
=
£ 0.009
L=

0.006-

0.15 0.30 0.45 0.60

m,¢ (2)

Figure 4. Effect of catalyst loading on the initial rate of
glucose hydrogenation.
Reaction conditions: 7=403 K, Py=6.0 MPa,
Cio=9.92 mol/m>. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.
com.]

agitation speed of 1100 rpm, 1% Ru/C catalyst loading of
0.2 g, and the particle size of 250-300 mesh.

Kinetics of aldoses hydrogenation over Ru/C catalyst

Parameters Estimation. The kinetic experiments for indi-
vidual hydrogenation of glycolaldehyde and glucose were
conducted at 373—403 K and 6 MPa H, pressure, with 0.2 g
1% Ru/C as the catalyst. The initial concentrations of glyco-
laldehyde and glucose were 10.4 and 4.96 mol/m®, respec-
tively, and the H, pressure was kept at a constant value
during the reaction. The kinetic models described in Eqgs. 3
and 4 were used to fit the experimental data obtained at dif-
ferent temperatures. As the rate constants k; (kga and kg)
and adsorption equilibrium constant of hydrogen (Ky)

)
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always appear as a product in the rate expressions and it is
difficult to determine k; and Ky separately, these parameters
were lumped and expressed as k;Ky. Thus, the parameters
kiKy, Kga, and Kg in the equations were determined by non-
linear least-squares fitting of the experimental data using
Microsoft Excel Solver pack as described by Kemmer and
Keller.®” As shown in Figures 5 and 6, pretty good fitting
results are obtained for both glycolaldehyde hydrogenation
and glucose hydrogenation. As the concentration vs. time
profiles look close to exponential, we also tried a simple
one-parameter first-order irreversible model to fit the experi-
mental data. Although the glucose hydrogenation can be
described with the one-parameter model as well as that with
two-parameter model, the glycolaldehyde hydrogenation can-
not be fitted well with the one-parameter model probably
because the glycolaldehyde adsorbs on Ru/C surface much
stronger than glucose so that the KgaCga term in the
denominator (Eq. 3) cannot be neglected. The parameters
obtained with two-parameter models are summarized in
Table 1. It can be seen that the adsorption equilibrium con-
stant of glycolaldehyde (Kga) is approximately twice as
large as that of glucose (Kg), suggesting that the former
molecules can be preferentially adsorbed on Ru surface than
the latter. As a consequence, the rate constant of glycolalde-
hyde hydrogenation (kga) is also about twice as large as that
of glucose hydrogenation (kg). Thus, it can be anticipated
that at comparable concentrations of glycolaldehyde and glu-
cose the former hydrogenation rate is about four times faster
than the latter. This result indicates that the glycolaldehyde
is more competitive than glucose in the case of their mixture
hydrogenation.

Crezee et al. reported a kgKy value of (3.9 £0.3) X 10°*
mol/g.,.-bar-min when they used a similar model to evaluate
the parameters in glucose hydrogenation over 5% Ru/C cata-
lyst.52 In our case, we obtained kgKy value of 2.28 X 10°¢
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Figure 5. Experimental (dots) and fitting (lines) concentration profiles of glucose with and without AMT.

Reaction conditions: Cgo = 4.96 mol/m:’, Py =6 MPa, 0.2 g 1% Ru/C (Coyr=0.11 mol/m:’), 150 mL water, 1100 rpm. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Experimental (dots) and fitting (lines) concentration profiles of glycolaldehyde with and without AMT.

Reaction conditions: Cgao = 10.4 mol/m®, Py =6 MPa, 0.2 g 1% Ru/C (Cant = 0.11 mol/m>), 150 mL water, 1100 rpm. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

mol/g.,-bar-s over 1% Ru/C catalyst, which corresponds to
1.37 X 10" mol/ge,-barmin, slightly smaller than that
reported by Crezee et al. However, taking into account the
difference in the Ru loadings of the catalyst, our kgKy value
normalized by Ru loading will be twice as big as that
obtained by Crezee et al. This is reasonable considering that
the lower loading of Ru will lead to a higher dispersion and
thereby a higher hydrogenation activity.

According to Arrhenius Eq. 7 and Van’t Hoff Eq. 8, the
parameters are estimated from the plots Ink;Ky — 1/T and In
K; — 1/T, as shown in Figure 7. The apparent activation ener-
gies are 49.6 and 42.6 kJ/mol for glucose hydrogenation and
glycolaldehyde hydrogenation, respectively. These values are
very close to those in the literature.*’ > Moreover, they are
both much larger than the activation energy of diffusion in
liquids (12-21 kJ/mol’h), approving our data are obtained in
the kinetic control region.

Model validation by the hydrogenation of glucose and
glycolaldehyde mixture

For the one-pot conversion of cellulose to EG with the
dual catalyst of AMT and Ru/C,* both the glucose and gly-
colaldehyde are produced as the intermediates which are
subsequently transformed into sorbitol and EG, respectively,

as shown in Schemes 1 and 2. Therefore, study of the com-
petitive hydrogenation of glucose and glycolaldehyde over
the Ru/C catalyst is very important to the understanding of
the reaction mechanism as well as the design of a more
selective catalyst. Herein, on the basis of the individual
hydrogenation kinetics of glycolaldehyde and glucose, we
perform the kinetic study of the mixture hydrogenation so as
to validate the above-established model.

For the mixture of glucose and glycolaldehyde, the hydro-
genation reaction rate can be expressed as

KyPuKsCq
'G—m =k 72
6-m G(l+KgCG+KGACGA) 72)
KuPuKgaCoa
a =k 73
FGA-m=RGA (1K Co+KaaCon) 73)

Compared with the individual hydrogenation rate expres-
sions in Egs. 3 and 4, one can clearly see that the competi-
tive hydrogenation between glycolaldehyde and glucose
suppresses the reaction rate, either for glycolaldehyde or glu-
cose, as shown in Eqs. 74 and 75

'G-m _ 1+KsCq
G 1+KsCs+KgaCga

<1 (74)

Table 1. Modeling Results for Individual Hydrogenation of Glucose and Glycolaldehyde Over Ru/C in the Absence of AMT

Estimated Value

Model Equation Parameter 373 (K) 383 (K) 393 (K) 403 (K)
re = kg ’f';f;fggg' kGKy (mol/ge, bar s) 1.01 E—06 1.54 E—06 228 E—06 333 E—-06
Kg (m*mol) 3.19 E—01 278 E—01 243 E-01 2.15E-01
roa = kga % keaKy (mol/gey bar s) 220E-06 3.14E-06 442 E— 06 6.11 E—06
Kga (m*/mol) 632 E—01 579 E—01 533 E—01 493 E-01
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Figure 7. Arrhenius and Van’t Hoff parameters for glucose and glycolaldehyde hydrogenation over 1% Ru/C.

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

TGA-m _ 1+KcaCaa

= <1
TGA 1+KcaCoat+KsCa

(75)

Furthermore, when the concentrations of glucose and gly-
colaldehyde in the mixture are comparable, it can be antici-
pated that the inhibitive effect of competitive hydrogenation
between glucose and glycolaldehyde on the glucose hydro-
genation is more pronounced because of the smaller adsorp-
tion equilibrium constant of glucose (Kg) (Table 1). As
predicted by the kinetic model, the experimental results
showed that the glucose hydrogenation started to occur only
when the glycolaldehyde hydrogenation was almost finished
(Figure 8), demonstrating that the presence of glycolalde-
hyde significantly inhibited the hydrogenation of glucose.
The good agreement between the experimental and predicted
data validates our kinetic models.

The effect of AMT on the hydrogenation of glucose and
glycolaldehyde

The hydrogenation kinetics of individual glucose and gly-
colaldehyde as well as their mixtures over the Ru/C catalyst
has now been successfully modeled with the noncompetitive
LHHW model assuming that the surface reaction between
the dissociatively adsorbed hydrogen and aldose molecule is
the rate-determining step. However, the one-pot conversion
of glucose (or cellulose) to EG always takes place under the
coexistence of both tungsten compound (e.g., AMT) and Ru/
C (or Raney Ni).* In this case, investigating whether the
presence of AMT affects the hydrogenation kinetics of glu-
cose and glycolaldehyde is important to the final prediction
of the EG formation from glucose or cellulose. First, we
investigated the effect of AMT on the hydrogenation of

164 *
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Figure 8. (a) Experimental EG and sorbitol concentration profiles; (b) experimental (dots) and predicted (lines) con-
centration profiles of glucose and glycolaldehyde.

Reaction conditions: Cgo = 10.5 mol/m®, Cgao = 11.0 mol/m®, T =403 K, Py =6 MPa, 0.2 g 1% Ru/C. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. The reaction order of glucose hydrogenation and glycolaldehyde hydrogenation with respect to AMT con-

centration.

Reaction conditions: T =403 K, Cg) = 4.96 mol/m®, Cgag = 10.4 mol/m>, 0.2 g 1% Ru/C, Cyyr= 0.11-0.55 mol/m>. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

glucose in the temperature range of 373—403 K. As shown in
Figure 5, compared to the case without AMT, the presence
of AMT was found to impose a remarkable inhibiting effect
on the glucose hydrogenation reaction rate. Moreover, this
inhibiting effect appears not to be alleviated at elevated tem-
peratures until 403 K. Similar to glucose, glycolaldehyde
hydrogenation was also found to be hindered by the presence
of AMT, as shown in Figure 6. Nevertheless, this inhibiting
effect was to a much less extent compared with the case of
glucose hydrogenation. To provide a more quantitative
description of the inhibiting effect of AMT, we used initial
reaction rate method to calculate the reaction order with
respect to AMT according to the formula

In rip=namtiln Camr+Constant (76)

By plotting In rjp—In Camr, One can obtain a straight line
whose slope is the reaction order with respect to AMT
(namTi)- The experimental data were obtained at 7 =403 K,
Cgo = 4.96 mol/m’, Cgap = 10.4 mol/m>, and Canr= 0.11-
0.55 mol/m>. As shown in Figure 9, the reaction order of
AMT was —0.691 and —0.238 for glucose hydrogenation
and glycolaldehyde hydrogenation, respectively. Obviously,
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Figure 10. The performance of differently pretreated
Ru/C catalyst in the glucose hydrogenation.

Reaction conditions: Cgo=4.96 mol/m®, T=403 K,
Py=6 MPa, 0.2 1% Ru/C. For AMT + Ru/C,
Camr =0.11 mol/m>; for other cases, no AMT was
added in the reactor. [Color figure can be viewed in
the online issue, which is available at wileyonlineli-
brary.com.]
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the inhibiting effect of AMT was much more pronounced on
glucose hydrogenation. In other words, for the hydrogenation
of glycolaldehyde and glucose mixture, the presence of
AMT will result in a more preferential hydrogenation of gly-
colaldehyde, thus, enhancing the selectivity to EG.

It is interesting to note that the inhibitive effect on aldose
hydrogenation was not only found with AMT but also with
other tungstic compounds such as tungstic acid, tungsten tri-
oxide, and heteropoly acids. Moreover, the inhibitive effect
differed with the type of the tungstic compounds. This inhib-
iting effect may correlate with the final EG selectivity in the
one-pot conversion of glucose or cellulose to EG.

As discussed above, the hydrogenation of glucose and gly-
colaldehyde was significantly suppressed by the presence of
AMT, and this inhibiting effect was more pronounced in the
case of glucose. Associated with this prohibiting effect, the
kinetic model based on Eqs. 3 and 4 failed to model the
experimental data in the presence of AMT, especially in the
case of glucose hydrogenation. Therefore, new kinetic model
must be developed. To do this, we first investigated the
interaction between AMT and Ru/C to see if the Ru surface
was poisoned by the adsorption of AMT. The 1% Ru/C cata-
lyst was first submitted to hydrothermal pretreatment with
AMT solution at 403 K for 2 h, then it was recovered by fil-
tration and repetitive washing to remove the physically
adsorbed AMT. The as-pretreated Ru/C catalyst was put into
the reactor for glucose hydrogenation test. As shown in Fig-
ure 10, the AMT-pretreated catalyst showed a dramatically
reduced activity for glucose hydrogenation in the absence of
AMT, as poor as that in the presence of AMT. Conversely,
hot water-pretreated Ru/C catalyst did not show any activity
decay in the hydrogenation of glucose. These results pro-
vided unequivocal evidence that AMT strongly adsorbs on
the Ru surface and poisons the catalyst.

In addition to the strong interaction between AMT and
Ru/C, glucose and glycolaldehyde chelate also strongly
with the AMT. As we have addressed in the previous
work,46 the retro-aldol condensation of glucose occurs with
AMT as the catalyst, and the reaction rate is 0.257th-order
dependency on the AMT concentration. According to this
reaction order, we assume that a stoichiometric ratio of
AMT to glucose is 1/4, that is, one glucose molecule can
interact with three W atoms (note: 12 W atoms per AMT
molecule). It was reported earlier that glucose could form
complexes with multinuclear tungstate evidenced by
"3W nuclear magnetic resonance (NMR) spectroscopy.63
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Table 2. Modeling Results of Glucose Hydrogenation Over Ru/C in the Presence of AMT

Parameters
Model Equation T (K)  kgKy (mol/ge, bars)  Kg m*/mol)  Kgamr (m*/mol)®  Kanr (m*/mol) R?
. — KuPu(Kg-amrCanrCo* +K6Co)
ro-amt = ko o smrCanCo’ +KaCo) 373 1.01 E— 06 319 E— 0l 452E-02 260E+02 0977
oG CoTt el oo 363 1.54 E— 06 278 E— 01 2.57E—02 239E+02 0977
393 2.28 E—06 243 E—-01 1.50 E—-02 221 E+02 0.974
403 3.33 E-06 2.15E-01 8.99 E—03 2.05 E + 02 0.979

Table 3. Modeling Results of Glycolaldehyde Hydrogenation Over Ru/C in the Presence of AMT

Parameters

Model Equation

T (K) keaKy (mol/ge bars) Kga (m*/mol)  Kga_amr (m*/mol)>  Kanr (m*/mol)  R?

. — KiPy(Kga-amrCamrCoa +KoaCoa)
roa-amT = koa prpliiorarCanCon oaCon) 73 220 E— 06 6.32 E—01 1.92 E + 01 260E+02 0972
GrmITEANTEOA TTOATOR TEATERIT 383 3.14 E— 06 579 E— 01 142 E+ 01 239E+02 0975
393 442 E—06 533 E—01 1.07 E + 01 221E+02 0979
403 6.11 E — 06 493 E—01 8.14 205E+02 0971

Kinetics of aldoses hydrogenation over dual catalyst
(Ru/C + AMT)

By taking into account the inhibitive effect of AMT on
the hydrogenation of aldoses, we developed new Kkinetic
models for glucose and glycolaldehyde hydrogenation in
the copresence of Ru/C and AMT, as described in Egs. 50
and 71. With these new models, the C-f curves for glucose
and glycolaldehyde hydrogenation in the presence of AMT
at four different temperatures (358—403 K) are well fitted
(Figures 5 and 6), and the equilibrium and kinetic constants
(kiKy, Ki, Ki—am1, Kamr, 1=G, GA) are summarized in
Tables 2 and 3. It can be seen from Table 2 that the adsorp-
tion equilibrium constant of AMT on Ru/C surface (Kamt)
is three or four orders of magnitude bigger than that of glu-

5.7

Q . =9.89 kJ/mol
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A=0.988
ESS
'zd’.
= 54
531 =
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cose (Kg) or AMT-complexed glucose (Kg.amt), Which is
in agreement with the experimental fact that AMT is
strongly adsorbed on Ru surface and poisons the catalyst.
This poisoning effect leads to the dramatic reduction of
glucose hydrogenation reaction rate. Conversely, comparing
Kg-amt and Kg, one can see that the former is one order of
magnitude smaller than the latter. Therefore, although the
Kg-amt term appears in the numerator of Eq. 50, its contri-
bution to the reaction rate is negligible. As a consequence,
the decrease of the glucose hydrogenation reaction rate is
mainly caused by the strong adsorption of AMT on Ru
surface.

Similar to the case of glucose hydrogenation in the pres-
ence of AMT, 1-4 orders of magnitude higher value of
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Figure 11. The temperature dependence of Kaut, Ke-amt and Kga-amT-

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Reaction conditions: Cgo=4.96 mol/m>, C;ao=10.4 mol/m*, T=403 K, Py=6 MPa, 0.2 g 1% Ru/C. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Kamr than the other equilibrium constants in the denomina-
tor indicates a strong inhibiting effect of AMT on the hydro-
genation of glycolaldehyde (Table 3). Nevertheless,
comparing Kga—amr and Kg.amt, One can see that the for-
mer is 2-3 orders magnitude larger than the latter, and
Kga—amr 1s even 1-2 orders magnitude larger than Kga. As
the term Kga—amr appears in the numerator of Eq. 71, its
contribution to the enhancement of the reaction rate is much
larger than the term Kga, thus, alleviating the poisoning
effect of AMT on the glycolaldehyde hydrogenation.

On the other hand, the adsorption equilibrium constants
Kg, Kg.am1, and Kayr decrease with an increase of the
temperature due to the exothermic feature of the adsorption
process (Figure 11). However, comparing the other two
parameters, one can find that Kavr is only slightly affected
by temperature. Considering that Kayr is 3—4 orders of
magnitude larger than the other two parameters and thereby
affects more significantly the hydrogenation reaction rate of
glucose, one can anticipate that the poisoning effect of
AMT will be only slightly attenuated at elevated tempera-
tures, which is in good agreement with the experimental
results in Figures 5 and 6.

Moreover, these equilibrium constants do not change with
AMT concentrations. As shown in Figure 12, the C-t curves
for glucose and glycolaldehyde hydrogenation at different
AMT concentrations can be well modeled with the same set
of parameters although slight deviation is observed at high
AMT concentrations.

Conclusion

The one-pot conversion of glucose to EG consists of two
consecutive reactions, retro-aldol condensation of glucose to
glycolaldehyde and the subsequent hydrogenation of glyco-
laldehyde to EG, which necessitates the employment of a
dual catalyst composed of a tungstic compound and a hydro-
genation metal. Our previous work revealed that tungstic
compounds such as AMT effectively and uniquely catalyze
the retro-aldol condensation of glucose to selectively produce
glycolaldehyde, while Raney Ni and Ru/C are active and
durable catalyst for the subsequent hydrogenation of glyco-
laldehyde to EG. Meanwhile, both Raney Ni and Ru/C cata-
lysts are also able to catalyze the reaction of glucose
hydrogenation to sorbitol that will compete with the reaction
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of glycolaldehyde hydrogenation resulting in the decrease of
EG selectivity.

In this work, the kinetics of glucose and glycolaldehyde
hydrogenation over Ru/C with or without the presence of
AMT was for the first time studied using a batch reactor in
the temperature range of 373-403 K and hydrogen pressure
of 6 MPa. To eliminate internal and external diffusion limi-
tations, the kinetic experiments were conducted at an agita-
tion speed of 1100 rpm, 1% Ru/C catalyst loading of 0.2 g,
and the particle size of 250-300 mesh. In the absence of
AMT, the kinetic data were well modeled based on LHHW
mechanism assuming that the surface reaction is rate-
determining step and hydrogen and glucose are noncompeti-
tively adsorbed on Ru surface. It was further found that the
reaction rate of glycolaldehyde hydrogenation was much
faster than that of glucose hydrogenation, which led to the
preferential hydrogenation of glycolaldehyde when glucose
was copresent with glycolaldehyde in the reaction system.
However, in the presence of AMT, it was found that AMT
significantly reduced the hydrogenation reaction rate of aldo-
ses (glucose or glycolaldehyde), and this suppressing effect
was more pronounced for glucose hydrogenation. The pre-
treatment of Ru/C with AMT revealed that AMT strongly
adsorbed on the Ru/C surface and poisoned the catalyst.
Accordingly, new kinetic models taking into account the poi-
soning effect of AMT on Ru/C catalyst as well as the com-
plexing effect between AMT and aldoses were developed.
The modified models could satisfactorily describe the hydro-
genation kinetics of glucose and glycolaldehyde in the pres-
ence of AMT. The results reported here has provided
insightful understanding of the dual effects of the tungstic
compound in the one-pot conversion of glucose or cellulose
to EG, that is, on one hand it catalyzes the selective cleavage
of C—C bonds of glucose to produce glycolaldehyde, and on
the other hand it inhibits the hydrogenation of aldoses
especially that of glucose by poisoning Ru/C surface. This
kinetic study will guide researchers to optimize the ratio of
tungsten compounds to Ru/C in the catalyst design.

Finally, it should be mentioned that by combining the two
kinetic models, that is, retro-aldol condensation of glucose
and hydrogenation of glucose/glycolaldehyde with the dual
catalyst AMT + Ru/C, it is possible to obtain an overall
kinetic model for the one-pot conversion of glucose to EG.
Our preliminary results have shown that both EG and sorbi-
tol yields from glucose conversion can be predicted well
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with this overall kinetic model, and this work will be
reported as a third article in this journal.
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Notation

rio = the initial rate that incorporate the AMT and Ru/C concen-
tration for glucose or glycolaldehyde hydrogenation reaction,
mol/m3 S
rg = reaction rate of glucose hydrogenation over Ru/C, mol/g., s
rga = reaction rate of glycolaldehyde hydrogenation over Ru/C,
mol/geqa S
rG-m = reaction rate of glucose hydrogenation over Ru/C in the case
of mixture, mol/g.,; s
rga—m = reaction rate of glycolaldehyde hydrogenation over Ru/C in
the case of mixture, mol/g.,; s
rg—amr = reaction rate of glucose hydrogenation over Ru/C in the
presence of AMT, mol/g., s
rga—amr = reaction rate of glycolaldehyde hydrogenation over Ru/C in
the presence of AMT, mol/g . s
ramrc = reaction rate of AMTG hydrogenation over Ru/C, mol/g., s
ramrce = reaction rate of AMTG2 hydrogenation over Ru/C, mol/ge, s
ramras = reaction rate of AMTG3 hydrogenation over Ru/C, mol/g., s
ramrcs = reaction rate of AMTG4 hydrogenation over Ru/C, mol/ge, s
ramrca = reaction rate of AMTGA hydrogenation over Ru/C, mol/g., s
kg = rate constant of glucose hydrogenation, mol/g. s
kga = rate constant of glycolaldehyde hydrogenation, mol/g.,, s
G = glucose
S = sorbitol
GA = glycolaldehyde
EG = ethylene glycol
Cg = concentration of glucose, mol/m?
Cs = concentration of sorbitol, mol/m>
Cga = concentration of glycolaldehyde, mol/m®
Cig = concentration of ethylene glycol, mol/m®
Camr = concentration of ammonium metatungstate (AMT), mol/m>
Camrcs = concentration of AMTG4, mol/m’
Camrca = concentration of AMTGA, mol/m>
Kamr = AMT adsorption equilibrium constant on Ru/C, m>/mol
Kg = glucose adsorption equilibrium constant on Ru/C, m*/mol
Ky = dissociative hydrogen adsorption equilibrium constant on
Ru/C, 1/bar
Ks = sorbitol adsorption equilibrium constant on Ru/C, m3/m01
Kga = gl%/colaldehyde adsorption equilibrium constant on Ru/C,
m”/mol
Kgg = ethylene glycol adsorption equilibrium constant on Ru/C,
m3/m01
Py = hydrogen pressure, bar
Mey = mass of Ru/C catalyste, gqq
namr-c = reaction order of glucose hydrogenation with respect to
AMT concentration
namr—ca = reaction order of glycolaldehyde hydrogenation with respect
to AMT concentration
AMT = ammonium metatungstate
AMTG = complex formed by binding AMT with one glucose
molecule
AMTG2 = complex formed by binding AMT with two glucose
molecules
AMTG3 = complex formed by binding AMT with three glucose
molecules
AMTG4 = complex formed by binding AMT with four glucose
molecules
AMTGA = complex formed by binding AMT with glycolaldehyde
K, = equilibrium constant of adsorbed AMT and glucose, m*/mol
K, = equilibrium constant of adsorbed AMTG and glucose, m*/mol
K3 = equilibrium constant of adsorbed AMTG2 and glucose, m*/mol
K, = equilibrium constant of adsorbed AMTG3 and glucose, m3/m01
Ks = equilibrium constant of AMT and glucose, m*/mol
K¢ = adsorption equilibrium constant of AMTG4 over Ru/C, m> /
mol
Kiy = equilibrium constant of AMT and glycolaldehyde, m*/mol

K> = adsorption equilibrium constant of AMTGA over Ru/C, m3/

mol
K13 = equilibrium constant of adsorbed AMT and glycolaldehyde,
m?/mol
k7 = rate constant of AMTG4 hydrogenation, mol/g.,, s
kg = rate constant of AMTG3 hydrogenation, mol/g., s
ko = rate constant of AMTG2 hydrogenation, mol/g.,, s
kio = rate constant of AMTG hydrogenation, mol/g.,; s
k14 = rate constant of adsorbed AMTGA hydrogenation, mol/g.,, s
E,i = apparent activation energy for glucose or glycolaldehyde
hydrogenation on Ru/C, kJ/mol
A;j = the pre-exponential factor for glucose or glycolaldehyde

hydrogenation on Ru/C
AH; = the adsorption enthalpy for glucose or glycolaldehyde, kJ/
mol
aj = the pre-exponential factor in Van ’t Hoff equation for glu-
cose or glycolaldehyde
R = universal gas constant (8.3143 X 103 kJ/mol/K)
T = temperature, K

Greek letters

Pea = catalyst mass per cubic metre (ngm3)
0y, = catalyst vacant site
Oy, = catalyst vacant site for hydrogen
0 = adsorbed glucose species
0s = adsorbed sorbitol species
0y = adsorbed hydrogen molecule
Oga = adsorbed glycolaldehyde species
O = adsorbed ethylene glycol species
Oamr = adsorbed AMT species

Oamrc = adsorbed AMTG species
Oamrc2 = adsorbed AMTG2 species
Oamrcs = adsorbed AMTG3 species
Oamrcs = adsorbed AMTG4 species
Oamrca = adsorbed AMTGA species
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