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Abstract

CO, hydrogenation to CH;0H via heterogeneous catalysis is one of the most promising and available approaches for mitiga-
tion of anthropogenic CO, issues. In this work, thermodynamic equilibria of CO, to methanol were compared with experi-
mental results at given conditions using a commercial Cu/ZnO/Al,O; catalyst for CO hydrogenation to methanol. It was found
that, the high pressure, low temperature, and high H,/CO, ratio are favorable to methanol synthesis from CO,. Furthermore,
the kinetic data were measured with an isothermal integral reactor under temperature between 160 and 240 °C, lower than
that for CO hydrogenation to methanol reaction. Based on the single-active site and dual-active site LH mechanisms, both
kinetic models can achieve full illustration of the influence of the operating conditions and the mechanisms. According to
comparative analysis of the error variances of model correlations and the adsorbate coverages on the active sites, the dual-
site mechanism identified to be superior to the single-site one for methanol synthesis from CO, feedstock. Overall, this
paper provides fundamental understanding of the thermodynamic and kinetic aspects of a central route for CO, Valorisation.
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List of Symbols

AQ) The pre-exponent constant

B() Activation energy or heat of adsorption

H,/CO, The ratio of H, to CO,

Ki Kinetic constant

P Pressure, bar

S Selectivity

T Temperature, °C

X Conversion Rate

X?’oz Thermodynamic equilibrium conversion of CO,

F Ratio of regression mean square sum to model
residual mean square sum

Xco, Conversion of CO,

Sco Selectivity of CO

Scu,on  Selectivity of CH;OH

W, Loading quality of catalyst of Reactor inlet, g

Ty The rate of reaction m, m= 1,2,mmol~g_1-min_1

Vini The measurement coefficient of component i in

reaction m
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1 Introduction

CO, is a well-accepted greenhouse gas mostly produced
from fossil fuel combustion. The steady increase of the
atmospheric CO, level since the industry revolution has been
considered as the main reason for the observed global warm-
ing and climate change [1-4]. Therefore, there is an urgent
need to tackle excess CO, emission in the atmosphere. In
this context, carbon capture and utilisation (CCU) has been
initiated, aiming at generating value-added products from
CO, waste, and become one of the most active research fron-
tiers in energy and chemical engineering areas [5—8].
Among the developed CCU technologies, synthesis of
methanol from CO, via heterogeneously catalytic hydro-
genation is nearest to the practical application target and
thus is quite attractive to the academia and industrial sec-
tors as well. Indeed, Methanol is a viable energy carrier for
vehicles and boilers and a key precursor for many high-value
commodity chemicals, such as olefins by MTO technologies,
formaldehyde for adhesives and resins [9—11]. Although the
global methanol market is persistently growing, methanol is
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mainly synthesised from syngas via coal/natural gas gasifica-
tion. Therefore, the catalytic methanol synthesis from CO,
has great potential for large-scale application on the basis
of both economic and environmental concerns [12-14].
Furthermore, this route requires hydrogen supply which
can be produced from the electrolysis of water using renew-
able energy sources [15-18]. In this sense, it represents an
encouraging pathway for clean hydrogen production that
supports the CO, utilisation leading to a green hydrogen-
CO, nexus which is worth intensively exploring [19, 20].
It can be convinced that the most effective catalysts for
the methanol synthesis are Cu-based, specifically, Cu/ZnO/
Al,03, due to its low cost, high activity and selectivity to
methanol in the conventional methanol industry, and the
well-established experiences can be easily adapted for the
development of CO, hydrogenation to methanol. Moreover,
as a general research rule, the kinetic study is deemed to
be the essential step for reactor design and process devel-
opment. Though many kinds of kinetic models have been
proposed to describe the methanol synthesis where CO is
assumed to be the feedstock in traditional methanol manu-
facturing routes [21-23]. Interestingly, in practice, CO, is
requiremmto the feed mixture to enhance the reac-
tion rate of methanol synthesis, and many previous studies
assumed that the carbon resource of methanol is directly
from CO, according to the reaction of CO, hydrogenation
co-producing H,O, which then is immediately consumed by
the followed water—gas shift reaction (WGS) with CO regen-
erating CO, and H, to make the overall reaction behaves as
the CO hydrogenation [24-27]. At present, the kinetics of
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the reactions have been mostly developed on the basis of a
power-law model or a Langmuir—Hinshelwood (L—H) model
for methanol synthesis using only CO, [28]. For instance,
Ledakowicz et al. examined several Cu/ZnO/Al,O; catalysts
for CO, methanol synthesis using a purely empirical power-
law rate equation, but found that the experimental data pre-
sented 25% relative error to fit the model parameters [29].
Besides, Kobl et al. investigated the power-law models for
methanol synthesis from CO,/H, on Cu/Zn0O/Al,O5 and Cu/
ZnO/ZrO, catalysts, respectively, and found that the catalyst
tests fits the model when the obtained conversions were less
than 15% [30]./In this sense, the drawback of applying a
power-law to this process is significant where the range of
partial pressures, conversions and temperatures has to be
defined. By contrast, the L-H model is a relatively complex
kinetic model which is still under debate in CO, hydrogena-
tion to methanol. For instance, Rasmussen et al. studied
the synthesis of methanol from a fixed gas of H,:CO,=1:1
over a Cu(100) single crystal to give a modified L-H kinetic
model based on the hydrogenation of dioxomethylene as the
rate limiting step, with the presented kinetic model applied
for semi-quantitative predictions of the reaction rates over a
commercial catalyst working under industrial conditions for
this process [31]. Portha et al. also attempted to determine a
L—H kinetic model that enables sizing an industrial and delo-
calised reactor with reliability for pure CO, hydrogenation
to methanol. Although no CO was included in the feed gas,
for this work, all three reversible reactions (Eq. (1), Eq. (2),
and Eq. (3)) were considered [32].

----- Silica wool
- - - -Thermometer %_' Vent
- - - - Catalysts
----0ven
----- Quartz Sand GC
----- Silica Wool
-6

Fig. 1 Schematic diagram of CO, hydrogenation to methanol reaction process
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CO +2H, < CH;0H; AH}., = —90.5kJ /mol 1)

CO, + H, & CO + H,0; AHj . = 41.1kJ /mol 2)

CO, + 3H, < CH3;0H + H,0; AH}, = —49.4kJ /mol
3

To avoid this uncertainty, another kinetic model was
established by Vanden Bussche and Froment when they
studied a commercial CuO/ZnO/Al,O; catalyst for methanol
synthesis [25]. In this kinetic model, only the RWGS reac-
tion (Eq. (2)) and the carbon dioxide hydrogenation (Eq. (3))
were considered, as it was assumed that CO, obtained from
Eq. (2) was the main carbon source in further methanol syn-
thesis through HCOO and a dissociative adsorption of H,
and CO, was the rate-limiting steps [25]. As a matter of
fact, Chinchen et al. assumed that CO, was the main source
of methanol in 1986 [33]. Besides, through infrared spec-
troscopy, Clarke et al. found that the hydrogenation rate of
CO, to methanol was much higher than the hydrogenation
rate of CO to methanol, and the water gas conversion reac-
tion between CO and water eliminated the H,O molecules
generated by the hydrogenation of CO,, thus promoting the
hydrogenation of CO, to methanol again [34].

Under this scenario of intense debate around kinetics of
direct methanol production from CO,, we present and com-
pare two kinetic models considering the thermodynamic
equilibrium and based on the study of Vanden Bussche and
Froment and Graaf et al. [24, 25], respectively, over a com-
mercial Cu/ZnO/Al,O; catalyst (XNC-98, the low-pressure
type, by Southwest Institute of Chemical Engineering,
China). This study will account for the RWGS reaction
as dominant side reaction, and the CO, hydrogenation to
methanol as central process, in order to shed lights on the
fundamental kinetic aspects of this crucial route for CO,
transformation.

2 Experimental
2.1 Thermodynamic Prediction

Balanced conversion and product selectivity were esti-
mated using Aspen Plus V.8.4 software. Phase equilibrium
and chemical equilibrium are measured by RGibbs module
method, and the Gibbs free energy is minimized to obtain
the equilibrium state of a system with a group of chemi-
cal components at any given temperature and pressure. The
usual RGibbs analysis requires only pressure and tempera-
ture and specified quantity of substance conditions, without
the need for specific reaction equations and kinetics. In this
study, the Peng-Robinson method, the interaction parameters

@ Springer

within ASPEN and the binary interaction parameters were
adopted. The selected reactants are CO,, H, and products
are CO, CH;0H and H,0.The yield of the higher alcohols
and CH, under the reaction conditions were so small as to
be negligible that it was not analysed. After the results of
the first reaction run at 200 °C, pressure 2 Mpa and the H/C
ratio of 3, the sensitivity analysis module was defined using
different temperatures (140-280 °C), different pressures
(0.5-3.0 Mpa) and different H/C ratio (2—10) for calculation.

2.2 Experimental Measurement

Catalytic reactions were performed on a fixed-bed reactor
shown in Fig. 1, which was composed of a titanium alloys
tube with an internal diameter of 8 mm and a total length
of 760 mm. The catalyst bed consisted of a mixture of the
40-60 mesh of catalyst powder and quartz sand with a vol-
ume ratio of 2/3 to obtain an isothermal bed. Then a ther-
mocouple was inserted to control the temperature of the
reaction bed, and the reaction pressure was controlled by
a back-pressure valve at the end of the reactor. In order to
realize an isothermal temperature of the fixed bed reactor,
a tubular furnace made by three-stage ovens was applied.
Temperatures were well regulated via three stages' control-
lers at the top, at the middle, and at the bottom. The catalyst
was loaded in the reactor and reduced at 200 °C for 12 h by
mixture of ~5%H,/N, (mole) with total flow rate of 150 mL/
min. After the reduction, the catalyst was cooled down to
160 °C with varied feed gas compositions before increas-
ing reaction pressure. The reaction temperature and pressure
were kept at 160/180/200/220/250 °C and 1/1.5/2/2.5 MPa,
respectively.

All the products were kept at 140 °C and analysed by
online gas chromatography equipped with a thermal con-
ductivity detector (TCD) and a flame ionization detector
(FID). The Gas Chromatograph was equipped with PH-
PONA chromatography column to analyze CH,OH by FID
detector and carbon molecular sieves packed column to ana-
lyze N,, CO, CH,, CO, by TCD detector. The activity data
used for discussion was collected 10 h after the catalyst was
on stream. The conversion of CO,, the selectivity of CO and
CH;0H was calculated by the following equations:

Feo,in = Feo,

Xco, = Feo “)
H,in
SCH30H =1-Sc0 (®)]
Feo
Sco= 77— — 6)

Feo,in = Feo,
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Table 1 Elementary steps in single-site kinetic mechanism (adapted
based on Vanden Bussche and Froment [25], s represents the single
surface-active site)

Table 2 Elementary steps in dual-site mechanism (s and f represent
the dual surface-active sites, respectively. The elementary steps are
based on the work of Graaf et al. [24])

Step Elementary steps Step Elementary steps

sl H,(g)+2 s=2H.s dl H,(g)+2s=2H.s

s2 CO,(g)+s=CO0,.s d2 COx(g)+p= +CO,.p

s3 CO,.5+5s=0.54+CO.s d3 CO,.p+H.s=HCO,.f+s

s4 O.s+H.s=OH.:s+s d4 HCO,.p+H.s=H,CO,.f+s
s5 OH.s+H.s=H,0.s+s ds H,CO,. p+H.s=HCO. p+H,0.s
s6 CO,.s+OH.s =HCO;.2 s de H,CO,. p+s=CO. f+H,0.s
s7 HCO;.2 s+s=HCO,.25+0.s d7 HCO. f+H.s=H,CO.p+s
s8 HCO,.2 s+H.s=H,C0,.2 s+s ds H,CO. p+H.s=H;CO.p+s
s9 H,CO,.2 s=H,CO.s+0.s d9 H;CO. p+H.s=H,CO.p+s
s10 H,CO.s+H.s=H;CO.s+s d1o0 H,CO.p=CH;0H(g) +f

sl H;CO.s+H.s = CH;0H(g)+2 s di1 CO.p=CO(g)+p

s12 CO.s=CO(g)+s di2 H,0.s=H,0(g)+s

s13 H,0.s=H,0(g)+s

where, Fg_ ;, is the molar flow rate of CO, flowing into the
reactor; Fq is the molar flow rate of CO flowing out the
reactor; and F, is the molar flow rate of CO, flowing out
the reactor. For each data point, the result was obtained after
the reaction reached steady-state. The error in CO, conver-
sion and CO/CH;OH selectivity for all the experiments is
within + 0.5% due the facility setup.

For the kinetic study, the effects of internal and external
diffusion must be eliminated before tests. Internal diffusion
can be eliminated by reducing the particle size of the cata-
lyst. Catalysts with 20—40 mesh, 40—60 mesh, 60—80 mesh
and 80-100 mesh were tested. When the number of catalyst
mesh was greater than 40 mesh, the CO, conversion rate
was basically unchanged. Therefore, the effect of internal
diffusion has been eliminated by using 40—60 mesh catalyst.
External diffusion can be eliminated by increasing the gas
velocity of the reaction gas. The space velocity was kept
unchanged at 12,000 mL-h™!.g™!, and the space velocity was
changed by changing the flow rate and catalyst mass. When
the flow rate was greater than 100 mL-min~', the CO, con-
version rate was basically unchanged. Therefore, the influ-
ence of external diffusion has been eliminated when the
kinetic data retention flow is greater than 100 ml-min~". In
summary, kinetic experimental conditions are 40-60 mesh
catalyst for 1 g, varied feed gas compositions were applied,
total flow rate is greater than 100 mL-min~!, and reaction
temperature 160-240 °C.

2.3 Mechanism and Kinetics

There are two reaction pathways for methanol from CO,
hydrogenation proposed in the previous literatures. The first

is the direct CO, hydrogenation to methanol through the
formate intermediate, and the second involves the formation
of CO from CO, through the RWGS reaction and then CO is
hydrogenated to methanol. Several kinetic models have been
developed for modeling methanol synthesis. Graaf et al. [24]
proposed a dual site mechanism, one active site for CO and
CO, adsorption and one for H, and H,O adsorption. Vanden
Bussche and Froment [25] proposed a single-site mecha-
nism, including H, and H,0O, and the intermediate atomic
O as well, but neglecting the adsorption of CO and CO,.
Ovesen et al. [26] proposed a dual-site mechanism, with
one active site for CO adsorption and another one for CO,
adsorption. Park et al. and Seidel et al. [27, 28] proposed
three active sites for the adsorptions of CO, CO, and H,/
H,O0, respectively. In this work, the single-site and dual-site
mechanisms will be focused on.

2.3.1 Single-Site Model

As given by Vanden Bussche and Froment [25], methanol
was assumed to be generated only from CO, with the co-
product water participating in the water—gas shift reaction,
and the reaction kinetic model was constructed based on
a single-site Langmuir—Hinshelwood mechanism, with the
individual elementary steps shown in Table 1. Virtually, this
mechanism can be regarded as the redox mechanism, where,
CO, is an oxidant, and easily makes the active site, the
metallic copper phase, be oxidized and produce CO to con-
duct the reverse water gas shift reaction with the followed
reduction by the adsorbed hydrogen to release a molecule of
water. For methanol, a carbonate intermediate appears pri-
marily, by reaction of adsorbed CO, and the hydroxyl. The
carbonate is quickly hydrogenated to formate, formaldehyde,

@ Springer


Ahmad
Highlight

Ahmad
Highlight

Ahmad
Highlight

Ahmad
Highlight


H.-X. Lietal.

1.0
0.8 - SCHsOH
0.6
f
x
0.4 - Sco
0.2
Xco. \
0 0 1 . 1 . 1 . 1 . 1 . 1

140 160 180 200 220 240 260 280
T(°C)

Fig.2 Temperature influence on CO, conversion and product selec-
tivity at thermodynamic equilibrium at 2.0 MPa and H,:CO,=3:1

methoxy species, and finally methanol. In this mechanism,
the rate-determining step (RDS) is supposed to be hydro-
genation of formate, which is well accepted to be the longest
living intermediate in methanol synthesis on copper-based
catalyst in the previous works [25].

With the assumption of the rate-determining step (RDS),
step s3 for carbon monoxide and step s8 for methanol, the set
of reaction rate equations are derived as follows based on a
pseudo-steady-state hypothesis of the surface intermediates.
(see nomenclature table for abbreviation) [25].

ky 'Pc02‘PH2‘(1—%)
r = = @)
(1 + K, \PitK, - Py + K., - %>

H2

PP,
.P . (] = fcoTH0
k2 €02 ( Ky-Ppy-Peos )

= ®
(14 Ky VPrz + Ky - Prsg + K- 2222
H2
K, =220 _ 10502 ©)
T
K, = _2;)73 +2.029 (10)
B 1 1 .
i 'eXp< R\T " am3.15/ )" an

B /1 1 .
K =A. __l<__—> ,1=a,b,
i ’eXp< R\T ™ 413.15 > t=ane 2
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where, 200 °C < T <300 °C; Kc is a combined adsorp-
tion constant including steps sl and s10-s12, implying
the adsorption of oxygen radical (given by the reaction of
O.s+H,(g) =H,0(g)+5), and K, and K, are the thermody-
namic equilibrium constants determined by Graaf et al. [35].

2.3.2 Dual-Site Model

A dual-site adsorption mechanism was proposed by Graaf
et al. [24], giving that methanol could be generated from
both CO and CO,. In this work, the hydrogenation of CO,
is assumed to be composed of Reaction (3) for methanol
and water generation from CO, and H,, and Reaction (2)
for reverse water gas shift to generate CO and water, and to
comply with the dual-site Langmuir—-Hinshelwood mecha-
nism, in which one site () was devoted to adsorb CO and
CO,, and the other site (s) to H, and H,O [24]. In this sense,
the following elementary steps are proposed according to the
mentioned reaction mechanism above, see Table 2.

The total pathway consists of 12 elementary steps, with
a common intermediate, formate, [H,COO], for both meth-
anol and CO formation. Key adsorbed intermediates are
considered in the present work (via term K 3P, Py,) in
order to fully illustrate the dual-site mechanism. According
to the previous researches on the water gas shift reaction
by Yoshihara et al. [36], Ayastuy et al. [37], Mendes et al.
[38], Madon et al.[39], and Kunkes et al. [40], [H,COO] is
apt to decompose into CO and H,O on the surface active
site, see step d6 in Table 2. For methanol formation, from
hydrogenation of formate or formic acid, an intermediate,
formyl, [HCO] appears with the release of a molecule of
water on the surface site, which is sequentially hydrogenated
to formaldehyde [H,CO], methoxyl [H;CO] and finally to

1.0

XIS

P (MPa)

Fig.3 Pressure influence on CO, conversion and product selectivity
at thermodynamic equilibrium at 200 °C and H,:CO,=3:1
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methanol. Based on the RDS theory, methanol is assumed to
be determined by step d5 and CO by step d6, the set of reac-
tion rate functions is obtained as follows (see nomenclature
table for abbreviation).

P‘W(}HPH 0
ky( PPy, — =222
1\ " H," CO, K Pii;

(1 + K Pco, + KinPeo +Ka3PCOZPHZ)(1 +Kb1P%f +Kb2PH20)

13)

r =

_ P('OPHz() )
ky (P ', Peo, K,
= e (14)
(1 + K1 Pco, + KnPco +Ka3PC02PH2)(l +Kb1P,.jz +Kh2PH20)

k = A ex (—§<1—L>) i=1.2 (15)
O A AV VT ERT Y i

B /1 1
K, =Aiexp(—E<— -

= m)),i:al,az,bl,bz (16)

where, 200 °C < T <300 °C, k,3, is a combination of step
d1-d4, meaning the adsorption of formate, and K (Eq. (9))
and K, (Eq. (10)) are also the thermodynamic equilibrium
constants determined by Graaf et al. [35].

3 Results and Discussion
3.1 Thermodynamic Simulations
In this work, the thermodynamic equilibrium of CO,,

H,, CO, CH;0H and H,O under different conditions was
simulated by RGibbs reactor in Aspen Plus V8.4, and the

SCIIaO[I

H,/CO,

Fig.4 Influence of H,/CO, ratio on CO, conversion and product
selectivity at thermodynamic equilibrium at 200 °C and 2.0 MPa

corresponding equilibrium composition was compared as
follows.

First of all, the effect of reaction temperature on CO, con-
version and selectivity is shown in Fig. 2./It can be seen that
by rising the temperature from 140 to 280 °C, the selectivity
of methanol decreases sharply, while the CO selectivity pre-
sents a significant increase. This trend reflects the thermody-
namic nature of these two reactions. While the hydrogena-
tion of CO, to produce methanol is an exothermic process,
the RWGS reaction is an endothermic reaction favoured
in the high temperature window. Therefore, the increas-
ing of reaction temperature would inhibit the production of

methanol, but promote CO formation. At the same time,

CO, conversion initial-ly shows a gradually decreasing with
heating up, then recovering by the further temperature rise.
Again, this represents the coupling of two reactions during
the entire process, where the CO, hydrogenation to methanol
dominates the process at a relatively low temperature, but
the RWGS reaction becomes dominant when the reaction
temperature increases to 230 °C and beyond.

Then the reaction temperature was fixed to 200 °C for
the hereafter thermodynamic simulations and the effect of
reaction pressure is presented in Fig. 3.1t can be seen that
CO, conversion shows a trend of mildly increasing with the
pressure increasing in a manner of linearity. This can be

explained by the Le Chatelier's principle: methanol synthe-
sis is favoured by increasing total pressure. Besides, as the

pressure increases, the select-ivity of methanol gradually rise,
while the selectivity of CO drops, and the methanol synthe-
sis reaction becomes dominant when the reaction pressure
increases tol.0Mpa and beyond.

Lastly, the impact of the feed composition is given in
Fig. 4 under temperature of 200 °C, and pressure of 2.0Mpa.

1.0

0.8

S/X

0.4r

0.2

0.0

T L 1 1 1 L
160 180 200 220 240 260

T (°C)

Fig.5 Temperature influence on CO, conversion and product selec-
tivity at 2 MPa, WHSV = 12,000 ml-g~"-h~! and H,:CO,=3:1
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Fig.6 Pressure influence on CO, conversion and product selectivity
at 200 °C, WHSV =12,000 ml~g_1~h‘l and H,:CO,=3:1
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Fig.7 Influence of H,/CO, on CO, conversion and product selectiv-
ity of carbon dioxide hydrogenation at different H/C ratio (200 °C,
WHSV = 12,000 ml-g~1-h~!, 2.0 MPa)

It can be seen that when the ratio of H,/CO, increases, the
selectivity of methanol gradually approaches 0.85 at 4.0 and
beyond, and then comes to a plateau of about 0.90. By com-
parison, the CO selectivity decreases to 0.15 then becomes
relatively stable. From the perspective of industrial applica-
tion, an increasing concentration of hydrogen could facilitate
the conversion of CO, in the reactor. However, an exces-
sively high H,/CO, ratio would significantly increase the
energy consumption of the entire reaction system. Therefore,
the thermodynamic simulation using different H,/CO, ratios
is essential to set a sensible H,/CO, balance prior to con-
ducting experiments. Nevertheless, considering that clean

@ Springer

hydrogen could be generated via water electrolysis driven
by renewable energy sources (i.e. wind), the overall process
of methanol synthesis will be less cost and energy-intensive.
While the consumption of the co-reactant, CO,, is consid-
ered as a promising method for mitigation the CO, emission
from the anthropogenic activities [5].

Take a summary from the thermodynamic study, one can
notice that methanol synthesis from CO, hydrogenation is
favoured by low reaction temperatures, high total pressure
and high H,/CO, ratio in the feed mixture. Besides, feasible
operating conditions can be primarily defined in order to
guide further catalytic tests.

3.2 Catalytic Activity and Selectivity

Following the discussion above, a series of catalytic tests at
different operating conditions were carried out in a fixed-bed
reactor (Fig. 1), using a commercial Cu/ZnO/Al,O; catalyst
for CO, hydrogenation to methanol.

First of all, the catalyst was tested within a tempera-
ture range of 160-250 °C. The reactants flow was held
at a constant weight hourly space velocity (WHSV) of
12,000 ml-g~-h™! with a H,/CO, ratio of 3:1. From Fig. 5,
it can be seen that as the thermodynamic equilibrium is far
from being reached at the temperature lower than 220 °C, an
increasing of reaction temperature from 160 °C has signifi-
cant influence on both CO, conversion and product selec-
tivity. At temperature higher than 230 °C, both reactions of
methanol synthesis and reverse water gas shift to CO are
closed to the equilibrium states. Moreover, it can be noticed
that methanol synthesis is favoured when the temperature is
less than 200 °C, while the production of CO emerges obvi-
ously when the temperature reaches to 200 °C and beyond.
Interestingly, CO, conversion shows an opposite trend to the
thermodynamic equilibrium curve, where it decreases with
temperature, which reflects the impact of the catalysts on
the reaction kinetics as we will discuss in the next section.

A pressure screening (1.0 to 2.5 MPa) was then con-
ducted using the commercial catalysts at fixed tempera-
ture, space velocity (WHSV) and reactants ratio: 200 °C,
12,000 ml-g~"-h~! and H,/CO, ratio of 3:1. Figure 6 shows
the results of the pressure influence. Again, upon increasing
of reaction pressure, CO, conversion and methanol selectiv-
ity gradually increase, while CO selectivity decreases. This
is in a good agreement with the above-mentioned results
by the thermodynamic simulation. At 200 °C, the favorable
reaction is methanol synthesis, which reduces the gas vol-
ume with pressure rise. By contrast, the RWGS reaction is
not affected by an increase of total pressure as predicted by
thermodynamics since the reactant presents same number of
moles at both sides of the equilibrium equation.

Lastly, the catalyst was tested to investigate the effect
of H2/CO2 ratio at 200 °C, 2.0 MPa and the WHSYV of
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Table 3 Experimental results of

kinetic measurements

Table 4 The correlated kinetic
parameters for the single-site

kinetic model

Table 5 The correlated kinetic
parameters for the dual-site

kinetic model

12,000 ml-g~!-h~!, It can be seen that, from Fig. 7, changes

T P (atm) Fi’in(mmol-min_l)a Fiyom(mmolmin"])b

0

© N, CO, H, N, CO, H, CH,OH CcO H,0
200 20 1.78 2.38 4.76 1.78 2.16 4.15 0.19 0.03 0.22
200 20 1.78 1.78 5.35 1.78 1.56 4.74 0.2 0.03 0.22
160 20 1.78 1.78 5.35 1.78 1.64 4.93 0.14 0 0.14
180 20 1.78 1.78 5.35 1.78 1.62 4.87 0.16 0.01 0.16
230 20 1.78 1.78 5.35 1.78 1.48 4.71 0.17 0.13 0.3
200 10 1.78 1.78 5.35 1.78 1.66 5.02 0.1 0.02 0.13
200 15 1.78 1.78 5.35 1.78 1.62 4.93 0.13 0.03 0.16
200 20 1.34 1.34 4.01 1.34 1.14 3.46 0.18 0.03 0.2
200 20 1.78 1.78 5.35 1.78 1.56 4.74 0.2 0.03 0.22
200 20 223 223 6.69 223 2.01 6.1 0.19 0.03 0.22
160 20 1.34 1.33 4.02 1.34 1.19 3.57 0.15 0 0.15
160 20 1.78 1.78 5.35 1.78 1.64 4.93 0.14 0 0.14
160 20 223 223 6.69 2.23 2.07 6.2 0.17 0 0.17
160 20 2.68 2.67 8.03 2.68 2.54 7.63 0.13 0 0.13
180 20 223 2.23 6.69 2.23 2.05 6.17 0.17 0.01 0.18
220 20 1.78 1.78 5.35 1.78 1.53 4.77 0.17 0.09 0.25
220 20 2.23 2.23 6.69 223 1.98 6.13 0.16 0.1 0.25
220 20 2.68 2.67 8.03 2.68 2.41 7.44 0.16 0.1 0.27

*F; ;, represents for the molar flow of the inlet stream component i, i=N,, CO,, and H,

bFi,om represents for the molar flow of the outlet stream component i, i=N,, CO,, H,, CH;0H, CO, and

H,0

Parameter A Unit B; Unit

K, 4.20+091 bar =0 —-5.37+0.26 kJ-mol ™!
K, 24.53+1.18 bar™! -9.38+2.21 kJ-mol™!
K, 493.40+11.18 / —2.05E-04 + 1.38E-04 kJ-mol ™!
K, 189.89+9.06 mmol-g~!-min~"-bar™! 34.24+3.52 kJ-mol™!
K, 0.31+0.14 mmol-g~!-min~"-bar~2 121.60 +5.60 kJ-mol™!
Parameter A Unit B; Unit

k, 20.49+0.13 mmol-g~!-min~!-bar=23 40.17+0.18 kJ-mol~!
k, 10.30+0.62 mmol-g~!-min~!-bar2 135.66+1.22 kJ-mol~!
K,, 0.7207 +0.0068 bar™! —5.88+0.10 kJ-mol™!
K, 641.00+40.01 bar™! —-33.71+0.18 kJ-mol ™!
K, 1.08+0.0074 bar™! -9.20+0.65 kJ-mol™!
Ky, 9.10+0.11 bar~0? —13.68+0.47 kJ-mol~!
Ky 452.56+15.14 bar™! ~14.94+0.86 kJ-mol™!

in H2/CO2 ratio have a significant effect on CO, conver-

sion. When the concentration of hydrogen in the feed gas is

increased, the CO, conversion remarkably rises. Meanwhile,

the selectivity of methanol increases simultaneously, which
again agreed with the above thermodynamic simulations.

3.3 ldentification of Kinetic Models

3.3.1 The Kinetic Measurements

Based on the results of above catalytic tests on activity
and selectivity, the reaction conditions were adjusted and

given in Table 3, using a mixture of CO,/H,/N, with varied
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Table 6 Model statistical

. » ’ Component Experimental Model degree of ~ Decisive index® F° Fy.05
Checkllst for the single-site data points freedom (M) ) (M,N-M-1)
kinetic model

™)

CO, 18 10 0.99979 5895.40 3.65

H, 18 10 0.99977 5436.98 3.65

CH;0H 18 10 0.97951 59.76 3.65

H,0 18 10 0.98306 72.54 3.65

CO 18 10 0.99743 485.07 3.65

a 2 N 2 N 2

prP=1-% ();i.e =Yie) ) Zicy (yi,ze) : 5

bF: [Zf\il (yi,f) _Zg\il (yi.e_yi,z‘) ]/M/ le (yi,e_yi,c) /N_M
Table 7 ! Model statisti‘c.al Component Experimental Model degree of Decisive index F Fy05
checklist for the dual-site data points freedom (M) s (M,N-M-1)
kinetic model

™)

CO, 18 12 0.99973 7483.75 4.68

H, 18 12 0.99976 8241.55 4.68

CH;0H 18 12 0.97228 70.14 4.68

H,0 18 12 0.98779 161.74 4.68

CO 18 12 0.97865 91.68 4.68
compositions as feed gas for the kinetic measurements. CO, 8
conversion and product selectivity were investigated with the Fosk ,,," L7 /. -
variation of reaction temperatures and WHSYV, respectively. r +20%,«;" 7 +5% - .

[02f e h et
6 - : ' -20% . Ad
3.3.2 The Correlations for Kinetic Parameters 3 T o oH L7 5%
011 A - 3 [ %4
5r 7 * CO o

In this work, we assume that the data in Table 3 was obtained Lo Ll

in a perfect differential reactor, in which the pressure drop
was negligible (as compared to the operation pressure 2.0
Mpa, the pressure drop of the catalyst bed is 8.7 kPa cal-
culated by the Ergun equation). Besides, the reactor was
also considered as under an isothermal condition. Then the
mathematical model of reaction rate, Eq. (15), can be then
solved by using the Rung-Kutta methods [30], ode45 in Mat-
lab, with the initial boundary of the entire reactor obtained
using the inlet gas composition, Eq. (16).

dF.
R:—lzz .
Cdw,) 4+ Yl (7

cat

F,=FyatW, =0 (18)

Besides, the kinetic parameters were estimated accord-
ing to the minimization of the square differences between
experimental and calculated results, as shown by Eq. (17),
using Isqnonlin optimization algorithm in Matlab software.
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Fig. 8 Parity plot of outlet molar flow rates for single-site model

s = (Z [(Fc'a,eJ - Fco,c,j)z) + (FMeOH,eJ - FMeOH,L'j)Z] (19)
J

where F, . ; represents the molar flow of CO in experimental
running j, and y,, . ; the calculated value by the mathemati-
cal model under the corresponding conditions of running j;
Similarly, Fyeop ¢ j represents the molar flow of CH;0H in
experimental running j, and Fy;.op . j the calculated value of

the molar flow of CH;OH.
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Fig.9 Parity plot of outlet molar flow rates for dual-site mechanism

Considering the experimental results obtained in Table 3,
the values of model parameters can be estimated for both
single-site kinetic model (Table 4) and dual-site kinetic
model (Table 5).

It can be seen that the activation energy for metha-
nol synthesis and RWGS reaction are 34.24 kJ-mol™!
and 121.60 kJ-mol~"! for single-site kinetic model, and
40.17 kJ-mol™" and 135.66 kJ-mol ™" for dual-site kinetic
model, respectively. These values are well consistent with
the previous published reports, in which the given activa-
tion energy ranges 30~70 kJ-mol~! for methanol synthesis
and 95-155 kJ-mol~! for RWGS reaction [36, 41-45]. On
the other hand, the adsorption heats for both models were
calculated and are given as negative, again meaning that our
modifications are feasible in terms of these two models. Par-
ticularly, in the single-site model, the adsorption heats are
very low, with that of oxygen nearly zero, which is agreed
well with Vanden Bussche and Froment [25]. The H adsorp-
tion heats in the present work (for both single-site and dual-
site model) are similar with the previous report [25]. While

the H,O adsorption heats are relatively low as compared
with Vanden Bussche and Fromment [25], as H,O is strongly
adsorbed over the catalyst within the operation temperatures
(see Fig. 11b), leading to its adsorption variation limited
with the increasing of operation temperatures.

3.3.3 Comparison of the Kinetic Models

At this point, the experimental results of catalytic tests
were successfully modeled using the kinetic and adsorp-
tion coefficients based the single-site and dual-site Lang-
muir—Hinshelwood mechanisms. In this section, a compari-
son between these two models is demonstrated. First of all,
the single-site model includes the adsorption of H,, H,O,
and O with neglecting carbon monoxide and carbon dioxide.
By contrast, the dual-site model includes H, and H,O on
one site, as well as CO and CO, on the other site, as shown
by Eq. (7), Eq. (8), and Eq. (12), Eq. (13), which seems to
be more reasonable. From Table 5, one can notice that, the
adsorption of both CO and H,O are dominant on the two
sites, respectively, and increasing temperature will weaken
the adsorption of the CO and H,O due to the exothermicity
of the adsorption.

Secondly, Table 6 and Table 7 present the statistical
checklists of the model estimations for the single-site and
dual site models, respectively. As Vanden Bussche and Fro-
ment demonstrated, due to the nonlinear characteristic of
the model, the F test is very indicative. From Table 6 and
Table 7, the obtained F values are both much larger than the
tabulated 95% value. Thus, it can be seen that in the pre-
sent study, the model statistical checklists in Tables 6 and 7
reveal that both optimized models have satisfactory correla-
tion performance for CO, hydrogenation to methanol over
the tested Cu/ZnO/Al,O5.

Furthermore, the parity plots for both kinetic models are
shown in Figs. 8, 9, based on the molar rate for each reactant/
product in the outlet stream. It can be seen that both mod-
els with the optimized parameters are able to describe well
the experimental points within a relative deviation smaller
than 20%, and less than 5% for CO, and H, in particular.

Fig. 10 Evolution of the adsorb- 1.0 R
ate coverages in the reactor a
(200°C, 30 bar, H,: CO,=5:1). 08 08
a: p-site, b: s-site
Q.
..(G (2]
0.6 ®O.
5 ®
9 j=2)
0 o
3 0.4 2o
30 [H,CO,B] 3g°
0.2 0.2
B__[CO,BI s
0.9 ! 3 T 3 0.0 - " .
0.0 0.2 0.4 z 0.6 0.8 1.0 0.0 0.2 0.4 5 0.6 0.8 1.0
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Nevertheless, as for the average sum of errors of CO and
CH;0H, the single-site model endowed a value of 0.0263,
while the dual-site model 0.0139. In this sense, it can be
deduced modestly that the dual-site model fits the experi-
mental results better than the single-site model.

3.4 Discrimination of the Key Adsorbed Species

As compared to the single-site model, the dual-site model's
advantage is that it involves more key species adsorbed on
the catalyst surface, not only the reactants CO, and H, but
also the products CO and H,0, and especially an intermedi-
ate, the formate, H,CO, as well, which is generally considered
as a pivotal intermediate for methanol generation on the Cu/
Zn0O/Al,O; catalyst when the feedstock consists of CO,. The
results reveal that the formed CO and H,O during the reaction
will have remarkable inhibitive impact on the production of
CH;0H, and can be illustrated by the dual-site model very
well. Therefore, it is believable that the dual-site model is more
reasonable and is a solid guidance for methanol production
from CO, hydrogenation over the conventional Cu/ZnO/Al,O;
catalyst from the viewpoint of industrialization.
Accordingly, the impacts of reaction conditions on the
adsorbed key species (CO,, CO, H, H,0, and H,CO,) are
worth of discussion. From the theory of Langmiur —Hinshel-
wood adsorption and reaction on catalyst surface, Formula

[CO,p] =

[COpT =

[H,CO,p] =

(8] =

[Hs]

[H,0s] =

K Pco,

1+ K, 1Pco, + KipxPco + K3Pco, Py,

KaZPCO

1+ K, 1Pco, + KipPeo + Ki3Pco, Py,

a

K3Pco,Pu,

(18-24) are derived for estimation of the adsorbed species
involved.

(20)

2y

1+ K, 1Pco, + KinPeo + Ki3Peo,Ph,

1

1+ K, 1Pco, + KipPco + K3Pco, Py,

0.5
Ky P

1+ Ky Py + KyoPio

Ky, P H,0
1+ K,,lpgf +KoPy o

(22)

(23)

(24)

(25)

Fig. 11 Temperature effect on 1.0 50z 10
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[s] =
1+ Ky P + KpyPy o (26)

Figure 10 reveals the evolution of the adsorbate coverages
on the active sites in the laboratory reactor at the operating
conditions: 200 °C, 30 bar, H,: CO,=5:1. It can be noticed
that, at the entrance of the reactor, both formate and atomic
hydrogen are absolutely predominant adsorbed on the two
active sites, respectively, with the vacancy percentage nearly
zero at the studied conditions. As far as the s site, which is
for [Hs] and [H,Os], [Hs] is replaced by [H,0s] in no time
after the reaction is ignited near the inlet, and [H,Os] is
responsible for 80% of the active sites when the reactant
mixture flows through the position at 30% percentage of the
total reactor length, which means the product H,O has strong
inhibition to hydrogen adsorption, and thus to the methanol
synthesis reaction. On the other hand, on active site f, which
is assumed for the carbonous species, the formate species
(formic acid), [HCO,Hp], generated by the first hydrogena-
tion of the adsorbed CO,, [CO,p], with the adsorbed atomic
hydrogen, [Hs], takes most of the active positions initially
°Ccupied by CO,, i.e., [HCO,HB]=0.92, [CO,p]=0.045,
and the vacancy [$]=0.035, and it is gradually substituted
by the CO adsorption with a fractional coverage of CO,
[COp] surpassing that of formate at the reactor length about
0.35, which implies that in the later period of the reaction,
CO desorption may become the rate-determining step (RDS)
for the reverse water gas shift reaction (RWGS).

Figure 11 displays the influence of temperature on the
adsorbate coverages. It can be seen that, on the active
site for H, and H,0, s, [H,Os] predominates over [Hs],
and always is over 80%, which means the H,O is strongly
sticked on the active site s and inhibits the H, adsorp-
tion. Unexpectedly, the temperature has a little impact
on this behavior. On the other hand, on the other site, B,
for CO, CO, and formate, the impact of temperature is
significant on CO and CO, adsorbates. With the rise of
temperature, the concentration of [formate-f] increases
obviously and that of [COp] decreases correspondingly.
Strangely, [CO,B] changes little with change of temper-
ature. Therefore, higher temperature favors the formate
adsorption, leading to the reactions turn into the right-
hand site, achieving higher CO, conversion. Furthermore,
at the reactor outlet, the vacancy percentages for both s
and P sites, are very closed to zero, less than 0.5%, imply-
ing excessively strong inhibition by the adsorbates.

The influence of pressure on the adsorbate coverages is
showed in Fig. 12. One can see that the pressure has little
influence on [CO,] adsorption, but has obvious influence
on the other adsorption species. The adsorption concentra-
tions of [H,0] and [H,CO,] increase with the increase of
pressure, while the adsorption concentrations of [CO] and
[H] decrease with the increase of pressure. Therefore, the

increase of pressure is beneficial to increase the selectiv-
ity of methanol and reduce the selectivity of CO. How-
ever, when the pressure is greater than 2.0Mpa, the change
of adsorption concentration of [CO] and [H,CO,] slows
down, which also proves that the studied Cu/ZnO/Al,O,
catalyst is a low-pressure CO, hydrogenation catalyst to
methanol.

In a word, from the analysis showed above, one can be
convinced that methanol synthesis from CO, hydrogenation
suffers an extremely strong adsorption inhibition from the
by-products water and carbon monoxide, and besides that,
a stronger inhibition comes from the intermediate formate.

4 Conclusions

In this work, the hydrogenation of CO, to methanol has
been tested on a commercial Cu/ZnO/Al,O5 catalyst.
Effects of operating conditions on the catalytic activity
were investigated by a thermodynamic study and con-
trasted experimentally. The catalyst was tested in a lab
integral reactor using a feed mixture of CO,/H,/N, with
varied compositions under 160-250 °C, 1.0-2.5 MPa, and
H,/CO, ratio of 2—-10. The results demonstrated that the
methanol synthesis from CO, is favored by lower tempera-
tures, higher pressures, and higher H,/CO, ratio.

Besides, we have identified the kinetic models and
parameters for the methanol synthesis from CO, under the
studies conditions based on two mechanisms of single-site
and dual-site absorption, the corresponding models both
match the experimental data fairly well, meaning both the
single-site and dual-site mechanisms are reasonable for
CO, hydrogenation to methanol on the Cu-based catalyst.
Nevertheless, by comparison with the single-site model,
the dual-site model fit the experimental results more accu-
rately since its average sum of error is smaller, and more
reasonable as the result of including both CO and CO,
adsorption, and of speculating the strong inhibition both
of CO and H,O. Finally, we further verified the rational-
ity of the experimental results and the dynamics of the
dual-site model by calculating and analyzing the coverages
of intermediates, which shows the formate intermediate
is surely the predominant adsorbate though H,O and CO
have equivalently strong adsorption with the respective
active sites with nearly little vacant sites reserved.

Overall, the present work offers a comprehensive study
from simulation to experimental tests for CO, hydrogena-
tion to methanol over Cu/Zn0O/Al,O; catalyst, which may
pave the way towards optimisation of catalysts design and
process conditions for direct CO, to methanol conversion,
a key reaction within the circular economy concept.
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