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Abstract: This paper presents the kinetics of methanol synthesis from carbon dioxide and hydrogen
over a Cu/Zn/Zr/Ga catalyst. Kinetic studies were carried out in a continuous-flow fixed-bed
reactor in a temperature range from 433 to 513 K, pressures from 3 to 8 MPa, and GHSV from
1660 to 10,000 1/h for initial molar fractions of hydrogen from about 0.48 to 0.70, carbon dioxide
from 0.05 to about 0.22, and carbon monoxide from 0 to about 0.07. Significant effects of tempera-
ture and the composition of the reaction mixture on the conversion degrees ; and «, were found.
The Cu/Zn/Zr/Ga catalyst showed good stability over 960 h. XRD and CO,TPD characterisa-
tion were performed. Thefinally obtained results of kinetic tests were developed in the form of
Langmuir-Hinshelwood kinetic equations. The numerical Levenberg-Marquardt method was used
to estimate the kinetic equations. The average relative error of fitting the kinetic equations to the
experimental data was 18%.

Keywords: CO, hydrogenation; methanol synthesis; Cu/Zn/Zr-based catalyst; chemical kinetic;
carbon dioxide utilisation

1. Introduction

Global warming caused, among other things, by the increase in the carbon dioxide
(COy) concentration in the atmosphere (from 381 ppm in 2006 to 427 ppm in 2021) and
the depletion of fossil fuels, i.e., natural gas, oil, and coal, is becoming a huge challenge
for modern society [1]. The continuous growth of CO, emissions (reaching 37 billion t
in 2019) is caused by the rapid development of the global economy. There are numerous
sources thereof, among which are the energy, heating, and chemical industries. In order to
reduce the CO; content in the atmosphere, two methods [2] for its utilisation have been
developed and implemented: carbon capture and storage (sequestration) (CCS) andcarbon
capture and utilisation (CCU), as well as CO, methanation [3-5]. The catalytic conversion
of CO; to methanol is a promising and environmentally friendly route that can help solve
the problem of managing and disposing of excess anthropogenic CO; and reducing the
exploitation of fossil fuels [6].

Methanol is an important chemical compound with a wide range of applications
in many industries including chemicals, plastics, fuel, and energy [7-9]. Between 2016
and 2021, itsglobal consumption increased by 5%, reaching 110 million tonnes [10]. In the
chemical industry, methanol is a resource for a wide range of chemicals, including formalde-
hyde, dimethyl ether, acetic acid, methanol-to-olefins (MTOs) and methanol-to-aromatics
(MTAs) [11-14]. Furthermore, methanol is one of the liquid “green energy carriers”; it
can be converted by decomposition or steam reforming into hydrogen, e.g., to power
fuel cells [15]. On the industrial scale, methanol is mainly produced from synthesis gas
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(CO/H;) with a small addition of CO, (about 6 vol%) [16]; the process is carried out in
the temperature range of 523-573 K and pressure range of 5-10 MPa in the presence of a
Cu/Zn0O/ Al,Oj catalyst [11]. Since the late 1990s, attempts have been made to produce
methanol straight from carbon dioxide and hydrogen on an industrial scale. The first
pilot systems were established in Japan and Iceland [17-19]. The methanol production
capacity of these installations is within the range of 0.05-400 t/year [18,19]. The methanol
production from CO, and Hj at the pilot plant in Japan is carried out on a modified Cu/Zn
catalyst, at a pressure of 5 MPa and at a temperature of 523 K [18]. In 2012, Carbon Recycling
International (CRI) in Reykanes, Iceland was the only company in the world to undertake
larger-scale methanol production directly from CO, hydrogenation on a Cu/Zn/Al cata-
lyst (KATALCO™) using geothermal sources to generate the electricity required for the
process [19]. The methanol production of 400 t/year there is consuming 1.4 t CO;/tpeoH,
and it consumes about 15,000 t less water than biomass methanol production [19,20]. It
should beemphasised that the raw methanol obtained directly from CO, and H; shows
much higher purity compared to the traditional method of its production from syngas [21].

The chemical reactions in the methanol synthesis process using CO, proceed according
to the equations [17]:

direct methanol synthesis from carbon dioxide and hydrogen

CO, + 3H, %CH@H + H,0 Ahgog x = —49.4 kJ/mol 1)

reverse water—gas shift reaction (RWGS)
CO, + Hy «» CO + HyO Ahygg xk = 41.1 k] /mol ()

The reaction (1) is exothermic and (2) is endothermic.

The data in the literature suggest that the copper—zinc (Cu/Zn) (after prior reduction with
hydrogen) is the system that plays a catalytic role in the methanol synthesis. According to
existing hypotheses, zinc plays crucial role in improving the dispersion of copper atoms in the
catalyst [22,23]. Improvement of activity and resistance to high content of carbon dioxide (much
>6 vol.%) in Cu/Zn catalysts is achieved by its modification with oxides of various metals: alu-
minium [24,25], zirconium [26,27], chromium [28], gallium [29], and titanium [14]. Modification
of Cu/Zn with zirconium oxide increases the tolerance of the catalyst to water, which is formed
in reactions (1) and (2), and improves its stability and activity [26,27]. For a number of years,
intensive attempts have been made to improve the Cu/Zn/Zr catalyst by introducing metal ox-
ides: aluminium [30], boron [31], cerium [32-34], gallium [33-35], gadolinium [31], graphene
(GO) [13], indium [31], lanthanum [32], magnesium [31], manganese [31], neodymium [32],
palladium [34], praseodymium [32], silicon [32], tungsten [24], and yttrium [31]. These
oxides cause, in most cases, a significant improvement in activity, lifetime, and resistance
to increased CO; content, as well as a reduction in water adsorption on the catalyst surface
that acts to inhibit the methanol formation. The activities of the catalysts were tested mostly
in the temperature range 453-573 K and pressure range 2-8 MPa for gas hourly space
velocity (GHSV) 3300-10,000 1/h, at a constant molar ratio of H, to CO; feed mixture
of 3:1.

Available data in the literature concerning kinetic studies of methanol synthesis from
carbon dioxide and hydrogen refer mainly to experiments carried out in the presence of a
Cu/Zn/ Al catalyst, under various conditionsand for various compositions of the reaction
mixture. Table 1 summarises selected kinetic equations and parameters ofthe methanol
synthesis process described in the literature.
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Table 1. Summary of selected kinetic equations proposed in the literature for methanol synthesis.

Operating Conditions

Feed Composition Estimated
Ref. Kinetic Equations and Caﬁll st Activation Energies
T Pc y (kJ/mol)
(K) (MPa)
kK g
1 = K18co,
(1+KCOPCO+KC02 Pco, ) (PUHS2 + K]?JT.ZSOPHZO>
L > i
PCOPH,0O . —|
1y = koKco L CHOZ. 066()72 0(')9206 El =65
= ) . U.UZ=U. _
Graaf et al. [36] (14+Keopeo +KeosPeo, (p%?; +KKP(IT_250 sz0> 483-516 1.5-5 O 00002 Eg = 11%:9;
2 =
) ) Cu/Zn/Al
P Peo— et
r3 = ksKco - Sty
05 KHp0
(1+KCOPCO+KC02 Pco, ) <PH2 + @PHZO)
2
PMeOHPH,O
o kipy, Pco, (17 P, PCO; Kzeql )
'™ Peo, Tbr,0PH,0Pco, 0 Pry0 Hy: 0.60-0.90
. ) CO;: 0.01-0.20 El1=69
Malinovskaya et al. [37] L PP, (1—71»52‘522?&@) 4737553 >-10 CO: 0.01-0.1 E2 = 66
2 Pco, TbH,0P1,0Pco, TP Pry0 Cu/Zn/Al (SNM-3)
PCH3OHPH,0O
Pi,Pco, ™~ Koypr
2 eq1P!
r = kK, Keo, e H,: 0.10-0.80
(1+KH2 Pu, tKco,Pco, TKerzonPeron tKcoPeo TKi,0PH,0 COy: 0.05-0.35
Skrzypek et al. [38] Pt Peo, — LCOPH0 460-550 3-9 CO: 0.00-0.20 El i 105
Iy = k2KH2 KCO2 M2 7C02 Feqp 5 Cu/Zn/Al E2=105
(1 +Ku, Py, +Kco, Peo, +Kenzonpen;on +Keobeo +KH20PH20) (Btasiaka)
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Operating Conditions .
Feed Composition Estimated
Ref. Kinetic Equations and Cagl st Activation Energies
T Pe y (kJ/mol)
(K) (MPa)
kl/v[eOHszpCOZ (1_ K!ql %)
o ’ Hy: 0.7
ey /P 0P COy: 0.00-0.30
VandenBussch and Froment [39] — 453-533 15-5.1 CO: 0.00-0.30 El = =37
kepco, (1Ko ey Cu/Zn/Al £E2=95
Iy = 2 2
(1+Keton 52+ Rirgpr, +iyoPago ) (IC1 51-2)
kipyy, Peo, (17 qu1 %)
r = 2
(1+KC02PCO2 +KH20PH20)2 H;: 0.75
CO,: 0.22 E1=32
Kubota et al. [40] kePeo, (17 & pcgiﬁzo> 473-548 4.9 COr 0,03 E2 =113
= 4 2 Cu/Zn/Zr/Al/Si
(1+KCOZPCOZ+KHZOPHZO>
r = kipp;,"PEd, E1=31
Ladera et al. [35] ry = kop15pQe7 463-523 0.3-4.2 Cu/Zn/Zr/GCa 0 2_111
2 2
a2 CO + 2H; < CH3O0H.
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Graaf et al. [36] presented kinetic equations for methanol synthesis based on the
Langmuir-Hinshelwood mechanism, considering the reactions of hydrogenation of carbon
dioxide (1) and carbon monoxide (CO + 2H; <+ CH30OH) to methanol as well as the accom-
panying RWGS reaction (2). The experiments were carried out in a spinning basket reactor.
Graaf’s equations are the most commonly used kinetic models in industrial practice [41,42].

Malinovskaya et al. [37] conducted kinetic studies of methanol synthesis considering
only reactions (1) and (2). These experiments were conducted in the flow reactor, using
a Cu/Zn/Al industrial catalyst (SNM-3) at T = 473-553 K and p = 5-10 MPa including
the effect of CO, and CO concentrations (Table 1). The fit of the kinetic equations to the
experimental data was about 10%.

Skrzypek et al. [38] carried out a full kinetic study of methanol synthesis in a continuous-
flow fixed-bed reactor with an industrial Cu/Zn/Al catalyst (Blasiak catalyst). This study
extensively considered the effects of temperature and pressure and the different initial
composition of the reaction mixture on the reaction rates (1) and (2) (Table 1). The kinetic
equations developed were based on 70 measurement points and took into account the
possibility of the occurrence of maxima in the relationship between the reaction rates (1)
and (2) and the inlet concentrations of CO, and H, (in the absence of CO at the reactor
inlet). The proposed kinetic equations correspond to Langmuir-Hinshelwood sequences
with the surface reaction between hydrogen and carbon dioxide as the rate-limiting step.
In preliminary studies that preceded the kinetic studies, it was found that methanol in the
presence of the copper catalyst used was formed from CO; and not from CO.

Vanden Bussche and Froment [39] carried out a full kinetic investigation of methanol
synthesis in a continuous-flow fixed-bed reactor with the Cu/Zn/Al industrial ICI catalyst.
These studies included determining the effects of temperature, pressure, and composition
of the initial reaction mixture on the reaction rate (Table 1). The mass balance equations
with the proposed kinetic equations based on reactions (1) and (2) were integrated using
the numerical method of Runge and Kutta IV and V, and the calculated values of the
transformation rates were compared with the experimental values. Nine parameters were
estimated simultaneously using the Levenberg and Marquard nonlinear regression method.
A good agreement of the model fit to the experimental data was obtained over the range of
parameters studied.

A very good model fit to their experimental data (30 points), which did not ex-
ceed 10%, was obtained by Kubota et al. [40]. This team developed kinetic equations
for methanol synthesis based on data obtained from a continuous-flow fixed-bed reactor
with a Cu/Zn/Zr/Al/Si catalyst. These equations were developed under the assumptions
that methanol is formed from the transformation of intermediates (including HCOO*), the
rate-limiting step in the overall process being the surface reaction between intermediates
adsorbed on the catalyst surface and hydrogen atoms. Furthermore, it was assumed that
the RWGS reaction (2) occurs by direct decomposition of CO; to CO on the Cu surface. In
the denominator of both equations, the partial pressure of hydrogen was omitted because
of the small change, and the quotient of the partial pressure of water to hydrogen was
omitted because it is less than zero.

Ladera et al. [35] carried out an activity investigation of the Cu/Zn/Zr/Ga catalyst
and an incomplete kinetic study of methanol synthesis in a continuous-flow fixed-bed
reactor, determining the effects of temperature and pressure on the reaction rate. It was
found that above about 520 K the rate of the RWGS reaction increases, while high CO,
partial pressures (>1.25 MPa) favour the reaction (1). Ladera et al. [35] suggest that the
hydrogenation of CO, to methanol can occur according to the Eley—Rideal mechanism.
Furthermore, based on the obtained kinetic results for reactions (1) and (2), this group
determined the kinetic equations in power monomial form, and estimated its parameters
without considering the sorption terms (Table 1).

Kinetic investigations presented in the literature mainly concern methanol synthesis
on a Cu/Zn/Al catalyst. This catalyst, as mentioned previously, is not resistant to high
CO; content and the presence of water in the reaction mixture. The aim of this work is
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to estimate the kinetics of methanol synthesis from carbon dioxide and hydrogen on a
copper-zinc-zirconium catalyst modified with gallium oxide. The scope of the research
includes the investigation of the influence of temperature, pressure, reactant flow rate, and
initial composition of substrates on the course of methanol synthesis on a Cu/Zn/Zr/Ga
catalyst. The final activity of the kinetic investigations of methanol synthesis was to estimate
the kinetic equations and its parameters (pre-exponential constants, activation energies,
sorption constants).

2. Results and Discussion
2.1. Characteristics of the Catalyst

The structures of the fresh and spent Cu/Zn/Zr/Ga catalyst were compared using
XRD (Figure 1).

O-CuO #-Cu

, @z &Z10,

Intensity (a.u.)

20 30 40 50 60 70 80 90 100
26

Figure 1. XRD patterns of the fresh and spent Cu/Zn/Zr/Ga catalyst.

Analysis of the XRD diffractograms (Figure 1) of the fresh Cu/Zn/Zr/Ga catalyst
indicates the presence of CuO, which corresponds to an intense peak (at 20 = 35 and 38°)
and weakly intense peaks of zirconium (at 260 = 31, 55 and 67°) and GayOs (26 =34°),
among others. It is worth mentioning that the spectrum of the fresh Cu/Zn/Zr/Ga
catalystshows the presence of an amorphous phase and a weakly developed crystalline
phase [32]. The spectrum of the spent Cu/Zn/Zr/Ga catalyst shows an intense band
characteristic of metallic Cu (i.e., around 26 = 43 and 50°) and a weak intensity of spinel
ZnGayOy (26 = 54, 56 and 62°) and ZnCOs3 (26 = 25, 33 and 39°). The spent catalyst shows
increased phase crystallinity.

Crystallite sizes calculated using the Scherrer method and basic parameters of the
porous structure of the Cu/Zn/Zr/Ga catalyst are presented in Table 2.

Table 2. Cu/Zn/Zr/Ga composition, textural properties, and crystallite size.

Other Metal Size of Crystallites (nm)

CuO ZnO . Scy © S d V

(Mass%)  (Mass%) ?M";‘::S/a) Fresh Spent (mzcﬁécu) (ﬁgg) (Cmg/g) Dp (um) — Ref.

CuO (111) Ccu® (111)
65.3 263 8.4 9.7 296 8.7 29 0.09 12 Present
work

61.0 31.0 8.0 14.5 16.1 - 21 - - [31]
50.0 15.0 35.0 - 7.0 13.5 102 - - [35]
39.0 29.0 32.0 - 12.7 57.1 143 - - [43]

a 7r0,, Ga20s3; P after kinetic studies; ¢ measured by dissociative N,O adsorption; d measured by N, adsorption
at77 K.
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The BET and Sc, surface area for the investigated catalyst are markedly lower than
those presented by the Ladera [35] and Natesakhawat [43] groups, which may be due to
the different method of catalyst preparation.

The CO,TPD experiment was performed in order to evaluate the surface basicity of the
synthesized catalyst. The recorded TPD profile (Figure 2) was analysed in the temperature
range corresponding with the temperature at which the methanol synthesis had been
carried out.

500

.- Laso
L 400

- 350

CO, signal (a.u.)
Temperature (K)

0 15 300 450 600 750 900 1050
Time ()
Figure 2. CO,TPD profile for Cu/Zr/Zn/Ga catalyst: signal—black line, cumulative curve—red line,

deconvoluted peaks used for quantification—green line, temperature—dashed line (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article).

In the recorded CO,TPD profile (Figure 2) for the Cu/Zr/Zn/Ga catalyst, the des-
orption signal in the low temperature range is visible. The position of deconvoluted
peaks 1 and 2, which is between 323 K and 423 K, shows that solely weak basic sites are
present on the surface of the Cu/Zr/Zn/Ga [44]. The total basicity is low and equal to
15.5 umol/gcat. (Table 3).

Table 3. Quantitative analysis of basic sites for Cu/Zn/Zr/Ga.

Tmax Weak Basic Sites Total Basicity
Catalyst Peak ) (umol/geat) Totges/Tot,gs (umol/geat)
1 348 6.6
Cu/Zn/Zr/G 97 15.
u/Zn/Zr/Ga ) 105 89 0.9 5.5

The observed increase in the CO; line above ca. 470 K is related to the desorption of
CO;, that originates from the atmosphere [45,46]. This CO, was not removed upon sample
activation prior to TPD because the temperature was not high enough. The contribution
of atmospheric CO; in the TPD profile was marked with a blue line (Figure 2) and was
not taken into consideration for the total basicity calculation. Additionally, the ratio of
CO, desorbing in the temperature range 323-343 K (Totges) to adsorbed CO, via pulses
(Tot,gs-) is close to one (Table 3). This also shows that CO, desorbing at higher temperatures
is atmospheric.

Thermogravimetric analysis of the spent Cu/Zn/Zr/Ga catalyst performed using a
nitrogen and air atmosphere is presented in Figure 3a,b.
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Figure 3. TG and DTG curves of Cu/Zn/Zr/Ga reduced, performed in the (a) N and
(b) air atmosphere.

Heating the Cu/Zn/Zr/Ga catalyst after kinetic studies to 773 K in an Nj atmo-
sphere resulted in a mass loss of about 5% in the 520-615 K range, associated with the
decomposition of ZnCO3 to ZnO and CO, at 573 K [47] (Figure 3a).

The DTG curve of the catalyst heated in the atmosphere of air (Figure 3b) shows a
mass increase of about 8% in the range of 400-728 K. This growth is presumably related
to the oxidation of the reduced active form of the catalyst, i.e., Cu + 0.507 — CuO. The
overlapping small mass loss at 586 K is associated with the decomposition of ZnCOj3 to ZnO
and CO; [47,48]. The amount of O calculated from DTG, assuming that there are no carbon
deposits in the spent catalyst, indicates that 85 wt.% of copper was in the reduced form
Cu®. Since the presence of a carbon deposit in the spent catalyst cannot be excluded, part
of the oxygen was certainly used for its oxidation. Therefore, the amount of the reduced
form Cu® was smaller than 85 wt.%, but it cannot be precisely determined.

2.2. KineticsTests

The carried out kinetic tests yielded dozens of measurement points, which were used
to plot kinetic curves, on the basis of which a preliminary analysis of the data was carried
out in terms of the influence of process parameters on the reaction rate. The results of
kinetic tests are presented in Figures 4-9 as curves of the dependence of the conversion
degrees o1 P and x®*P on temperature, pressure, GHSV, and initial composition of the
reaction mixture for reactions (1) and (2).

(a) (b)

420

0.20
X3 MPa * X3 MPa
A4MPa * * A4 MPa a
B5MPa 016 | \ms mpa
6,5 MPa - L] ° ®6,5MPa
*8 MPa 0.12 |[*8MPa A X
* n r g n F o
A s H
* 4 " 0.08 [ ]
| x x i
x 0,04 X
0.00 ] ] ’
440 460 480 500 520 540 420 440 460 480 500 520 540
Temperature (K) Temperature (K)

Figure 4. Relationship of the ;P and «;“P conversion as a function of temperatures at the different
total pressure: (a) reaction (1), (b) reaction (2), and process conditions: GHSV = 3300 1/h, X9 , =0.69,
and X2, =0.21.
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Figure 5. Relationship of the a1 **P and «;®*P conversion as a function of total pressure at the different
temperatures: (a) reaction (1), (b) reaction (2), and process conditions: GHSV = 3300 1/h, X%z =0.69,
0 _
and X¢q, =0.21.
(a) b
0.10 0.016 L
X3 MP: X3 MPa
.08 . 43 MPa * A4 MPa
. ° 5 MPa 0.012 W5 MPa
* ®6,5 MPa ®6,5 MPa
_ 006 L 2 *8 MPa - . 38 MPa
5 A ‘ %5 0.008 a .
0.04 x A . x :
x A 0.004 * .
0.02 x % x 2 4
x X
0.00 0.000
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
GHSV (1/h) GHSV (1/h)
Figure 6. Relationship of the o;®P and «®P conversion as a function of GHSV at the different
total pressure amounts: (a) reaction (1), (b) reaction (2), and process conditions: X?‘Iz =0.69 and
0 _
Xco, =0.21.
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Figure 7. Relationship of the ;P and «;®*P conversion as a function of initial hydrogen concentra-
tions at the different temperatures: (a) reaction (1), (b) reaction (2), and process conditions: p = 8 MPa,
GHSV =3300 1/h, and X, =0.20.
() (b)
030 5 0.08
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*473K 0.06 *413K
0.20
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= ° =
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[ |
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Figure 8. Relationship of the o; P and oy, *P conversion as a function of initial carbon dioxide
concentrations at the different temperatures: (a) reaction (1), (b) reaction (2), and process conditions:
p=8MPa, GHSV =3300 1/h, and X%z =0.69.
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(a) (b)

0.10 0.030
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Figure 9. Relationship of the «;®P and x®*P conversion as a function of initial carbon oxide
concentrations at the different temperature: (a) reaction (1), (b) reaction (2), and process conditions:
p =8MPa, GHSV = 3300 1/h, X{;, =0.68, and X2, =0.22.

Figure 4a,b shows the temperature relationships of the conversion degrees o; “*P and
o P for different pressures. For both reactions, an about 90% increase in the conversion
degrees ;P and ap®*F is observed in comparison to the initial values. For reaction (1),
this influence declines with alower pressure of more than 50%. For reaction (2), this
effect can be observed above a temperature of about 490 K (more than 30% change). It
is important to mention that the methanol synthesis is an exothermic process, so further
increase in temperature over 513 K is unfavourable, as reaction (2) is endothermic and
becomes dominant, causing a decrease in the conversion degree of ;*® from 2 to 25%
(Figure 3a).

Figure 5a,b shows the pressure relationships of the conversion degrees o;*P and
o P for different temperatures. The pressure dependences of x;**P and a;**P are smaller
than the effect of temperature (Figure 4a,b and Figure 5a,b). The conversion degree ;P
increases with the pressure by more than 50%, while o;P is almost constant for all tested
temperatures. The differences occur only within temperatures of 453-513 K and reach up
to 50% (Figure 5b).

Figure 6a,b shows the GHSV relationships of the conversion degrees o1 *P and o *P
for different pressures. For both, reactions a1 **P and oy ®® decrease with rising GHSV. This
relationship appears to be stronger with higher pressure. Especially for the GHSV range
1660-3310 1/h, a decrease from about 5% to about 30% (o, **P for 8 MPa) occurs.

Figure 7a,b shows the dependence of the conversion degrees o1 P and x,*P on the
initial hydrogen concentration for temperatures of 433, 453, and 473 K. The influence of
the initial hydrogen concentration was studied at the constant of XOCO2 equal to 0.20. An
increase in a1 P and o P isobserved for both reactions with increasing concentrations.
This effect is more evident for higher temperatures.

Figure 8a,b shows the dependence of the conversion degrees o1 P and «,*P on the
initial carbon dioxide concentration for temperatures of 433, 453, and 473 K. The effect
of initial carbon dioxide concentration was determined at a constant initial hydrogen
concentration equal to 0.69.

For both reactions, increasing CO; content caused a decrease even more than four-
foldof x1®P and «,**P, as shown in Figure 8a,b. This effect is reversed and slightly weaker
than for the hydrogen content (compare Figure 7a,b and Figure 8a,b). The largest reduction
in 0P, 70%, occurred for atemperature of 473 K (Figure 7a). Analysis of the effect of
molar fractions othydrogen and carbon dioxide on o; P and o ®*® indicated that the size
of the Sc,, of the studied catalyst favours hydrogen adsorption, but negatively affects CO,
adsorption, which in excess reduces its activity [49]. The excess of spherically large CO,
molecules adsorbed on the catalyst surface, specifically on Zn and/or Zr oxides, blocks
the access of much smaller Hy molecules onto theCu surface; thus, 0P and «**P can
be reduced.
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Figure 9a,b shows the dependence of the conversion degrees o1 P and «,**P on the
initial carbon monoxide concentration for temperatures of 433, 453, and 473 K. The effect of
the initial molar fraction of carbon monoxide was studied at constant initial concentrations
of HpXfy, = 0.68 and X%o, = 0.22.

The presence of CO shifts the equilibrium state of the RWGS reaction towards the
formation of CO; and the removal of the water, which is formed in reaction (1). This is
beneficial for the process to be conducted because water can cause partial deactivation of
the copper catalyst. The effect of the initial molar fraction of CO on reaction (1) is similar
in nature to that of CO,. For reaction (2), the decrease in o;“*P is more evident than for
reaction (1), in particular at 473 K.

2.3. Stability

The catalyst should exhibit stable behaviour during operation. Its activity should not
change; thus, it should be resistant to various factors (coking, sintering). In order to examine
the stability, the dependence of o; P and «;**P and the productivity as a function of time
on stream were determined. The stability was checked for 1056 h by carrying out weekly
measurements for identical process parameters: at atemperature of 453 K andpressure of
8 MPa, at a constant flow rate of 100 mL/min (GHSV = 3300 1/h) for a reaction mixture
of 0.69 H; and 0.21 CO; (Figure 10). Up to 700 h of the measurements, small (within the
measurement error) deviations of o; P and x;**P values (marked as points in Figure 10)
from their average values (lines in Figure 10) were observed for both reactions. After
about 700 hof stable work, the beginning of a downward trend in productivity appears
so that, for 1000 h, the decrease in productivity reaches about 20%. The part of CO, can
be bonded to ZnO, leading to the formation forming ZnCO; (Figures 1 and 3a,b). The
CO;, adsorption active centres were blocked, resulting in a decrease in productivity. The
formation of ZnCO;j is attributed to the prolonged residence of the catalyst at elevated
pressure (8 MPa) [50]. In a study by Asha-Kurlander et al. [51] on methanol synthesis from
H; and CO,, ZnCO3; was found to be formed in an acidic environment, which is responsible
for the partial dissolution of ZnO in a mixture of H,O and CO,.

0.20
- 80
0.15 4 MeOH
O O (W] ] 60
O
]
o O ;-c
u] =
010 =
3 cxp 40 ;v_
1m u . 0!1 n | ;m
- o av =
0.05 - | 50
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Figure 10. Relationship of the «;**P and ;P conversion and productivity on the operating time for

reactions (1) and (2), and process conditions: T =453 K, p = 8 MPa, GHSV = 3300 1/h, X%Z =0.69, and
X2o, =0.21.



Catalysts 2022, 12, 757

12 of 21

1'1:1(1'

r2:k2~

2.4. Kinetic Equations

The next step of our work was to determine the kinetic equations for methanol synthe-
sis from CO, and H;. The obtained results were developed in the form of kinetic equations
of the Langmuir-Hinshewood type with the surface reaction between CO; and H; as the
limiting step:

PZ p _ PchzonPHyo
Hy FCO, Keq1'PH, . 3)
(1 + K, Py, +Kco, * Peo, + Kenzon - Peryon +Keo  Peo +Knpo- szo)
. __ PcoPH,0
sz pC02 Kqu (4)

2
(1 +Kn, - Py, + Kco, * Pco, + Kcnz0H - Penyon +Keo - Peo + Kny0 PH20>

where rq and r; (mol/(kgcat.-h)) are, respectively, the rate of reactions (1) and (2) andk,
(mol/ (kgcat.-h)) is the rate constant of the n-th reaction expressed by the Arrhenius equation:

E
ko = konexp<—Rfl‘,). 5)

The partial pressures, p; (MPa), of the i-th reactant (i = H,, CO,, CH30H, CO, H,O)
are defined as:
P; = XiP- (6)

The sorption equilibrium constant, K; (MPa), of the i-th reactant changes with temper-
ature according to the equation:

AH;
Ki = KOi exp ( RTI > . (7)

The thermodynamic equilibrium constants of the n-th reaction (Keqn) were calculated
from theformulas in the publication [52] and have the following form:

3217

log g (Keq1) = ~~ — 10.889, 8)
1922
log(Keg2) = —— — 1732 )

In the foregoing equations, a standard form of kinetic equations of the Langmuir—
Hinshelwood type was assumed, including a kinetic group, a driving module of the
process, and a sorption group. The kinetic group of these equations contains only the
reaction rate constants k; and ky, while the sorption constants present in the equation
of Skrzypek et al. [38] are not included. The sorption component takes into account all
reagents involved in the present process. The values of exponents in Equations (3) and (4)
were checked for the values proposed by Skrzypek et al. [38] (a = 3; b = 2), considering that
these values were determined for slightly different systems of kinetic equations.

Figure 11a,b shows o as a function of «®*P for 59 experimental data.
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Figure 11. Parity plot for integral conversion: (a) x; and (b) ;.

The considered kinetic equations give the smallest difference between the experi-
mental and calculated conversion degrees under the investigated process conditions on
the Cu/Zn/Zr/Ga catalyst. For both high conversion degrees o;**P and o;**P a slight
deviation of the points from the diagonal reaching only 10% is observed. It should be
noted that the kinetic equations approximate the conversion degrees «;“*P and o P with
satisfactory accuracy for reaction mixtures containing small amounts of CO.

The fits of the experimental data and those calculated using the estimated kinetic
equations, Equations (3) and (4), are shown in Figures 12a—o; and 12b—ox.
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Figure 12. Relationships of the «; and oy conversions as a function of GHSV at the different total
pressure values: (a) reaction (1), (b) reaction (2), and process conditions: X0 , =0.69 and XOCOZ =0.21.
The experimental data are the points, and the calculated data composethe line. (For interpretation of

the references to colour in this figure legend, the reader is referred to the Web version of this article).

The proposed kinetic equations, Equations (3) and (4), fit the experimental data well,
reflecting the decrease in conversion degrees «; and «; with increases in GHSV.
The values of the determined kinetic parameters are summarised in Table 4.

Table 4. The values of estimated kinetic parameters.

Reaction 1 Reaction 2

ko1 (mol/kgcat.-h) E; (J/mol) ko2 (mol/kgcat.-h) Ep (J/mol)
4.1 % 107 66,280 5.2 x 108 81,060

Other parameters

Kon, AHpy, Koco, AHyco, Kon,0 AHpn,0 Kochzon AHpcH,on Koco AHpco
(1/MPa) (J/mol) (1/MPa) (J/mol) (1/MPa) (J/mol) (1/MPa) (J/mol) (1/MPa) (J/mol)
3.1 x 1077 —5726 2.6 x 107 —5410 3.0 x 1077 —11,410 45 x 107 —10,605 8.1 x 1077 —11,150

Confidence interval for:
kor = 1 x 105, koz = +1 x 10° Kop,, Kor,0, Koce = £1 x 1075 Koco,, Kocrzon, Koce = 1 x 1074
E1, Ez, AHon,, AHoco,, AHon,0, AHocn,on, AHoco = +100

The estimated activation energies E; and E; (Table 4) compared to those determined by
Skrzypek et al. [38] (Table 1) are lower, for reaction (1) by about 40% and for reaction (2) by
just over 20%. These differences may be due to the difference in the specificity of the catalyst
used in the present study (Cu/Zn/Zr/Ga) compared to the Blasiak catalyst (Table 1). The
Cu/Zn/Zr/Ga catalyst shows greater resistance to higher concentrations of CO; in the
synthesis gas and to water formed in the process than the Blasiak catalyst [53]. According
to ICI’s UK patent [54], methanol synthesis using a low-pressure method on a copper—zinc
catalyst modified with, inter alia, chromium can be carried out in the presence of H, and CO
with no more than 2% CO, addition due to the risk of catalyst deactivation. Furthermore,
according to studies by Toyira et al. [55,56], the addition of gallium oxide improves the
copper dispersion and its stabilisation by achieving a Cu’/Cu* ratio that is optimal for the
productivity and lifetime of the catalyst. Ladera et al. [35], while investigating the methanol
synthesis from CO, and Hy on a Cu/Zn/Zr/Ga catalyst for other process conditions,
obtained for reaction (1) a doubly lower activation energy, and for reaction (2) an activation
energy almost one and a half times higher. Moreover, they obtained much higher differences
between the activation energies of both reactions, reaching as far as 80,000 J/mol (Table 1).
It is worth noting that the kinetic equations obtained by Ladera et al. [35] were in the form
of a power monomial with fractional exponents, without taking into account the sorption
group. Additionally, the presence of fractional exponents of powers at partial pressures
for hydrogen and carbon dioxide in their work indicates a non-elementary course of both
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reactions. Analysing the data in Table 4, it can also be seen that the adsorption heats of
carbon dioxide and hydrogen are similar and almost half the sorption heat of CO.

The average relative error of the model’s fit to experimental results data was 18% for
59 measurement points.

3. Materials and Methods
3.1. Materials

The salts used for the catalyst synthesis were Cu(NOj3),-3H,0, Zn(NOj3),-6H,0,
ZrO(NO3)2-HyO, and Ga(NO3)3-xH,O from Sigma-Aldrich USA (St. Louis, MO, USA);
the citric acid monohydrate was from StanlabSp.j. Poland; 65% nitric acid (V) was from
Avantor Performance Materials Poland; all reagents were of analytical purity.

The carbon dioxide, hydrogen, carbon monoxide, and nitrogen that were used in
the preparation of gas mixtures for kinetic studies were from SIAD; all the gases were of
technical purity.

3.2. Catalyst Preparation

The Cu/Zn/Zr/Ga catalyst was prepared by a citric acid homogenisation method
called the “citrate method” [57]. The reason we used this method was to obtain perfectly
mixed components thanks to the branched structure of citrates and consequently excellent
homogeneity and fully repeatable properties of the prepared catalyst [58]. The conventional
method of co-precipitation did not provide such results, although it is usually used, as it is
described in the literature.

Stoichiometric amounts of Cu, Zn, Zr, and Ga nitrates were carefully added to a citric
acid solution (2 mol/dm3 + 2% excess). The composition of the obtained Cu/Zn/Zr/Ga
catalyst was 65.3/26.3/4.5/3.9 (wt.%). The mixture was then evaporated in a rotary vacuum
evaporator at 380 K for about 24 h. The resulting metal citrate precipitate was carefully
oxidised to ensure that local overheating and explosive oxidation reactions were prevented
(temperature programme: 360 K, 0.1 K/min; 403 K). The resulting oxide mixture was
roasted in a mulffle furnace with air access (temperature program: 373 K, 473 K, 523 K,
573 K, and 623 K for 1 h). Thefinal stages of preparation were tableting of the obtained
powder and crushing and sieving to obtain the desired grain size (0.8-1 mm grain) [58].

3.3. Catalysts Characterization

Phase analysis based on X-ray powder diffraction (XRD) measurements was per-
formed on a Bruker D8 Advance diffractometer with a Lynx Eye detectorand Johansson
monochromator, working in Bragg-Brentano geometry. The XRD measurements (at 40 kV
and 30 mA) were performed in the 26 range from 5° to 90° with the interpolated step size
0.02°. The crystallite sizes were calculated using the Scherrer method. XRD phase analysis
was performed using reference standards from the International Centre for Diffraction Data
(ICDD) PDF—4 database.

The BET surface area was measured with nitrogen adsorption at 77 K using Quan-
tachrome Autosorb-1. Prior to the measurements, samples were preheated and degassed
under vacuum at 373 K for 18 h. The pore size distribution profiles were obtained by using
the Barrett-Joyner-Halenda (BJH) method from the desorption branch. The micropore area
was obtained byusing the V-t plot method.

The active surface of copper (Scy) in the reduced catalyst was determined with the
use ofreactive adsorption of N,O at 363 K (VG/Fisons Quartz 200D) according to the
method described in [59]. It has been assumed in calculations that the reoxidation of
surface copper follows the chemical equation 2Cu(s) + NoO(g) — CupO(s) + N»(g) and that
1 m? ofelemental copper corresponds to 6.1 umol of O,.

The CO,TPD (CO, temperature-programmed desorption) measurements were carried
out in a quartz fixed-bed flow reactor connected online to a mass spectrometer (QMG 220
PRISMA PLUS). Prior to the TPD run, the sample (50 mg) was reduced in 5% Hj / Ar flow
at 723 K for 1 h. Next, the reactor was cooled down to room temperature (RT) and pulses
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(250 pL) of 5% CO,/ Ar were introduced until saturation. Then, the sample was flashed
with He flow (40 mL/min) for 0.5 h until a stable CO, line (m/z = 44) was obtained. TPD
was performed from RT to 973 K with AT = 10 K/min under He flow.

TG measurements were carried out on a STAR 850 Mettler Toledo apparatus in nitrogen
and air, in the temperature range of 298-773 K with a linear temperature rise (10 K/min)
and agas flow rate of 60 cm3/min.

3.4. Kinetic Tests

Kinetic tests were performed in the continuous-flow fixed-bed stainless steel reactor
of 18 cm length and 1.3 cm inner diameter. The 2 g of the catalyst was placed between
two layers of ceramic grains. After leaving the reactor, the reaction mixture was analysed
with the Varian Star 3800 gas chromatograph. The methanol content was determined by
the flame ionisation detector (FID) with CP-Wax column. Gases were analysed by the
thermalconductivity detector (TCD) with the Carbo Plot column; additionally, carbon
compounds were determined quantitatively in the methanizer. To activate the catalyst,
reduction of the oxidised form of the catalyst was performed in a stream of dilute hydrogen
(gas flow 50 mL/min, 7% Hpy in N») at 473 K under atmospheric pressure for 2 h. Schematic
of the apparatus is shown in Figure 13.

GC

CO:i1 H> :m

G

= OUTLET

2]
U \

Figure 13. Scheme of experimental system: 1—deoxidizer (BTS), 2—dryer, 3—reactor, GC—gas
chromatograph, T—thermocouple, F—flowmeter, P—manometers.

Before starting the kinetic studies, it was necessary to stabilise the catalyst. This
stabilisation was carried out in a reaction mixture consisting of 70 mol% H; and 20 mol%
CO; and nitrogen, for a GHSV of 3300 1/h at 4 MPa, according to a temperature program:
443 K, 1.5 deg/min; 553 K for 4 h. Kinetic studies were carried out under the conditions
shown in Table 5.

Table 5. Conditions for performing kinetic studies.

Parameter Value
T (K) 433-513
pc (MPa) 3-8
GHSV (1/h) 1660-10,000
Inlet gas composition (-)
H; 0.30-0.71
CO, 0.05-0.23
coO 0.00-0.06

N 0.05-0.49
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On the basis of the experimental data obtained, the following were calculated:
(a) conversion degrees (1P, x;*P) from the formulae:
for reaction (1)
F
a]P = —MOH (10)
Fo +Fo
co CO,

for reaction (2)

exp 1::CO - FOCO

wy ' =, (11)
Fo +Fo
co COy
(b) productivity (Ppeon):
F ‘M
PMeOH _ MeOI;In tMeOH. (12)
cca

The integrative method was used to check the potential kinetic model. The kinetic data
obtained were compared with the data obtained from the solution of differential equations,
which are in fact the mass balance for the tubular reactor:

daq I1 - Meat,

= —, (13)
d
T <XOCOZ + XOCO) . FOn
day _ T2 - Mecat.
ar (14)

(Xgoz + X%o) *Fon

The analysed forms of kinetic equations were inserted in place of r; and r; in
Equations (13) and (14). The obtained differential Equations (13) and (14) were inte-
grated using the numerical method of Runge and Kutta IV, and the calculated values
of the o1 and o, were compared with the corresponding experimental values o P
and oy *P.

The model for experimental data fitting was evaluated by the mean relative error
determined by the following formula:

A B tx].clal. _ jelXP-
Kon, En, Koi, AHg; = arg mlnj; g absT. (15)

The Levenberg—Marquardt nonlinear regression method was used to simultaneously
determine the above parameter values. The algorithm was modified to adjustit to any
objective function. The program code was written in BASIC.

4. Summary

This paper presents kinetic investigations on the methanol synthesis from carbon diox-
ide and hydrogen in a continuous-flow fixed-bed reactor in the presence of a Cu/Zn/Zr/Ga
catalyst. The study showed strong effects of temperature and initial molar fractions of
hydrogen and carbon dioxide and weak effects of pressure, GHSV, and initial molar fraction
of CO ontheconversion degrees o1 P and oy **P. The Cu/Zn/Zr/Ga catalyst showed good
stability over 960 h.

The kinetics of the investigated process can be described by determined in this work
kinetic equations of the Langmuir-Hinshewood type, with the surface reaction between
carbon dioxide and hydrogen as the limiting step. The average relative error of fitting the
kinetic equations to the experimental data was 18%.

Due to the wide range of process parameters studied, the proposed kinetic equations can be
used in design and optimization of industrial-scale chemical reactors manufacturing methanol.
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Nomenclature

A total number of chemical reactions, A = 2 (Equation (15))
B total number of measurement points, B = 59 (Equation (15))
E activation energy of reaction n, J/mol

F molar flow rate of reactant i, mol/h

GHSV  gas hourly space velocity, 1/h

ko pre-exponential factor of reaction n

Ky initial adsorption constant of reactant i, 1/MPa
M molar mass, g/mol

m mass of catalyst, g

p pressure, Pa

R ideal gas constant, 8.314 J/mol-K

T temperature, K

Tot Total

X mole fraction of reactanti

Greek symbols

Ah reaction enthalpy, J/mol

AH adsorption enthalpy of reactanti, J/mol

T spacetime

superscripts

0 initial state

a,b exponents in the kinetic equations (sorption group)
cal calculated value

exp experimental value

subscripts

1 first reaction

2 second reaction

ads adsorption

C total mass or pressure

cat. catalyst

des desorption

i reactanti = CO,, Hy, CO, CH30H, H,O

j number of reaction (1 or 2) in Equation (15)

1 numberof measuring points in Equation (15)
MeOH methanol

n reaction n (1 or 2)
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