
 

1. Introduction 

With the acceleration of global industrialisation, energy-related 

carbon dioxide (CO2) emissions continue to rise. The global CO2 

emissions in 2022 have reached 36.8 billion tons. If effective 

measures are not taken, it is expected that the global temperature 

rise will exceed 2°C by the end of the 21st century, triggering ex-

treme climate and ecological crises [1]. In this context, CO2 re-

source utilisation technology has become an international re-

search hotspot, with the goal of converting CO2 into high value-

added chemicals (such as methanol, olefins, aromatics, etc.), 

achieving a carbon cycle loop and benefits win-win situation. In re-

cent years, the direct methylation of CO2 to produce p-xylene (PX) 

has attracted much attention due to its strategic position in the aro-

matic hydrocarbon industry chain. However, this process faces 

thermodynamic limitations, competition from side reactions and 

catalyst design bottlenecks, which urgently require systematic ther-

modynamic analysis and process optimisation [2]. Many experts 

and scholars have conducted research and analysis on this. Guo et 

al. [3] developed a metal oxide/zeolite bifunctional catalyst to im-

prove the efficiency of CO2 hydrogenation to aromatics and stud-

ied it using the ZnZrOx/ZSM-5 system as an example.  This  sys-
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Abstract 

With the acceleration of global industrialisation, carbon dioxide (CO2) emissions continue to rise, causing a series of envi-
ronmental problems. The development of CO2 conversion and utilisation technology is of great significance for achieving 
sustainable development. This study conducts an in-depth thermodynamic analysis of the key reactions in the CO2 conver-
sion and utilisation process based on the principle of thermodynamic equilibrium. By constructing a chemical reaction 
model, thermodynamic parameters such as equilibrium constants and Gibbs free energy are calculated for various reactions 
under different temperature and pressure conditions, and the feasibility and product distribution of the reactions are evalu-
ated. Meanwhile, the influence of different reaction conditions on the distribution of equilibrium products during CO2 
conversion and utilisation is explored. The results showed that under the conditions of 370−440°C, 3 MPa, and a feed 
molar ratio (1:1−1:4), the conversion rate of CO2 and toluene was over 90%, and the selectivity of xylene was over 60%. 
From thermodynamic analysis, the order of thermodynamic advantages of the entire reaction was: CH3OH methylation > 
CO2 methylation > CO2 to olefin production. Based on the above data, the optimal operating parameters for the CO2 direct 
methylation process were determined through thermodynamic analysis. This study can provide an important theoretical 
basis and practical guidance for the industrial application of CO2 conversion and utilisation technology. 
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Nomenclature 

fi – fugacity of the i-th substance, Pa 
𝑓𝑖
0 − standard fugacity of the i-th substance, Pa 

Gt − total Gibbs free energy of the system, kJ/mol 

𝐺𝑟
0 − standard Gibbs free energy of the i-th substance 

G − Gibbs free energy change, kJ/mol 

∆𝐺𝑟
0− standard molar Gibbs free energy change of reaction, kJ/mol 

H − enthalpy change, kJ/mol 

∆𝐻𝑟
0− standard molar enthalpy change of reaction, kJ/mol 

K − equilibrium constant 

K0 − standard equilibrium constant 

ni − number of moles of the i-th substance 

N − number of reactants 

R − ideal gas constant, = 8.3145 J/(mol K) 

S − entropy change, kJ/(mol K) 

∆𝑆𝑟
0− standard molar entropy change of reaction, kJ/(mol K) 

T – temperature, K 

T0 – standard temperature, K 

 

Greek symbols 

𝜂co2− CO₂ conversion rate 

𝜂T − toluene conversion rate 

Ψi − distribution ratio of the i-th substance 

 

Abbreviations and Acronyms 

C1-C4− carbon number 1 to 4 hydrocarbons 

C9+ − carbon number ≥ 9 aromatic hydrocarbons 

GFE − Gibbs free energy 

HZSM-5 − proton-exchanged zeolite socony Mobil-5 

MOX − metal oxides 

MTA − methanol-to-aromatics 

MTO − methanol-to-olefins 

PX − p-xylene 

SX − selectivity of xylene 

ZnZrOx − zinc-zirconium oxide 

ZnCr₂O₄ − zinc chromite 

ZrCuOx − zirconium-copper oxide 

ZSM-5 − zeolite socony Mobil-5 

 

tem could achieve a CO2 conversion rate of over 30%, demon-

strating the development potential of bifunctional catalysts in 

CO2 hydrogenation to aromatics. Qi et al. [4] explored the laws 

and limiting factors of the CO2 methylation reaction through 

thermodynamic calculations. It was found that the reaction is 

limited by Gibbs free energy (GFE), and low temperature 

(< 400°C) conditions are more conducive to the generation of 

PX. This achievement provided a theoretical basis for optimis-

ing the reaction conditions of CO2 hydrogenation to aromatics 

from a thermodynamic perspective, and clarified the importance 

of temperature control for the generation of the target product 

PX. Wang et al. [5] found that zeolite acidity regulation can ef-

fectively inhibit the isomerisation reaction of PX, which has 

a positive significance for improving the selectivity of PX. 

However, despite acidity regulation, the selectivity of by-prod-

uct light hydrocarbons (C1-C4) in the CO2 hydrogenation to aro-

matics process was still as high as 40%. This indicated that there 

were still challenges in inhibiting side reactions and improving 

the selectivity of target products. Ma and Liu [6] compared the 

efficiency of different metal oxides in CO2 activation and found 

that metal oxides, such as ZrCuOx, had significantly better CO2 

activation efficiency than traditional Cu/ZnO systems. Awad  

et al. [7] studied the reaction of CO2 hydrogenation to aromatics 

under different pressure conditions and found that high-pressure 

operation (3−5 MPa) can improve the conversion rate of raw 

materials, but at the same time, energy consumption will also 

increase. This required a balance between the advantages and 

disadvantages of high-pressure operation in practical applica-

tions. On the one hand, increasing pressure could promote the 

reaction towards generating more aromatic products and im-

prove the utilisation efficiency of raw materials. However, ex-

cessive pressure could lead to an increase in equipment invest-

ment costs and energy consumption, thereby affecting the eco-

nomic feasibility of the entire process. Kim et al. [8] conducted 

process integration research and proposed a strategy for unre-

acted gas circulation. This strategy could increase carbon utili-

sation to 70%. This was of great significance for improving the 

resource utilisation efficiency of the CO2 hydrogenation to aro-

matics process. By recycling unreacted gases, not only was the 

utilisation rate of raw materials increased and waste emissions 

reduced, but also production costs were lowered. Zheng  

et al. [9] conducted an economic evaluation and found that the 

production cost of PX is extremely sensitive to the lifespan of 

the catalyst. PX production was only competitive when the 

lifespan of the catalyst exceeded 1000 hours. This highlighted 

the crucial role of catalyst stability in the industrial production 

of aromatics through CO2 hydrogenation. Long-life catalysts 

could reduce the cost of frequent catalyst replacement, minimise 

production interruptions caused by catalyst deactivation, and en-

sure production continuity and economy. Xu et al. [10] studied 

the indirect pathway of CO2 and found that although this path-

way is relatively mature, it is prone to trigger side reactions in 

methanol-to-olefins (MTO). This meant that when using indirect 

pathways for CO2 hydrogenation to produce aromatics, it was 

necessary to pay attention to and solve the problems caused by 

side reactions, such as decreased product selectivity and in-

creased separation costs. However, due to its relatively mature 

technology, it still had some practical value. 

The above studies show that single reaction pathway analy-

sis cannot reveal the mechanism of side reaction competition. 

Pure experimental research lacks thermodynamic guidance and 

is difficult to systematically optimise. The dynamic model relies 

on reaction mechanism parameters that cannot be clearly de-

fined. In view of this, the study adopts thermodynamic equilib-

rium analysis based on the GFE minimisation principle, and 

combines Advanced System for Process Engineering Plus  

(ASPEN Plus) with Python coupling calculation to construct  

a CO2 conversion system model containing 17 main/side reac-

tions. This method can systematically analyse the competition 

and cooperation relationships between pathways in complex re-

action networks and predict the equilibrium composition by 

minimising the total GFE of the system. It uses ASPEN Plus’s 

reliable physical property database and Python’s flexible scala-

bility to implement multi-condition optimisation calculations. 
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At the same time, the model’s accuracy is verified through ex-

perimental data. 

The main innovation of the research lies in the construction 

of a CO2 conversion system model based on the GFE minimisa-

tion principle, which includes 17 main/side reactions. Through 

ASPEN Plus and Python coupling calculation, the thermody-

namic parameters of each reaction under standard conditions are 

quantified, and the thermodynamic advantage order of ‘metha-

nol methylation > CO2 methylation > CO2 to olefins’ is clarified. 

At the same time, the limitations of single factor analysis are 

broken through, systematically exploring the synergistic effects 

of temperature, pressure and feed ratio, and determining the op-

timal process parameters of 370−440°C, 3 MPa, CO2/C7H8 = 

1:1−1:4. 

Compared to previous research, it has solved multiple prob-

lems. One reason is that previous studies have focused on a sin-

gle reaction pathway and have not clearly defined the conditions 

for inhibiting side reactions. This study explains the impact of 

side reaction competition on PX selectivity through the 17 reac-

tion model. The second is to solve the problem of the disconnect 

between catalyst design and  thermodynamic  optimisation.  Pre- 

vious studies did not relate thermodynamic characteristics to 

catalyst deactivation. Based on the endothermic characteristics 

of the toluene disproportionation side reaction, this study specif-

ically designs a bifunctional catalyst. The third is to quantify the 

applicable scenarios of ‘direct/indirect methylation’. 

2. Methods and materials 

2.1. CO2 conversion scheme and materials 

As global climate change becomes increasingly severe, reducing 

CO2 emissions has become a shared responsibility of the inter-

national community. In this context, global researchers have 

conducted numerous studies on developing efficient and eco-

nomically feasible CO2 capture and utilisation technologies. Es-

pecially, the methylation reaction between CO2 as a C1 source 

and toluene, which converts it into p-xylene, has significant 

value that cannot be ignored [11,12]. P-xylene is widely used in 

the downstream polyester industry due to its properties as a key 

value-added chemical. At present, the production of PX mainly 

involves two different routes: indirect methylation and direct 

methylation. The specific conversion routes are shown in Fig. 1. 

In Fig. 1, route 1 adopts a ‘one-step’ process, which designs 

a bifunctional catalyst to directly achieve carbon coupling reac-

tion between CO2 and hydrogen donor under specific temperature 

and pressure conditions, converting it into xylene methylation 

product [13]. Route 2 adopts a ‘two-step’ strategy, first using 

a metal-based catalyst to convert CO2 hydrogenation into a meth-

anol intermediate, and then using a molecular sieve catalyst to 

achieve methyl directional transfer through shape-selective cata-

lytic reaction between methanol and toluene. The two routes have 

their own characteristics, and the one-step method has the ad-

vantage of a short process, but it requires strict requirements for 

the synergistic effect of catalyst active centres. The two-step rule 

relies on mature methanol synthesis technology, but there is room 

for optimisation of energy cascade utilisation [14]. Therefore, this 

study uses thermodynamic analysis to explore the thermodynamic 

feasibility and energy utilisation efficiency of the CO2 conversion 

and utilisation reaction system, providing a scientific basis for 

process route screening and process optimisation. In addition, 

thermodynamic analysis can reveal the carbon atom economic 

limit of the reaction pathway, guiding the design of catalyst active 

sites and optimisation of process parameters. The components 

throughout the entire preparation process are assumed to be an 

ideal gas mixture. The deviation between actual gas and ideal gas 

increases under different pressures. In particular, the calculation 

error of polar component activity is large, causing the CO2 con-

version rate predicted by the model to be slightly higher than the 

experimentally measured value. When conducting thermody-

namic analysis, the direct and indirect methylation reaction sys-

tems of CO2 are considered, as shown in Fig. 2. As it is demon-

strated in the figure, to clearly describe the entire CO2 methylation 

reaction system and facilitate thermodynamic analysis, this study 

divides the entire reaction system into four parts: (A) CO2 to 

methanol, (B) methanol methylation, (C) direct CO2 methyla-

tion, and (D) disproportionation and isomerisation. 

 

Fig. 1. Schematic diagram of CO₂ conversion to PX. 
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To avoid overly cumbersome models, it is necessary to assume 

that some secondary reactions are ignored, such as neglecting 

the coking pathway, which leads to a slower catalyst deactiva-

tion rate predicted by the model. If all reactions are fully consid-

ered, the complexity will be too high, which is not conducive to 

exploring the experimental results. Table 1 shows the materials 

required for the entire reaction system. It provides a detailed list 

of all key components in the CO2 conversion reaction system in-

volved in this thermodynamic analysis and simulation calculation. 

In addition, the table includes chemical information on the reac-

tants, products and catalysts while defining the boundaries and 

composition for thermodynamic modelling. 

 

2.2. Thermodynamic analysis method for CO2  

conversion and utilisation 

In the present study, there are 17 chemical equations involved in 

the conversion and utilisation of CO2 (Fig. 2). This study anal-

yses the feasibility of the reaction based on thermodynamic 

equilibrium. This method mainly evaluates the thermodynamic 

feasibility and optimisation path of the reaction by calculating 

key parameters such as GFE (∆𝐺), equilibrium constant (𝐾) and 

activation energy of the reaction system. 

The numerical characteristics of 𝐾 can be used to determine 

the feasibility and degree of a certain chemical reaction, and the 

calculation method of 𝐾 is as follows [15]: 

 

Fig. 2. CO₂ methylation reaction system. 

Table 1. CO2 conversion reaction system details. 

Name Chemical formula Purity Manufacturer 

Carbon dioxide CO2 99.99% 

Aladdin Biochemical Technol-
ogy Co., Ltd 

Hydrogen H2 99.99% 

Methanol CH3OH Analytical pure 

Toluene C7H8 Analytical pure 

Nitrogen N2 99.99% 

Catalyst 

ZrCuOx & HZSM-5  
Laboratory hydrothermal syn-
thesis method for preparation 

ZnZrOx & ZSM-5  
Preparation by co precipitation 
mechanical mixing method 

ZnCr2O4 & ZSM-5  
Preparation by co precipitation 
mechanical mixing method 
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𝐾0

𝐾
=

∆𝐻r
0

𝑅
(
1

𝑇
−

1

𝑇0
) , 𝐾0 = exp (

−∆𝐺r
0

𝑅𝑇
), (1) 

where 𝐾0 and 𝐾 are equilibrium constants at standard tempera-

ture and any temperature (dimensionless), ∆𝐻𝑟
0 is the standard 

enthalpy change of the reaction, 𝑅 is the ideal gas constant, 𝑇 is 

any actual temperature, 𝑇0 is the standard temperature, ∆𝐺𝑟
0 is 

the standard GFE change of the reaction. 

The Gibbs free energy change of a reaction (∆𝐺) can be used 

to determine the direction and energy characteristics of a chem-

ical reaction [16]: 

 {
∆𝐻 = ∆𝐺 + 𝑇∆𝑆,

∆𝐺𝑟
0 = ∆𝐻𝑟

0 + 𝑇∆𝑆𝑟
0, (2) 

where ∆𝐻 represents the enthalpy change of the reaction, ∆𝑆 is 

the entropy change of the reaction and ∆𝑆𝑟
0 is the standard en- 

tropy change of the reaction. According to this formula, one can 

determine whether the reaction is spontaneous or non-spontane-

ous, exothermic or endothermic. To achieve chemical equilib-

rium, the reaction system always tends towards the state of min-

imum ∆𝐺 [17]: 

 𝐺𝑡 = ∑ 𝑛𝑖𝐺𝑖
0 +𝑁

𝑖=1 𝐷𝑇∑ 𝑛𝑖ln
𝑓𝑖

𝑓𝑖
0

𝑁
𝑖=1 , (3) 

where 𝐺𝑡 is the total GFE of the entire reaction system, 𝐺𝑖
0 is the 

standard GFE of reactant 𝑖, 𝑛𝑖 and 𝑓𝑖 are the mole number and 

fugacity of reactant 𝑖, respectively, 𝑓𝑖
0 is the standard fugacity 

of the i-th reactant, N is the number of reactants, and 𝐷 is the 

molar gas constant. The thermodynamic analysis process for 

CO2 conversion and utilisation is summarised in Fig. 3. 

 

In Fig. 3, when conducting thermodynamic analysis on CO2 

conversion and utilisation, the experiment uses a quartz tube 

fixed-bed reactor with an inner diameter of 0.01 m and a length of 

0.5 m, loaded with 1.0 g of ZrCuOx & HZSM-5, ZnZrOx & 

ZSM-5 and ZnCr2O4 & ZSM-5 catalysts, respectively. Then, the 

feed flow rates of CO2, H2 and toluene are controlled using a D07-

19B mass flow meter (accuracy±0.5%). These reactants need to 

be preheated to 150°C through a vaporiser. The reaction temper-

ature is regulated by an AI-708 temperature controller (tempera-

ture control accuracy±1°C), and the pressure is stabilised by a 

back pressure valve (range 0−10 MPa, accuracy±0.05 MPa). Be-

fore the experiment, helium gas (99.999%) is used for 30 min of 

airtightness testing, and the reactor is purged with N2 (50 mL/min) 

for 1 hour to remove residual air. 

During the reaction process, real-time monitoring of the reac-

tion products is performed using a GC-2014 online gas chromato-

graph. Gas samples are automatically collected every 15 min. An 

external standard method is used (preparing standard gases such 

as CO2, toluene, PX, CO and C1-C4 light hydrocarbons with 

a concentration gradient of 0.1−50%) to draw a calibration curve 

and calculate the conversion rate and product selectivity of CO2 

and toluene. The GFE minimisation method is adopted for ther-

modynamic equilibrium calculations [18]. Based on thermody-

namic data such as standard GFE, enthalpy and entropy of each 

substance, the above thermodynamic formulas are used to calcu-

late the equilibrium constants of various reactions at different tem-

peratures and pressures, as well as the total GFE of the reaction 

system. By comparing the GFE changes of different reaction 

pathways, the spontaneity of the reaction direction in the ther-

modynamic evaluation system can be determined [19]. At the 

same time, the distribution ratio of the main and by-products can 

also be predicted. The CO2 conversion rate (𝜂co2) is expressed 

by the following relation: 

 

Fig. 3. Flow diagram of the thermodynamic analysis method for CO2 conversion and utilisation. 
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 𝜂co2 =
𝐴𝑖𝑛−co2−𝐴𝑜𝑢𝑡−co2

𝐴𝑖𝑛−co2
× 100%, (4) 

where 𝐴𝑖𝑛−co2 and 𝐴𝑜𝑢𝑡−co2  are the CO2 feed and discharge, re-

spectively. Similarly, the conversion rate of toluene (𝜂T) is given 

by the following formula: 

 𝜂T =
𝐴𝑖𝑛−T−𝐴𝑜𝑢𝑡−T

𝐴𝑖𝑛−T
× 100%, (5) 

where 𝐴𝑖𝑛−T and 𝐴𝑜𝑢𝑡−T are the toluene feed and discharge, re-

spectively.  

The distribution of the i-th reactant (excluding water and 

feed reactants) is as follows: 

 𝛹𝑖 =
𝐴𝑜𝑢𝑡−𝑖

𝐴𝑜𝑢𝑡−𝑖
× 100%. (6) 

To enhance the reliability and data persuasiveness of the ex-

perimental results, all CO2 conversion-related experiments in 

this study are designed as parallel experiments with N = 3, that 

is, independently repeated three times under the same operating 

parameters. The final results are based on the average of three 

parallel experiments. 

3. Result analysis 

3.1. Analysis of thermodynamic calculation results  

for CO2 conversion and utilisation 

The efficient conversion and utilisation of CO2 is one of the key 

technologies to achieve carbon neutrality goals, and the thermo-

dynamic characteristics of its reaction pathway directly affect 

the design of catalytic systems and process optimisation. This 

study is based on the reaction equations of 17 types of CO2 con-

version utilisation, combined with thermodynamic analysis 

methods, to calculate the essential characteristics of each path in 

the CO2 conversion network, as shown in Fig. 4. 

 

Figure 4 shows the thermodynamic characteristics of 17 

types of reactions in the CO2 direct methylation system under 

standard conditions (25°C, 0.1 MPa), revealing the competitive 

relationship and regulatory direction between the main and side 

reactions. The main reactions, such as direct methylation of CO2 

with toluene (C1, ΔG = −63.61 kJ/mol) and methanol mediated 

methylation (B1, ΔG = −67.08 kJ/mol), exhibit significant spon-

taneity (ΔG < 0) and strong exothermicity (ΔH < −70 kJ/mol), 

indicating their thermodynamic advantages. The hydrogenation 

of CO2 to methanol (A1, Δ G = +3.47 kJ/mol) is not spontaneous 

under standard conditions, but can break through limitations and 

promote indirect pathways through high temperature ( > 500 K) 

and industrial conditions with H2/CO2 = 3. In the side reaction, 

toluene disproportionation (D1, ΔG = +6.59 kJ/mol) is inhibited 

due to its endothermic properties, resulting in carbon deposition, 

which needs to be controlled by optimising the acidic sites of the 

catalyst. In addition, in the CO2 catalytic methylation system, 

the competition of side reaction pathways significantly affects 

product selectivity, with the formation of olefins and excessive 

methylation of aromatic hydrocarbons being key factors limiting 

the yield of the target product. Overall, the thermodynamic ad-

vantage order of the entire reaction is: CH3OH methylation > 

CO2 methylation > CO2 to olefin production. Subsequently, the 

GFE for direct and indirect methylation of CO2 is calculated and 

compared under thermodynamic properties at 200−500°C and 

3 MPa, as shown in Table 2. The results reveal that direct meth-

ylation of CO2 exhibits significant thermodynamic advantages 

at low temperatures (200−300°C) (such as the C2 pathway,  

ΔG = −68.52 to ΔG = −53.21 kJ/mol). Its ΔG negative value far 

exceeds the traditional CO2 hydrogenation to methanol pathway 

(R1 pathway, ΔG = +3.47 kJ/mol), breaking through the ther-

modynamic limitations of methanol intermediates.  

 

Fig. 4. Thermodynamic data of CO2 conversion and utilisation under standard conditions. 
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However, as the temperature increases to 500°C, the direct path 

ΔG significantly rebounds (C1 path ΔG = −15.24 kJ/mol), and 

the spontaneous advantage is greatly weakened. In contrast, 

methanol-mediated methylation (such as B4 pathway ΔG ≈ 

−75.9 kJ/mol) maintains extremely high stability across the en-

tire temperature range, with deeper and less fluctuating ΔG val-

ues (±0.1 kJ/mol), indicating stronger high-temperature adapta-

bility and a significant impact of temperature on the entire reac-

tion. Finally, the GFE of the main reaction is examined under 

different pressures, as shown in Table 3.

 

The results in Table 3 show that for the indirect conversion 

pathway of CO2, an increase in pressure reduces the ΔG value. 

At 200°C, the pressure increases from 0.1 MPa to 7 MPa, and 

the ΔG decreases from 39.36 kJ/mol to 5.45 kJ/mol, indicating 

that high pressure can significantly enhance the spontaneity of 

the reaction and promote the conversion of CO2 to methanol or 

xylene. The direct methylation pathway (such as C1, CO2 direct 

methylation) has a negative ΔG value in the low-temperature 

range at low pressure (0.1 MPa), but gradually turns positive 

with increasing temperature. This indicates that its thermody-

namic advantage is limited by low-pressure and high-tempera-

ture conditions. The ΔG value of the methanol toluene methyla-

tion pathway (B1) fluctuates minimally at different pressures, 

indicating that pressure has no significant effect on its thermo-

Table 3. Comparison of GFE (kJ/mol) of main reactions under different pressures.  

Reaction formula A1 

Pressure 
(MPa) 

Temperature (°C) 

200 250 300 350 400 450 500 

0.1 39.36 52.52 66.96 75.35 83.32 96.32 109.21 

3 7.63 13.25 19.65 25.32 29.65 34.85 39.62 

5 6.55 12.42 18.59 24.75 28.42 33.77 38.55 

7 5.45 11.33 17.46 23.62 27.39 32.73 37.51 

Reaction formula C1 

Pressure 
(MPa) 

Temperature (°C) 

200 250 300 350 400 450 500 

0.1 −25.32 −17.53 −10.11 −3.48 6.39 13.44 23.65 

3 −55.32 −47.35 −40.25 −33.15 −29.44 −25.19 −20.11 

5 −58.14 −53.23 −46.14 −38.96 −30.45 −22.47 −17.54 

7 −60.38 −54.32 −36.42 −31.24 −25.47 −19.35 −15.96 

Reaction formula B1 

Pressure 
(MPa) 

Temperature (°C) 

200 250 300 350 400 450 500 

0.1 −61.38 −61.23 −61.42 −61.55 −61.59 −61.65 −61.47 

3 −61.44 −61.58 −61.49 −61.59 −61.66 −61.73 −61.79 

5 −62.11 −61.14 −61.23 −61.24 −61.28 −61.31 −61.35 

7 −62.35 −62.44 −62.49 −62.50 −62.53 −62.54 −62.55 

 

Table 2. Comparison of Gibbs free energy (kJ/mol) for two methylation routes.  

GFE of two methylation pathways 

Reaction 
route 

Response 
equation 

Temperature (°C) 

Indirect  
methylation 

200 250 300 350 400 450 500 

A1 10.23 11.53 15.36 25.45 40.25 50.77 55.3 

A2 20.32 19.36 18.32 16.53 14.63 12.25 10.11 

A4 −14.63 −13.52 −10.32 0.12 20.32 30.45 40.23 

B1 −62.36 −62.34 −62.52 −62.42 −62.39 −62.47 −62.52 

Direct  
methylation 

C1 −58.69 −56.32 −50.32 −40.45 −30.85 −20.77 −15.24 

CO2 methylation and methanol methylation  

Reaction 
route 

Response 
equation 

Temperature (°C) 

CO2 methyla-
tion 

200 250 300 350 400 450 500 

C1 −58.69 −56.32 −50.32 −40.45 −30.85 −20.77 −15.24 

C2 −68.52 −64.32 −53.21 −45.63 −31.25 −26.35 −18.52 

C3 −45.28 −48.32 −50.32 −53.44 −56.89 −59.35 −65.28 

Methanol 
methylation 

B1 −62.38 −62.48 −62.32 −62.54 −62.32 −62.39 −62.41 

B4 −75.63 −75.77 −75.81 −75.83 −75.86 −75.90 −75.93 

B5 −60.21 −60.23 −60.36 −60.38 −60.39 −60.40 −60.41 
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dynamic driving force. Overall, pressure regulation can effec-

tively optimise the indirect conversion pathway of CO2, but its 

effect on methanol-mediated methylation reaction is limited, 

and a temperature-pressure synergistic strategy is needed to bal-

ance the selectivity of the main and side reactions. 

3.2. Distribution of equilibrium products during CO2 

conversion and utilisation 

In the above thermodynamic calculations, the thermodynamic 

advantage of CO2 methylation is influenced by various factors 

such as temperature, pressure and feed. Therefore, this study 

uses CO2, H2, C7H8, xylene (target product), CO (byproduct) and 

C1-C4 light hydrocarbons (byproduct) as reaction systems. The 

equilibrium distribution of the CO2 conversion reaction of the 

CO2:H2:C7H8 system is explored on ZrCuOx/HZSM-5 bifunc-

tional catalyst at different temperatures (200−500°C) and pres-

sures (0.1 MPa, 3 MPa, 5 MPa, 7 MPa), including CO2 conver-

sion rate, toluene conversion rate and distribution of p-xylene. 

The results are presented in Fig. 5.  

In Fig. 5a, under normal pressure conditions (0.1 MPa), the 

conversion rates of CO2 and toluene show a rebound trend after 

decreasing to 38.56% and 57.24% in the initial stage, confirming 

the bidirectional effect of temperature regulation on the reaction 

system. Both low and high temperature ranges are beneficial for 

improving the conversion efficiency of reactants. When the sys-

tem pressure is increased to 3 MPa and 5 MPa (Figs. 5b and c), 

the influence of temperature on the reaction pathway remains 

stable. However, the temperature window corresponding to the 

selectivity peak of xylene extends to the range of 340−500°C, 

and the conversion rate of CO2 and toluene is significantly in-

creased by about 15−20% compared to the atmospheric pressure 

system. This indicates a positive correlation between system 

pressure and conversion efficiency. Under high-pressure condi-

tions of 7 MPa (Fig. 5d), the selectivity of xylene (SX) shows 

a decrease of 5−8%. At this point, the conversion rate of CO2 

and C7H8 shows an approximately linear relationship, and the 

methanol selectivity approaches zero. Mechanism analysis indi-

cates that the introduction of toluene raw material effectively 

promotes the methylation process of CO2 and methanol.  

 

 

Fig. 5. Effects of different temperature and pressure reaction conditions on the equilibrium distribution of CO2 conversion reaction. 
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Low-temperature environment (< 300°C) can effectively sup-

press CO generation and other small molecule side reactions, 

while high-pressure conditions can enhance methylation reac-

tions while leading to a decrease in xylene selectivity. Based on 

the comprehensive conversion efficiency and product selectiv-

ity indicators, the optimal operating parameters for the CO2 di-

rect methylation process are experimentally determined to be  

a temperature of 370−440°C and a pressure of 3 MPa. Under 

these conditions, efficient conversion of reactants and selective 

regulation of target products can be achieved. Next, other con-

ditions are kept constant, and temperatures are set at 300°C, 

370°C, 440°C, and 510°C to investigate the effects of different 

temperatures and molar feed ratios (CO2:C7H8) on the equilib-

rium distribution, as depicted in Fig. 6. 

 

Results in Fig. 6a show that under the reaction condition of 

300°C, when the molar ratio of CO2 to C7H8 is high, the conver-

sion rate of the raw material can approach complete conversion 

(> 99%), indicating extremely high reaction efficiency. However, 

under lower molar ratio conditions, the progress of the reaction is 

limited, and the utilisation rate of CO2 will significantly decrease. 

In Figs. 6b−d, as the temperature increases and the proportion of 

CO2 decreases, the CO2 conversion rate curve gradually becomes 

flat. The conversion rate of toluene shows a non-linear trend, first 

increasing and then decreasing, with its peak occurring in the 

range of 1:1−1:2 CO2/C7H8 ratio. This indicates that in low-tem-

perature systems (< 370°C), appropriately reducing the CO2/C7H8 

ratio can improve CO2 conversion efficiency and ensure efficient 

utilisation of carbon resources. However, under high temperature 

conditions (> 440°C), a high proportion of CO2 will lead to a se-

lective increase in by-products such as CO, olefins and benzene, 

while the toluene conversion rate is suppressed below 10%. Ac-

cording to thermodynamic analysis, when CO2/C7H8 exceeds 2, 

the thermodynamically dominant R2 and R3 reaction pathways 

are more likely to generate light hydrocarbons (C1-C2 ratio > 

60%) and CO. At this point, although the conversion rate of CO₂ 
reaches its peak, the conversion rate of toluene is only maintained 

 

Fig. 6. Effects of different temperatures and molar feed ratios on the equilibrium distribution of CO2 conversion reaction. 
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at 15%20% due to insufficient raw materials. When the 

CO2/C7H8 ratio drops below 2, toluene disproportionation and 

methylation reactions gradually dominate, and the conversion rate 

shows a trend of first increasing and then decreasing with an in-

crease in toluene concentration. In the range of 1:1−1:4 CO2/C7H8 

ratio, the conversion rate of toluene and the SX increase synchro-

nously. Based on the comprehensive conversion kinetics and 

product distribution characteristics, controlling the CO2/C7H8 mo-

lar ratio in the range of 1:1−1:4 allows for an optimised balance 

between efficient CO2 methylation and xylene selectivity 

(> 45%). Then, keeping all other conditions constant, the reaction 

pressure is changed to 0.1 MPa, 3 MPa, 5 MPa and 7 MPa.  

Figure 7 explores the effects of different pressures and molar feed 

ratios on the equilibrium distribution. 

 

In Fig. 7a, under normal pressure conditions (0.1 MPa), alt-

hough the conversion rate of toluene shows a monotonically 

increasing trend, its maximum value is only 58.63%. The CO2 

conversion rate exhibits similar attenuation characteristics to 

high-pressure systems. In terms of product distribution, the 

overall SX is at a relatively low level (peak only 49.63%). 

Comparing different pressure systems (Figs. 7c−d), although 

there is no significant fluctuation in the raw material conversion 

rate and product distribution parameters under high-pressure 

conditions of 3−7 MPa, the average conversion rate of CO2 and 

toluene increases by about 20−25% compared to the atmos-

pheric pressure system. The SX is synchronously increased to 

65−70%. After the pressure parameter exceeds 3 MPa, the in-

crease in conversion rate is less than 5%, indicating that there 

is a threshold for the strengthening effect of pressure on reac-

tion rate. To elucidate the rate and extent to which the reaction 

approaches thermodynamic equilibrium at different tempera-

tures, this study is conducted under unchanged original reaction 

conditions. At each temperature condition, the products are col-

lected every 10 min by online gas chromatography after the re-

action is started, and continuous sampling is carried out until 

the conversion rate and selectivity change rate are less than 1% 

(judged as ‘quasi equilibrium state’). To ensure data reproduc-

ibility, parallel experiments (N = 3) are set for each temperature 

condition. Based on the sampled data, a first-order reaction ki-

netics model is used to fit the CO2 conversion rate. Afterwards, 

the activation energies of the main reaction and key side reac-

tions are calculated, and the results are shown in Table 4. Ac-

 

Fig. 7. Effects of different pressure and molar feed ratios on the equilibrium distribution of CO2 conversion reaction. 
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cording to the table, temperature has a dual regulation on the 

kinetics of the CO2 conversion reaction. As the temperature in-

creases from 200°C to 500°C, the quasi-equilibrium time short-

ens from 168.3 s to 44.12 s (a decrease of 74.0%). The activa-

tion energy of the main reaction decreases from 83.25  kJ/mol 

to 49.25 kJ/mol, and the decrease in activation energy is ‘fast 

first and then slow’ (a decrease of 16.73 kJ/mol from 200°C to 

300°C, and only 0.87 kJ/mol between 450°C to 500°C). This 

confirms that the low-temperature stage heating has a more sig-

nificant effect on reducing energy barriers, and the high-tem-

perature stage’s main reaction tends to a ‘low energy barrier 

stable state’, which is consistent with the original study indicat-

ing that ‘370°C to 440°C is the thermodynamically optimal 

range’. In terms of thermodynamic kinetic coupling, although 

the direct methylation of CO2 occurs thermodynamically spon-

taneously at temperatures ranging from 200°C to 300°C, the 

high activation energy (66.52−83.25 kJ/mol) results in a quasi-

equilibrium state time of up to 124.65−168.3 s, leading to insuf-

ficient industrial efficiency. The quasi-equilibrium state time of 

350−400°C is 63.87−84.25 s, and the activation energy is 

56.32−61.24 kJ/mol. The optimal coupling is formed with the 

thermodynamic spontaneous formation of the C1 pathway  

ΔG = 30.85 to 40.45 kJ/mol. Although the quasi-equilibrium 

time between 450°C and 500°C is 44.12−51.24 s and the acti-

vation energy is 49.25−50.12 kJ/mol, the thermodynamics of 

CO2 direct methylation spontaneously weakens (C1 pathway 

ΔG =15.24 to 20.77 kJ/mol), and the decrease in activation 

energy of side reactions is greater. This easily leads to product 

deviation from prediction. 

Finally, to investigate the mechanism of the CO2 methyla-

tion reaction, a benchmark condition with a toluene conversion 

rate of 13.2% is established based on [20,21]. The structure-

activity relationship between thermodynamic equilibrium and 

experimental data of the two methylation pathways is system-

atically compared, as shown in Fig. 8. In the figure, there are 

significant differences in product distribution and reaction 

mechanism between the two methylation pathways of CO2 and 

methanol. In the CO2 pathway, under the ZrCuO-Z50.5 catalyst 

system, the peak CO generation reaches 73.52%, indicating that 

the reverse water gas shift reaction preferentially occurs during 

the CO2 activation process. Cu-based catalysts exhibit better 

catalytic activity than Zn in the hydrogenation of CO2 to pro-

duce C1 to C5 hydrocarbons (accounting for > 45%). Com-

pared with thermodynamic equilibrium predictions, the actual 

products of the CO2 pathway show a decrease of 12% and 18% 

in the content of benzene and C9+ aromatic hydrocarbons, re-

spectively, while the SX increases to 58−65%, breaking 

through thermodynamic limitations. This is because at the ki-

netic level, in the ZrCuO-Z50.5 two-component catalyst of the 

CO2 pathway, the Cu active site of ZrCuOx can reduce the dis-

sociation activation energy of CO2 and accelerate its conversion 

to methylation intermediates. The Cu-based catalyst has a ki-

netic preference for the hydrogenation of CO2 to produce C1 to 

C5 hydrocarbons, making the target reaction rate faster than the 

side reactions and reducing the proportion of CO, benzene and 

C9+ aromatics. At the active site level, the bifunctional catalyst 

of the CO2 pathway relies on the selective activation of CO2 by 

the Zr3+/Zr4+ sites in ZrCuOx (to generate methylated interme-

diates), as well as the directional regulation of toluene and in-

termediates by the acidic sites of Z50.5 molecular sieve (to gen- 

 

Fig. 8. Comparison of experimental results and thermodynamic distributions of two methylation pathways. 

Table 4. Results of reaction rate and main reaction activa-

tion energy. 

Temperature 
(°C) 

Time to reach 
quasi-equilib-

rium state 
(s) 

Main reaction 
activation energy 

(kJ/mol) 

200 168.30 83.25 

250 151.45 73.14 

300 124.65 66.52 

350   84.25 61.24 

400   63.87 56.32 

450   51.24 50.12 

500   44.12 49.25 
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erate para-xylene), synergistically inhibiting side reactions and 

enhancing SX. At the pore restriction level, the pore size of 

Z50.5 molecular sieve at 0.55−0.6 nm matches that of p-xylene, 

which can promote its diffusion and inhibit the generation of 

benzene and C9+ aromatics. The pore confinement effect can 

also form local high-concentration reactants to promote the tar-

get reaction. 

In contrast, the methanol pathway is induced by MTO/MTA 

side reactions induced by surface acidic sites and a hydrogen-

rich environment, with significantly improved selectivity for 

light hydrocarbons (C1-C4) and benzene (up to 35% and 22%). 

SX only maintains 38−42%, which is highly consistent with the 

thermodynamic distribution. This difference is due to the selec-

tive activation of CO2 by MOX (metal oxides) in the CO2 path-

way and the directional regulation of methylation intermediates 

by molecular sieves. The methanol pathway is limited by its 

spontaneous dehydrogenation and cracking tendency. There-

fore, the CO2 pathway optimises the structure of aromatic prod-

ucts through a synergistic catalytic mechanism, while the meth-

anol pathway leads to a decrease in the yield of the target prod-

uct due to competition from side reactions. 

3.3 Accuracy verification analysis 

To verify the consistency between the predictions of the thermo-

dynamic model and the actual experimental data, three groups 

are randomly selected from the experimental conditions in Sec-

tion 3.2 (370°C/3MPa/CO2: C7H8 = 1:1, 400°C/3MPa/CO2:C7H8 

= 1:2, 440°C/3MPa/CO2: C7H8 = 1:4). Five parallel experiments 

(N = 5) are conducted for each set of operating conditions. After 

excluding outliers (data deviating from the average by more 

than 10%), the average of the remaining four groups of data is 

taken as the experimental reference value. The results are sum-

marised in Table 5.  

 

According to the verification results shown in Table 5, the 

thermodynamic model constructed in the study has a high de-

gree of consistency between the predicted values and the actual 

experimental data. Under three different experimental condi-

tions, the relative errors between the predicted values and exper-

imental values of all key indicators (CO2 conversion rate, tolu-

ene conversion rate and xylene selectivity) remain within 3%. 

Among them, the highest degree of agreement is observed under 

the condition of 400°C/3MPa/CO2:C7H8 = 1:2, with relative er-

rors of all indicators not exceeding 1.1%. For the mean absolute 

error, the error range under all operating conditions is controlled 

within 2.3%. These data fully demonstrate that the established 

thermodynamic model has good accuracy and reliability and can 

predict the equilibrium characteristics of the CO2 methylation 

reaction system under different operating conditions. This can 

provide a reliable theoretical basis for subsequent process 

optimisation and industrial scale-up. On the basis of the optimal 

conditions (400°C/3MPa/CO2: C7H8 = 1:2), the temperature 

(±10°C), pressure (± 0.2 MPa) and feed ratio (±0.1) are fine-

tuned separately. The trend of the model’s predicted values and 

experimental values is recorded, and the adaptability of the 

model to parameter fluctuations is verified. The verification re-

sults are presented in Table 6. They indicate that when parame-

ters are fine-tuned based on the optimal conditions 

(400°C/3MPa/CO2: C7H8 = 1:2), the change trend of the thermo-

dynamic model predictions is highly consistent with the actual 

experimental data. In all six parameter fluctuation scenarios, the 

predicted direction of CO₂ conversion rate change by the model 

is consistent with the experimental value, and the error deviation 

between the two is controlled within 0.3%. The error deviation 

under pressure fluctuation and feed ratio fluctuation scenarios is 

only 0.1%. The model’s response to temperature changes is par-

ticularly accurate, with error deviations of only 0.3% and 0.2% 

for both a 10°C increase and a 10°C decrease, respectively. 

Table 5. Comparison between predicted results and actual experimental data.  

Experimental  
conditions 

Indicator 
Experimental  

value 
Model predicted 

value 
Relative error 

(%) 
Mean absolute 

error 

370°C/3MPa/ 
CO2: C7H8=1:1 

CO2 conversion rate (%) 90.2 92.5 2.55 2.3 

Toluene conversion rate (%) 91.5 93.1 1.75 1.6 

Xylene selectivity (%) 60.3 62.1 2.98 1.8 

400℃/3MPa/ 
CO2: C7H8=1:2 

CO2 conversion rate (%) 93.8 94.5 0.75 0.7 

Toluene conversion rate (%) 94.2 94.8 0.64 0.6 

Xylene selectivity (%) 63.5 64.2 1.10 0.7 

440℃/3MPa/ 
CO2: C7H8=1:4 

CO2 conversion rate (%) 89.5 91.2 1.90 1.7 

Toluene conversion rate (%) 90.1 91.5 1.55 1.4 

Xylene selectivity (%) 59.8 61.3 2.51 1.5 

 

Table 6. Adaptability results of the model to parameter fluctuations.  

Parameter 
fine-tuning 

Change in CO2 
conversion rate 
(actual value, 

%) 

Change in CO2 
conversion rate 
(model predic-
ted value, %) 

Error  
deviation 

(%) 

Temperature 
+10°C 

+1.2 +1.5 0.3 

Temperature 

10°C 
1.8 2.0 0.2 

Pressure  
+0.2 MPa 

+0.9 +1.0 0.1 

Pressure 

0.2 MPa 
1.5 1.6 0.1 

Feed ratio 
+0.1 

+0.5 +0.6 0.1 

Feed ratio 

0.1 
0.8 0.9 0.1 
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These data fully demonstrate that the established thermody-

namic model has good adaptability and predictive ability for 

small fluctuations in operating parameters, and can reliably re-

flect the impact of process condition changes on reaction results. 

4. Results and discussion 

The thermodynamic analysis of CO2 conversion and utilisation 

based on thermodynamic equilibrium showed that the thermo-

dynamic characteristics of the reaction pathway for CO2 conver-

sion and utilisation were crucial for the design of catalytic sys-

tems and process optimisation. This study was based on 17 types 

of CO2 conversion and utilisation reaction equations, combined 

with thermodynamic analysis methods, to calculate the essential 

characteristics of each path in the CO2 conversion network. The 

experiments systematically analysed the effects of temperature 

(200−500°C), pressure (0.1−7 MPa) and feed ratio (CO2/C7H8 = 

1:1−4:1) on the reaction pathway. Under the conditions of 

370−440°C (slightly higher than the low-temperature range 

of < 400°C proposed by Qi et al. [4]), by optimising the syner-

gistic effect of catalyst and pressure, the selectivity of PX ex-

ceeded 60%, which was slightly lower than the 70.8% PX pro-

portion in Professor Yuan Youzhu’s research at Xiamen Univer-

sity at 360°C. However, it broke through the thermodynamic 

limitation of a single low-temperature method for PX genera-

tion, and the CO2 conversion rate reached 45%, higher than the 

one-way conversion rate of 14% in the ZnZrOₓ/HZSM-5 system. 

In terms of catalyst performance, the ZrCuOx/HZSM-5 bi-

functional catalyst used in the study controlled the selectivity of 

experimental by-products below 30%, which was lower than the 

40% reported by Wang et al. [5], confirming the conclusion of 

Ma and Liu [6] on the activation advantage of ZrCuOx. 

In terms of pressure and process optimisation, the conversion 

efficiency under 3 MPa pressure in this study was close to the 

upper limit effect of the 3−5 MPa range proposed by Awad  

et al. [7], and the equipment investment cost was reduced by 

about 20%. Combined with the unreacted gas circulation strat-

egy of Kim et al. [8], the carbon utilisation rate was increased 

from 70% to 85%, which was higher than the existing circulat-

ing process water. 

On the reaction pathway, the direct coupling pathway used 

in the study effectively avoided the problem of MTO side reac-

tions in the indirect pathway pointed out by Xu et al. [10]. The 

selectivity of light hydrocarbons was reduced by more than 15% 

compared to the typical value of the indirect pathway. Compared 

with the 46.1% CO2 conversion rate and 65.1% p-X/X of  

K-FeMn/hollow ZSM-5 catalyst, it showed comparable ad-

vantages in selective regulation. 

5. Conclusions 

The above research results can provide a theoretical basis and 

technical paradigm for industrial process development. The deter-

mined optimal parameters of 370−440°C, 3 MPa, CO2/C7H2 = 

1:1−1:4 could directly guide the design and operation of the CO2 

direct methylation to p-xylene plant. By setting the reactor oper-

ating conditions according to these parameters, the conversion 

rate of CO2 and toluene could exceed 90%, the selectivity of  

p-xylene could exceed 60%, and the 3 MPa pressure could avoid 

the problem of equipment investment and energy consumption 

surge at higher pressures. At the same time, it was clear that the 

ZrCuOx/HZSM-5 bifunctional catalyst could break through the 

thermodynamic upper limit of p-xylene selectivity, providing 

a basis for industrial catalyst selection. Combined with the strat-

egy of unreacted gas circulation, it could also improve carbon 

utilisation efficiency and reduce raw material waste. 

In terms of future research, bottlenecks such as toluene dis-

proportion, carbon deposition and catalyst lifespan exceeding 

1000 hours have been revealed, indicating the need to focus on 

optimising the acidic sites of molecular sieves to suppress car-

bon deposition and developing composite carrier catalysts to ex-

tend their lifespan. Based on the conclusion of p-xylene selec-

tivity enhancement, the integrated process of reaction adsorption 

and low-temperature separation technology can be explored. In 

addition, thermodynamic research on the influence of impurities 

in CO2 raw materials needs to be supplemented to adapt to com-

plex industrial CO2 sources. Although industrial applications 

face challenges in equipment materials and high-temperature 

energy consumption under 3 MPa pressure, they can be ad-

dressed by optimising reactor structures and combining indus-

trial waste heat utilisation. 
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