
Vol.:(0123456789)

Topics in Catalysis 
https://doi.org/10.1007/s11244-024-02003-w

ORIGINAL PAPER

Experimental Verification of Low‑Pressure Kinetics Model for Direct 
Synthesis of Dimethyl Carbonate Over  CeO2 Catalyst

G. Ibrahim1,3 · A. Abdelbar1 · H. A. Choudhury1 · M. S. Challiwala1 · A. Prakash5 · K. Mondal4 · S. Solim5 · 
Nimir O. Elbashir1,2

Accepted: 12 August 2024 
© The Author(s) 2024

Abstract
Dimethyl carbonate (DMC) has emerged as a promising candidate for sustainable chemical processes due to its remark-
able versatility and low toxicity. From a green chemistry perspective, the direct synthesis of DMC has been considered the 
most promising route, as water is the only byproduct generated in the reaction between  CO2 and methanol. However, this 
synthetic route has faced significant thermodynamic limitations, even at elevated pressure conditions. Therefore, a two-part 
study explored low-pressure synthesis of DMC via the direct route, and a low-pressure kinetic model for the  CeO2 catalyst 
was developed based on the results. Proposed Langmuir–Hinshelwood mechanisms were verified using experimental data 
generated in our labs. The investigation suggests that DMC formation in the direct synthetic route is a surface reaction of 
 CO2 and methanol on the catalyst. The kinetic model predictions closely aligned with experimental data, demonstrating a 
17% mean absolute percentage error and indicating a high level of predictability. Additionally, a rigorous assessment was 
conducted on  CO2 fixations in DMC synthesis, quantifying  CO2 capture and its conversion into stable or high-value prod-
ucts, formally designated as  CO2 Fixation (CO2Fix). The CO2Fix analysis revealed that, at a conversion rate of 27%, the 
process can achieve a "net zero" state when operated at an approximate pressure of 30 bar, thereby supporting the viability 
of low-pressure synthesis. Increasing the conversion rate to levels exceeding 95% significantly enhances the CO2Fix metric, 
potentially surpassing 3.5 or higher.

Keywords CO2 conversion · Kinetics model · CeO2-catalysts · Direct DMC synthesis · CO2Fix · Sustainable processes · 
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1 Introduction

Dimethyl carbonate (DMC) is a simple organic carbonate 
molecule with an important role in the chemical industry 
due to its versatility and broad applications. DMC has been 
primarily utilized as a solvent, fuel additive, and reactant. 
Its low toxicity to human health and the environment makes 
DMC a green solvent and aligns with the principles of green 
chemistry; therefore, its use promotes sustainability in indus-
trial processes [1]. DMC serves as a substitute for hazardous 
compounds like ketones or acetate esters in various appli-
cations, such as a paint solvent or a solvent in rechargeable 
lithium batteries.

Before 1980, the exclusive method for producing DMC 
involved the phosgenation of methanol (MeOH), which uti-
lized highly toxic substances such as phosgene and other 
corrosive chemicals to recycle phosgene. To eliminate the 
use of phosgene, other processes for producing DMC have 
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been discovered and implemented. EniChem spearheaded 
the oxidative carbonylation of MeOH by employing a single 
redox catalyst, CuCl. This method uses MeOH, CO, and  O2 
as reactants to produce DMC and water. However, in this 
reaction, a substantial risk of explosion and toxicity arises 
from the presence of  O2 and CO. To mitigate this risk,  O2 
was replaced with nitrogen oxides [1].

Significant efforts have been directed at overcoming chal-
lenges in conventional processes for DMC production, such 
as MeOH phosgenation and oxy-carbonylation, and methyl 
nitrite carbonylation. The focus has been on developing 
alternative routes to mitigate environmental impacts and 
human health risks. For DMC to qualify as a green solvent, 
its production process must be environmentally friendly, 
avoiding toxic and hazardous pathways. Among the vari-
ous DMC synthesis methods, the direct reaction of  CO2 and 
MeOH, commonly known as direct synthesis, has emerged 
as the most attractive pathway. The direct synthesis route 
aligns with principles of green chemistry and sustainable 
development as it promotes the consumption of  CO2, which 
is non-toxic, nonflammable, noncorrosive, and abundantly 
available as a point source. Likewise, MeOH exhibits lower 
toxicity than the chemicals used in alternative routes and is 
economically appealing due to its cost.

However, direct synthesis of DMC has been thermody-
namically unfavorable due to equilibrium limitations [1]. 
Even under thermodynamically favorable high-pressure 
conditions (~100 bar), DMC yield has been shown at <1%. 
Heterogeneous catalysts such as  CeO2 and  ZrO2 have been 
reported to exhibit higher selectivity toward DMC in the 
direct synthesis route. These catalyst systems have been 
shown to produce a DMC yield of ~1%, with a selectivity 
range of 60–90% [2]. Table 1 details the types of heterogene-
ous catalysts for the direct synthesis of DMC.  CeO2 remains 
a popular choice as an active metal, but combined oxides 
like  ZrO2 and promoters such as  La2O3 show higher perfor-
mance due to optimized acid–base properties that prevent 
 Ce4+ reduction during the reaction. Other metals, like  V2O5 
modified with  H3PO4 and Cu-Ni/VSO, exhibit higher yields 
for direct synthesis. This improvement is attributed to the 
catalysts’ ability to activate  CO2 and  CH3OH at the active 
sites. Specifically, the direct interaction between V and P in 
 H3PO4/V2O5 creates effective Brønsted acid sites, enhancing 
the formation of DMC.

Therefore, an effective method for shifting the equilib-
rium to achieve high conversion in DMC synthesis from 
 CO2 and MeOH is essential. Optimal conditions for DMC 
production can be achieved through innovative approaches 
such as in-situ water removal using novel water scaven-
gers, parallel reactions that utilize water to generate valu-
able by-products, or advanced reactors [9]. For instance, a 
catalytic distillation column, based on reactive distillation 
(RD) principles, has been shown to not only reduce contact 

time but avert DMC hydrolysis by rapidly extracting water, 
ensuring both efficient reaction conditions and intensified 
processes. Recent studies by Stoian et al. [9] involved direct 
DMC synthesis using a lanthanum-promoted  CeO2 catalyst 
and 2-cyano pyridine (2-CP) as a dehydrating agent. Stoian 
et al. [9] reported MeOH conversion of >95% and selectivity 
of >99% per pass continuously at a pressure of 30 bar and 
a temperature of 120 °C [9, 10]. While the study by Stoian 
et al. [9] presented a cutting-edge direct DMC synthesis pro-
cess, the authors encountered several process challenges, 
particularly regarding 2-CP conversion and recycling. Addi-
tionally, 2-CP presents several issues due to its condensation 
in the reactor tubes/condenser, where there is a temperature 
gradient. Owing to these facts, the 2-CP combined process 
does not offer a complete solution for use as an alterna-
tive pathway in direct DMC synthesis, and investigations 
to determine alternative solutions remain underway [11]. 
Moreover, economic assessment conducted by Choi et al. 
[11] using 2-CP as a water scavenger showcased an eco-
nomically unfavorable option due to high regeneration and 
production cost of 2-CP molecules. This work of Choi et al. 
[11] clearly hints seeking alternative pathways such RD.

RD is an attractive process route for equilibrium-limited 
reactions that increase a reactants’ conversion by continu-
ously removing the products from the reaction system. An 
RD is a well-known alternative to conventional processes, 
especially for equilibrium reactions such as esterification, 
ester hydrolysis, and etherification [12–18]. RD offers sev-
eral process advantages such as avoiding azeotropes, shift-
ing the equilibrium towards the product side, reducing side 
products, providing direct heat integration opportunities, 
avoiding hot spots, capital saving, lesser operating pres-
sure (10–20 bars), and decreasing catalyst quantity. In the 
direct synthesis, DMC and MeOH tend to form an azeotrope, 

Table 1  Heterogeneous catalysts for the direct production of DMC

Catalyst Operating conditions DMC 
yield(yDMC)

Ref

CeO2 -, 130 °C 0.8 [3]
ZrO2 50 bar,140–189 °C 0.28 [4]
ZrO2 catalysts 50 bar, 140–189 °C 0.6 [5]
Ce0.6Zr0.4O2 60 bar, 170 °C 0.6 [6]
Ga2O3/Ce0.6ZrO2 60 bar, 170 °C 2.4 [6]
La2O3/Ce0.6  ZrO2 60 bar, 170 °C 2.25 [6]
Ni2O3/Ce0.6  ZrO2 60 bar, 170 °C 1.9 [6]
Fe2O3/  Ce0.6  ZrO2 60 bar, 170 °C 1.85 [6]
Y2O3/  Ce0.6  ZrO2 60 bar, 170 °C 1.8 [6]
Al2O3/  Ce0.6  ZrO2 60 bar, 170 °C 1.6 [6]
H3PO4 modified  V2O5 6 bar,140 °C 9.2 [7]
CeO2/ZrO2 50 bar, 160 °C 1.76 [5]
Cu-Ni/VSO 9 bar, 180 °C 9 [8]
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further complicating the synthesis process. Therefore, using 
an RD for the reaction and separation of DMC could be a 
significant development in the context of direct synthesis.

Hu et al. [18] studied DMC synthesis with in-situ ethyl-
ene oxide using a homogenous RD model with a fixed bed 
reactor using an equation-based modeling tool gPRPOMS. 
They observed the equilibrium conversion of MeOH at up 
to 99.5% in RD setup when operating at 15 bar. Wang et al. 
[19] studied a non-equilibrium model of the RD process for 
DMC synthesis over a solid catalyst for urea metanalysis, 
reporting the effect of pressure and temperature on the DMC 
yield. An assessment of the effect of pressure on DMC yield 
within the 1–15 bars range revealed that increased pressure 
is advantageous for the reaction but introduces a complica-
tion for product separation. In their book chapter, Wang et al. 
[19] reported the synthesis of DMC through catalytic RD 
using urea and methanol over a solid base catalyst at 9-bars 
pressure. The authors used a non-equilibrium model to pre-
sent the column’s packing section, and the heterogeneous 
catalyzed synthesis of DMC in the RD process was treated 
as pseudo-homogenous. In another study, Huang et al. [20] 
successfully demonstrated RD-DMC synthesis at 1 bar by 
transesterifying propylene carbonate using ASPEN Plus® 
while employing an equilibrium stage model. Cumulatively, 
these observations imply that reduced operating pressure 
could be advantageous within the framework of RD for 
DMC synthesis.

Therefore, developing a kinetic model for low-pressure 
DMC synthesis becomes imperative to further advance the 
process and scale it up. Such a model would enable a more 
comprehensive exploration of the intricate interplay between 
reaction kinetics, pressure dynamics, and product separation 
efficiency. In essence, a kinetic model for low-pressure DMC 
synthesis holds the potential to significantly contribute to the 
progress of sustainable and efficient DMC production within 
the RD framework.

The existing literature base of direct DMC synthesis has 
predominantly concentrated on high-pressure kinetics for 
150–200 bars [21–24]. Santos et al. [21] recently reported 
a Langmuir–Hinshelwood (L–H) type kinetic model for the 
direct DMC synthesis process of nano-CeO2 catalyst pow-
der. This kinetic model was developed for a high-pressure 
(200 bar) synthetic process, and an investigation was con-
ducted on the effect of several parameters—such as tem-
perature,  CO2-methanol ratio, and pressure—on reaction 
rates. The activation energy of 106 kJ/mol was reported for 
their catalyst. In another study, Marin et al. [23] reported 
a kinetic model for the direct synthesis of DMC on a ceria 
nanorod catalyst at a slightly low pressure of 137 bar. They 
reported a much lower activation energy, 65 kJ/mol, than 
the conventional ceria powder catalyst reported in the past. 
To address the unique challenges and dynamics associated 
with low-pressure conditions, it is imperative to leverage the 

insights gained from studies on high-pressure kinetics and 
apply them judiciously. This sets the stage for us to pioneer 
research aiming to understand the intricacies of low-pressure 
DMC synthesis and provide a foundation for the develop-
ment of a kinetic model for a widely used nano-CeO2-based 
catalyst that aligns with the demands of the direct synthetic 
route. In developing the kinetic model, we aim to investigate 
the influence of different parameters—such as temperature, 
catalyst mass, initial  CO2/MeOH ratio, and pressure—on 
the reaction rates.

Several theoretical works on RD for DMC synthesis 
show potential for future applications. However, RD typi-
cally operates at relatively low pressures (approximately 
10–20 bar), requiring a kinetic model to estimate the product 
yields for pilot-scale experiments. The existing kinetic mod-
els, as reviewed in the manuscript, are designed for higher 
pressure ranges (>150 bar) and are unsuitable for RD setups. 
This study aims to develop a kinetic model that predicts 
DMC yields at lower pressure ranges, which is suitable for 
simulating the RD process for scale-up studies. Our goal 
is to create an experimentally validated kinetic model for 
direct DMC synthesis under low-pressure conditions typical 
of RD setups.

Furthermore, we investigated the  CO2 footprint analysis 
of direct DMC synthesis at low pressure and compared its 
values with high-pressure conditions. This is to set the tar-
get to achieve the net-zero state for such a process in-order 
to optimize it around that state. In a recent publication by 
our group [25], we introduced a metric named CO2Fix that 
allows for a straightforward estimation of the  CO2 fixation 
potential of carbon capture and utilization (CCU) technolo-
gies. CO2Fix parameters utilize minimal input parameters, 
such as reaction pressure, temperature, conversion rate, and 
heat of reaction. The CO2Fix represents the ratio of  CO2 
consumed by a CCU process, which is the  CO2 utilized in 
the DMC synthesis process in our case, to the CCU pro-
duced in the same process.

2  Experimental Section

2.1  Materials and Methods

MeOH and nano-CeO2 powder, procured from Sigma 
Aldrich, and  CO2, sourced locally from NIGP, Qatar, were 
employed in the catalyst performance evaluation and kinetic 
experiments. The reactions were conducted in a 150 mL 
batch reactor (Parker Benchtop autoclave reactor). To ensure 
precise control over the reaction conditions, the reactor 
temperature and pressure were meticulously regulated to 
within ± 2 °C and ± 0.5 bar.

Following a typical experimental procedure, about 
200 mg of nano-CeO2 powder catalyst and MeOH were 
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carefully loaded into the reactor vessel and subsequently 
heated to the target reaction temperature. A back-pressure 
regulator maintained a controlled pressure environment 
set at the desired condition of 30 bar. Upon reaching the 
desired reaction temperature 110 °C within the reactor, 
the vapor pressure of MeOH was measured. The next step 
was the gradual introduction of  CO2 gas into the reactor 
vessel until the desired pressure was attained. To facilitate 
effective mixing and agitation, the impeller in the reac-
tor was set to 25% of its maximum capacity, correspond-
ing to a stirring rate of 150 revolutions per minute (rpm). 
This choice of stirring intensity was carefully optimized 
to promote efficient mass transfer and minimize exter-
nal diffusion limitations during the reaction. The reac-
tion was allowed to proceed for a specific predetermined 
time, during which the system’s progress was continually 
monitored. To quench the reaction and arrest any further 
advancement, an ice bath was employed, ensuring a sud-
den reduction in temperature to halt the reaction kinet-
ics. To collect reaction samples for subsequent analysis, 
aliquots were extracted from the reaction mixture and, 
to remove any catalyst particles, meticulously filtered 
through a 0.2-micron syringe filter. This filtration step 
prevented further reaction progression, thereby preserving 
the sampled aliquots in their original state. Subsequently, 
all collected aliquots were stored in controlled refrigera-
tion conditions, to maintain their integrity and prevent any 
degradation until further analysis.

As outlined in Fig. 1, the experimental setup and pro-
cedure were designed to ensure precise control of reaction 
parameters and provide a robust platform for evaluating 
the catalyst’s performance. The product samples were ana-
lyzed by Agilent gas chromatography (Agilent GC7860) 
with a Flame Ionization Detector (FID) and capillary 
column (DB-5; 30 m × 0.2 mm,  df 0.25 µm). A specific 
isothermal program was developed for the sample analy-
sis, where the oven temperature was maintained at a con-
stant 50 °C. This temperature was chosen to ensure opti-
mal conditions for the analysis, allowing for precise and 
consistent results throughout the testing period. The FID 
was meticulously calibrated before analyzing the reaction 
samples using different DMC/MeOH solution concentra-
tions. Subsequently, a robust multi-level calibration curve 
was constructed to determine the response factor, enabling 
accurate quantification of the DMC concentration in the 
product mixture obtained from the reactor runs.

Instrumental analysis allowed for the precise determina-
tion of the moles of DMC present in the reaction mixture, 
forming the basis for calculating the yield according to the 
following equation [26]:ss

2.2  Characterizations

As a vital introduction to its performance evaluation, the 
physical properties of the catalyst were meticulously 
assessed. Two key properties were investigated: the 
Brunauer–Emmett–Teller (BET) surface area and pore vol-
ume. Moreover, crystallographic information was obtained 
using X-ray diffractometry.

To determine the BET surface area and pore charac-
teristics, nitrogen adsorption–desorption isotherms were 
measured at a cryogenic temperature of −196.15 °C using 
a Micromeritics Tri-Star II 3020 instrument. To prepare the 
sample for analysis, approximately 40 mg of the nano-CeO2 
powder catalyst was carefully heated under an argon flow 
at 200 °C for 4 h. The surface area was calculated using 

yDMC =

⎛
⎜⎜⎝
rateDMCProduced

rateMethanolConsumed

2

⎞
⎟⎟⎠
× 100%
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�
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�
× 100%

=

�
2 × moles of DMC produced
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�

(1)yDMC =
2 × moles of DMC
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× 100%

Fig. 1  The autoclave reactor unit setup comprised a single 130  ml 
vessel mounted to a skeleton body equipped with four main con-
nections to the unit. Each connection had an intended use, which 
included functions as feed lines and vent lines and performing sample 
collection. A furnace was clamped around the vessel to supply heat to 
the unit. Additionally, a water chiller was attached for flange cooling. 
The rig had one cryopump for feeding liquid  CO2 for critical pressure 
conditions
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the BET equation. Simultaneously, the total pore volume, 
average pore radius, and pore size distribution were derived 
by applying the Barrett-Joyner-Halenda method utilizing 
nitrogen desorption data.

For crystallographic analysis, X-ray diffraction patterns 
were recorded using a Rigaku Ultima IV diffractometer with 
Cu (Kα) radiation at 40 kV and 40 mA. The scans were 
conducted in the 2θ range of 20–110° with a step size of 
0.02° and a step time of 2 s, ensuring high-resolution data 
acquisition.

3  Results and Discussion

3.1  Catalyst Physical Properties

Figure 2 illustrates the adsorption/desorption isotherms 
obtained for the nano-CeO2 powder catalyst under investi-
gation. These isotherms exhibited a distinctive H1-type hys-
teresis loop, which is characteristic of the mesoporous nature 
of the material. The H1-type hysteresis loop, classified as 
a type-IV isotherm, revealed intriguing features. Initially, 
there was a rapid adsorption uptake at low relative pressures, 
suggesting the occurrence of capillary condensation within 
the mesopores. As the relative pressure increased, a pro-
nounced surge in adsorption became evident, emphasizing 
the mesopores’ accessibility to adsorbate molecules.

The analysis of the BET surface area of the nano-CeO2 
powder catalyst revealed a value of 28  m2/g, highlighting 
the considerable surface available for potential interactions 
for direct synthesis of DMC [3]. Concurrently, the Barrett-
Joyner-Halenda method enabled the determination of pore 

diameters and their distribution. The pore size distribution 
plots, presented in the inset of Fig. 2, vividly portray a sig-
nificant volume of pores with diameters below 50 nm. This 
observation aligns with the calculated average pore volume 
of 25 nm, providing further evidence of mesopores’ con-
sistent and substantial presence throughout the material’s 
structure.

X-ray diffraction analysis was used as a precise tool to 
investigate the detailed crystalline arrangement of nano-
CeO2 powder catalysts. Figure 3 displays the complex pat-
terns obtained from the X-ray diffraction of the nano-CeO2 
powder catalyst. Upon careful examination, a distinct pat-
tern emerged: the nanoparticles possess a unique crystalline 
structure, resembling a face-centered cubic arrangement. 
The measured cell parameter of 0.5411 nm and the associ-
ated crystallographic space group Fm3m provide intriguing 
confirmation, aligning well with the recognized reference 
JCPDS Card No: 43-1002. These peaks, precisely identified 
at 2θ values of 28.52°, 33.16°, 47.59°, and 56.208°, were 
unambiguously attributed to reflection planes (111), (200), 
(220), and (311), respectively, within the crystalline lattice 
of the face-centered cubic  CeO2 structure [27].

3.2  Catalyst Performance in Batch Reactor

To explore the activity and selectivity of the nano-CeO2 
powder catalyst and estimate the equilibrium conversion, 
a series of preliminary experiments were conducted over 
varying time intervals, from 1 to 4 h. These experiments 
aimed to assess the progression of MeOH conversion and 
DMC yield over time, providing crucial insights into the 
reaction dynamics. The data obtained from these prelimi-
nary experiments revealed that MeOH conversion and DMC 
yield reached a plateau after 2 h, as evidenced by the results 
in Fig. 4. This observation suggests that the reaction system 
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Fig. 2  BET isotherm of the mesoporous nano-CeO2 powder catalyst. 
Inset depicting the average pore diameter of the catalyst Fig. 3  X-ray diffraction data of the fresh nano-CeO2 catalyst



 Topics in Catalysis

attains equilibrium within this timeframe, indicating that 
further reaction progress is limited beyond this point. There-
fore, based on these findings, all subsequent kinetic experi-
ments were standardized to a reaction time of 2 h. It should 
be noted that the experiment data at 1.75 h is slightly higher 
than that of the 2 h data point. This could be possibly due 
to sampling inconsistencies or potential inaccuracies in the 
GC analysis that could be caused by very low concentration 
of the DMC near the detection limits of the GC. Further, it 
should be noted that these samples are from different experi-
ment conducted at different times.

Equilibrium conversion plays a vital role in understand-
ing the reaction’s thermodynamic behavior and provides 
valuable information on the attainable yields under specific 
conditions. Following recognition of the equilibrium state 
at ≥2 h, kinetic analysis of the reaction was focused during 
this period, enabling a more comprehensive understanding 
of the catalytic behavior and reaction mechanisms. Rigorous 
analysis of these kinetic data allowed for deeper insights into 
the catalyst’s performance, the reaction pathways, and any 
potential rate-limiting steps involved in directly synthesizing 
DMC from MeOH and  CO2 using the nano-CeO2 powder 
catalyst.

3.3  Kinetics Experiments and Optimization

3.3.1  Effect of Catalyst Loading

Our study investigated the activity of different catalyst 
loadings in synthesizing DMC from MeOH and  CO2. 
Finding an efficient and selective catalyst for this reac-
tion is paramount to enhancing the process’ economic 
viability and minimizing its environmental impact. The 

present study selected approximately 100 mg, 200 mg, 
and 300 mg of catalyst loadings per batch. These catalyst 
masses were chosen based on previous literature and initial 
optimization studies to ensure a range of loading condi-
tions. The blank experiment, without any catalyst, served 
as a reference to understand the inherent thermodynamics 
of the reaction in the absence of catalysis. To conduct the 
experiments, a constant temperature of 110 °C was main-
tained, as this temperature was favorable for the direct 
synthesis of DMC from MeOH and  CO2, thereby provid-
ing a balance between reaction rates and thermodynamic 
feasibility.

Moreover, a molar ratio 2:1 (MeOH:CO2) was selected to 
maintain an appropriate stoichiometry for the reaction. Dur-
ing the reaction, aliquots were collected hourly to monitor 
the yDMC . A rapid quenching method, placing the reaction 
mixture in an ice bath, was employed to avoid any distur-
bance in the equilibrium during sampling. This technique 
effectively halted the reaction progress and allowed for accu-
rate analysis of the reaction state at each time point. The 
subsequent filtration of the liquid samples from the catalyst 
was crucial to arrest the catalytic activity, ensuring that the 
measured yDMC were solely attributed to the catalyst’s influ-
ence and not to continued catalysis during analysis. The 
results, depicted in Fig. 5, clearly demonstrated the influ-
ence of catalyst mass on the reaction kinetics.

Notably, the blank experiment showed no detectable 
DMC, indicating that there are significant thermodynamic 
barriers in the direct synthesis of DMC from MeOH and 
 CO2, which underscores the importance of catalysis for pro-
moting this transformation [28]. The comparison of different 
catalyst masses revealed an interesting trend: while the reac-
tion rates increased with an increase in catalyst mass from 
100 to 200 mg, further increasing the mass to 300 mg did 

Fig. 4  Effect of reaction time on the yDMC  (CO2-free basis). Cat. 
mass: 200 mg, total pressure: 30 bar, and MeOH:  CO2 = 2 (molar)

Fig. 5  Effect of cat. mass on yDMC(CO2 free basis). Total pressure: 
30 bar. MeOH:  CO2 = 2 (molar)
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not significantly improve the yDMC . This finding indicates 
an optimum catalyst mass range (200–300 mg per batch), 
beyond which an additional catalyst does not significantly 
enhance the reaction kinetics.

3.3.2  Effect of Total Pressure

To evaluate the influence of total pressure on the direct 
synthesis of DMC from MeOH and  CO2, the investiga-
tion was conducted using carefully controlled experimen-
tal conditions. The experimental setup, characterized by an 
optimal catalyst loading of 200 mg per batch, a tempera-
ture of 110 °C, and a molar ratio of 2:1 (MeOH:  CO2), was 
consistently maintained throughout the study. The analysis 
incorporated three distinct reaction pressures: 10, 20, and 
27.5 bar, which were chosen to incorporate a broad pressure 
spectrum and to discern the pressure-dependent behavior of 
the reaction. The impact of pressure on yDMC is depicted in 
Fig. 6. Notably, the results reveal a clear ascending trend in 
yDMC as the pressure increases from 10 bar to 27.5 bar. This 
tendency towards enhanced yDMC with escalating pressure 
corresponds to the reaction system’s progression towards 
equilibrium. These findings highlight the pivotal role of 
pressure as a critical parameter in the direct synthesis of 
DMC from MeOH and  CO2, offering valuable insights for 
process optimization and design.

It is important to note that the observed trend of increas-
ing yDMC with rising pressure reaches a point of diminish-
ing yields beyond a certain pressure threshold. The analysis 
of the data indicates that pressures beyond 27.5 bar results 
in only subtle changes in yDMC , with the reaction system 
approaching equilibrium. This phenomenon is consistent 
with earlier findings reported in the literature [21]. The 

incremental impact of pressure beyond this threshold neces-
sitates more sophisticated approaches, such as implementing 
methods to shift the equilibrium to achieve further improve-
ments in yDMC.

3.3.3  Effect of Reaction Temperature

The impact of reaction temperature on the direct synthe-
sis of DMC from MeOH and  CO2 was investigated in a 
study conducted under controlled conditions. In the con-
trol experiment, the reaction temperature was maintained at 
30 °C, while all other parameters, including catalyst mass, 
total pressure, batch time, and impeller speed, were kept 
constant. The same experimental setup was maintained 
throughout the investigation, with an optimal catalyst load-
ing of 200 mg/batch, a total pressure of 30 bar, and a molar 
ratio of 2:1 (MeOH:CO2). Three specific reaction tempera-
tures—90, 110, and 120 °C—were chosen to thoroughly 
examine the temperature dependency of the reaction, ena-
bling precise monitoring of the kinetic regime. The opti-
mal catalyst loading and reactant molar ratio selection were 
based on prior optimization studies and initial experimental 
results. The 200 mg/batch catalyst loading yielded the most 
efficient yDMC within the earlier identified optimal range 
of 200–300 mg/batch. Additionally, the molar ratio of 2:1 
(MeOH:  CO2) ensured the appropriate stoichiometry to favor 
the formation of DMC without excessive reactant consump-
tion. The results of the temperature-dependent experiments 
are presented in Fig. 7.

As observed, the yDMC exhibited a notable trend with 
respect to temperature variations. At the lowest tempera-
ture, 90 °C, the yields were relatively moderate. As the 
temperature was elevated to 110 °C, the yDMC gradually 

Fig. 6  Effect of total pressure on yDMC(CO2-free basis). Cat. mass: 
200 mg, temperature: 110 °C, and MeOH:  CO2 = 2 (molar)

Fig. 7  Effect of temperature on yDMC(CO2 free basis). Cat. mass: 
200 mg, total pressure: 30 bar, and MeOH:  CO2 = 2 (molar)
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increased. The most intriguing finding was that the reac-
tion rates reached their highest point at 110 °C, indicating 
the optimum temperature for this direct synthesis process. 
At 120 °C, the yDMC exhibited a reduction of 50%. This 
phenomenon may be attributed to the slightly exothermic 
nature of the reaction at higher temperatures, which results 
in a decrease in reaction efficiency. At elevated tempera-
tures, the system’s thermal energy might promote side reac-
tions or alter the reaction pathway, thereby contributing to 
decreased yDMC . Moreover, the complex interplay of various 
factors, including thermodynamics, kinetics, and diffusion 
limitations, can influence the reaction rates in different tem-
perature regimes. The rate-determining step might shift at 
higher temperatures, impacting the overall reaction kinetics 
and reducing conversion efficiency.

3.3.4  Elimination of Internal and External Mass Transfer 
Diffusion Limitation

To mitigate the influence of external mass transfer limita-
tions, deliberate efforts were undertaken to enhance the 
catalyst’s contact with the bulk media. This was achieved 
through experimentation involving variations in the impeller 
speed within the reactor while maintaining the optimal cata-
lyst loading. Specifically, the kinetic experiments systemati-
cally employed impeller speeds of 150, 300, and 600 rpm. 
Table 2 presents the yDMC obtained at these different stir-
ring rates. The experimental data demonstrates that the yDMC 
reaches a saturation point irrespective of the impeller speed, 
suggesting that external mass transfer limitation does not 
impact the reaction.

To assess the impact of internal mass transfer limitations 
on the catalytic direct DMC synthesis. As catalyst particle 
size is a critical factor influencing the internal diffusion pro-
cess, different catalyst particle sizes were tested. By segre-
gating the catalyst into two sizes (50–150 mesh and >150 
mesh), we aimed to discern potential correlations between 

particle size and reaction rates. We focused our investigation 
on two specific catalyst particle sizes, which were obtained 
from Sigma Aldrich and used as is. Table 3 presents the 
yDMC for the two catalyst particle sizes, showing a slight dif-
ference in yDMC and thus indicating the presence of internal 
mass transfer diffusion limitations within the catalyst par-
ticles. The implications of these findings can be attributed 
to the characteristics of the  CeO2 catalyst. According to the 
supplier’s specifications, the crystallite size of the  CeO2 is 
approximately 50 nm, while the BET surface area meas-
ured 28  m2/g, revealing a type-IV adoption isotherm with a 
mesoporous structure. Theoretically, the presence of a net-
work of pores within the catalyst particles, as demonstrated 
by the hysteresis loop in the isotherm, might suggest the 
possibility of internal diffusion constraints. Based on this 
study, our kinetic experiments were conducted with catalyst 
particles of size >150 mesh.

3.4  Kinetic Model and Equilibrium Constant

3.4.1  Equilibrium Constant

The equilibrium constant is a fundamental concept in chemi-
cal thermodynamics, playing a crucial role in understanding 
the state of chemical reactions at equilibrium [29]. Equilib-
rium constant is expressed based on the fugacity or activ-
ity of the reactants and products. Fugacity, representing the 
escaping tendency of a substance from its current phase, 
and activity, reflecting the effective concentration in non-
ideal solutions, provide essential insights into the behav-
ior of chemical species in diverse conditions such as high 
pressures, low temperatures, or concentrated solutions. By 
accounting for deviations from ideal behavior, the equilib-
rium constant, involving fugacity or activity constants, offers 
a more refined and precise depiction of the equilibrium posi-
tion. Santos et al. [21] estimated the equilibrium constant for 
DMC synthesis from MeOH and  CO2 using both ideal and 
real gas models. Their findings indicated that the ideal gas 
model provided a more accurate estimation of the equilib-
rium compared to the real gas model. However, the direct 
synthesis of DMC at lower pressure has been shown to be 
significantly influenced by liquid–vapor equilibrium, and 
assuming an ideal gas may introduce some inaccuracies. 
Despite this consideration, for the sake of simplicity, an ideal 
gas model was utilized in this work, assuming unity for the 
fugacity term in the calculations.

The Gibbs Free Energy minimization method was 
employed for the initial assessment of reaction equilibrium, 
and the results are depicted in Fig. 8. This figure illustrates 
the maximum attainable thermodynamic equilibrium yDMC 
under normal reaction conditions, spanning temperatures 
from 50 to 200 °C and pressures ranging between 5 and 
100 bars.

Table 2  Effect of external mass transfer on yDMC(CO2 free basis)

Catalyst mass (mg) Time (h) RPM yDMC

200 2 150 0.10
200 2 300 0.11
200 2 600 0.10

Table 3  Effect of internal mass transfer on yDMC(CO2 free basis)

Catalyst mass 
(mg)

Time (h) Particle yDMC

(mesh) (micron)

200 2 50–150 297–89 0.07
200 2 > 150 < 89 0.11
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As shown in Fig. 8, even under relatively high tempera-
ture and pressure conditions that could yield supercritical 
phase conditions, the conversion toward DMC remained 
below 1%. Corroborating with the previous literature [2], 
these results imply the need for process modification and/or 
reaction modification, which would result in higher conver-
sions towards DMC. Notably, the low conversion towards 
DMC is due to the “equilibrium lock” created by the equiv-
alent production of water as a by-product in the reaction. 
Therefore, process modification—such as the RD in which 
water may be continuously removed or using a dehydrating 
agent for in-situ water removal—would result in an equilib-
rium push toward DMC as the desirable product.

3.4.2  Kinetic Model

The catalytic direct synthesis of DMC can be expressed as 
follows:

The direct synthesis of DMC via the L–H mechanism 
entails the catalytic transformation of MeOH and  CO2. The 
L–H mechanism proposes that the reaction rate depends on 
the reactants’ adsorption on the catalyst’s surface and their 
subsequent interactions at the active sites [22, 23]. The com-
petitive adsorption between MeOH and  CO2 adds complex-
ity to the kinetics, distinguishing it from simple single-step 
reactions.

In the catalytic direct synthesis of DMC, three stepwise 
reactions occur. (i) adsorption: the first step involves the 
adsorption of MeOH and  CO2 molecules onto the active 
sites of the catalyst surface. During this stage, the reactants 
interact with the catalyst’s active sites, forming adsorbed 
species. (ii) surface reactions: Once adsorbed, the acti-
vated methoxy compound and the surface-bound  CO2 spe-
cies undergo surface reactions on the catalyst. This surface 
reaction step involves the transformation of the adsorbed 
species into intermediate species, such as surface methoxy-
carbonate complexes. (iii) desorption: Following the surface 
reactions, the resulting DMC and water molecules desorb 
from the catalyst surface into the bulk reaction media. This 
desorption step completes the primary reactions and allows 
the liberated DMC and water to diffuse away from the cata-
lyst surface. Each step is considered an elementary reaction, 
with one notable distinction being the substitution of species 
concentrations with their corresponding partial pressures. 

(r.1)

2CH
3
OH + CO

2
−⇀
↽−
(
CH

3
O
)
2
CO + H

2
OΔHr = −24

kJ

mol
= −546

kJ

kg

Fig. 8  A plot of thermodynamic yDMC(CO2 free basis) as a func-
tion of temperature and pressure in the range of 50–200  °C and 
5–100 bars, respectively. The plot presents thermodynamic targets at 
various operating conditions and at stoichiometric feed

Table 4  Reaction mechanism for direct synthesis of DMC [21]

Step no Step description Reaction

Step 1 The adsorption of CO
2

CO
2
+ ∗

kf1
−−⇀
↽−−

kb1

CO
2
∗

(r.2)

Step 2 The adsorption of MeOH
M+ ∗

kf2
−−⇀
↽−−

kb2

M∗

(r.3)

Step 3 The surface reaction between adsorbed MeOH and 
CO

2 CO2∗ + 2M*

kf3
−−⇀↽−−

kb3
DMC* + H2O.∗ + ∗

(r.4)

Step 4 The desorption of DMC
DMC*

kf4
−−⇀
↽−−

kb3

DMC + ∗

(r.5)

Step 5 The desorption of H
2
O

H
2
O*

kf5
−−⇀
↽−−

kb5

H
2
O + ∗

(r.6)
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For the direct synthesis of DMC from  CO2 over the  CeO2 
catalyst, the surface reaction has been reported in the litera-
ture to be the rate-limiting step [21, 23, 24].

The reaction mechanism, based on the L–H model for 
DMC production, is shown in Table 4.

By taking kf3 as a common factor:

by substituting kb3
kf3

 with 1
Kc

.

where KC is the surface reaction equilibrium constant.
As it is not possible to quantify the surface concentra-

tions [*] experimentally, they were expressed in terms of 
measurable quantities, where the rate expression assumed 
the following form:

Details of the derivation of rate expressions are provided 
in the supplementary document. The rate expression was 
rewritten as a function of DMC concentration as only the 
concentration of DMC was measured from the result of the 
experiment. Additionally, the rate constant ( k ) was expanded 
to its full form to include the activation energy ( Ea ) and 
activation volume ( #V  ), as seen in the following equation:

To account for the effect of pressure ( P ), a reference pres-
sure ( P

0
) with a known kinetics constant was required. This 

information was taken from previously published work on 
high-pressure direct synthesis of DMC kinetics by Santos 
et al. [21]. The adsorption terms for DMC and MeOH were 
neglected for parameter optimization in this study as both 
materials exist in very low concentrations and were not 
expected to influence the adsorption term significantly. The 
activation energy and the adsorption equilibrium constants 
were obtained from literature (Santos et al. [21]) and substi-
tuted in the model. Activation energy is not typically a func-
tion of pressure, but it is a function of the catalyst systems. 
The activation energy for the ceria catalyst, as reported in 
the study by Santos et al. [21], aligns with findings from 
other research on ceria catalysts in the direct synthesis of 
DMC [22, 23].Consequently, we have adopted this value in 

(3)−rSR = kf3(
[
CO

2
∗
]
[M ∗]

2
−

kb3[DMC ∗][H
2
O ∗][∗]

kf3
)
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2
∗
]
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2
−
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H
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)
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)
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PCO2

)
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(
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our study. The remaining kinetic parameters to be estimated 
were k , Keq, and #V .

In this paper, the focus was on the development of a 
kinetic model for a low-pressure system. The surface reac-
tion step was initially considered as the rate-limiting step. 
However, the possibility of the adsorption and desorption 
steps functioning as rate-limiting was also investigated. The 
supplementary document provides a comprehensive deriva-
tion of the alternative scenarios conducted to examine this 
aspect in detail.

3.4.2.1 Parameter Optimization The kinetics parameters 
were adjusted using the low-pressure (10–30 bars) experi-
mental data through minimization of the mean absolute 
percent error (MAPE) between the estimated DMC mole 
fraction ( xmi ) obtained from the kinetic model and the DMC 
mole fraction obtained experimentally ( xei).

where xmi is the model-predicted DMC mole fraction on a 
 CO2-free basis and xei is the experimental DMC mole frac-
tion on a  CO2-free basis.

To assess the mole fraction of DMC on a  CO2-free 
basis, the fundamental principles of Dalton’s law and the 
assumption of an ideal gas mixture were employed. The 
mole fraction of DMC (denoted as xi ) was derived from 
the following relation:

(7)MAPE =
1

n

∑
i

||||
xei − xmi

xei

|||| × 100

(8)xi =
2 ∗ PD

PM

Fig. 9  Surface reaction dynamics: the model-fitted and experimen-
tally measured DMC concentrations over time in three distinct pres-
sure conditions (10, 20, and 27.5 bar)
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where PD is the partial pressure of the DMC and PM is the 
initial partial pressure of the MeOH.

The ordinary differential equation (ODE), represented 
by Eq. 6 (surface reaction rate equation), and the adsorp-
tion and desorption rate equation outlined in the supple-
mentary document were solved in R Studio using the direct 
factorization methods for linear systems, the “dsolve” 
package, which applies the Livermore Solver for Ordi-
nary Differential Equation, “lsoda,” to integrate the ODE 
function [30, 31]. Utilizing the Broyden–Fletcher–Gold-
farb–Shanno method, the solver function was then nested 
in an optimization function based on the “optim” pack-
age, which is a quasi-Newtonian optimization method. 
The optim function was set to minimize the MAPE 

between experimental and model DMC concentrations, 
as described in Eq. 7. The optimized kinetic parameters 
provided a reasonable estimate for DMC concentrations 
in the ranges studied in this work, with a MAPE of 17% 
for kinetics models and the surface reaction functioning 
as the rate-limiting step. Figure 9 shows the model and 
experimental DMC concentrations over time in three dif-
ferent pressure conditions, drawn from experimental data 
and the developed surface-reaction-limited kinetics model.

For the adsorption reaction, the studied DMC concentra-
tions within the investigated ranges exhibited a MAPE of 
30%, as depicted in Fig. 10. A higher MAPE value of 30% 
indicated that a mechanism based on the surface reaction 
as the limiting step is more likely than the reaction being 
limited by the adsorption of  CO2.

The experiments described in this section were under-
taken to establish a suitable kinetic model that adequately 
describes the desorption kinetics under study.

Notably, the presentation of fitting data and direct com-
parison for the desorption reaction was intentionally omit-
ted to concentrate on the fundamental aspects of the inves-
tigation. By quantitatively analyzing the MAPE values 
between the surface reaction and  CO2 adsorption-reaction, 
it becomes evident that the direct DMC synthesis predomi-
nantly adheres to reaction kinetics, with surface reactions as 
the rate-limiting step. Consequently, kinetic parameters spe-
cifically pertaining to the surface reaction were rigorously 
estimated, and the resultant values are elucidated in Table 5.

3.4.2.2 Kinetics Validation with  Experimental Data Utiliz-
ing the regressed kinetics parameters in Sect.  3.4.2.1, the 
kinetics model in equation Eq.  5 was implemented in a 
CSTR model in ASPEN Plus V 14 [30]. The CSTR model 
closely mirrors the reaction system utilized in this study, 
discussed in Sect. 2. The CSTR model was configured using 
an Langmuir–Hinshelwood-Hougen-Watson (LHHW)-type 
kinetics reaction programmed separately in ASPEN kinet-
ics. In our LHHW modeling, we used a continuous stirred-
tank reactor (CSTR) with a total catalyst weight of 200 mg, 
consistent with our experimental setup, and maintained a 
reactor volume of 100 mL. The kinetics run was conducted 
in the same experimental conditions as depicted in Fig. 4, 
and the results were obtained both in the vapor phase and 
liquid phase. The Soave–Redlich–Kwong fluid package was 

Fig. 10  CO2 adsorption reaction dynamics: a comparative study of 
model-fitted and experimentally measured DMC concentrations over 
time in three distinct pressure conditions (10, 20, and 27.5 bar)

Table 5  Optimized kinetics 
parameters via low-pressure 
experimental data: MAPE 
between estimated and 
experimental DMC mole 
fractions

Kinetics 
parameters

Adjusted value

K 1.1510–3

#V −3.776 ×  10–4

Keq 11.5 ×  10–14

K1ads 1.0 ×  10–6

K2ads 1.1 ×  10–7

Table 6  Tabular representation 
of the kinetics prediction and 
comparison with experimental 
data at temperatures of 90 °C, 
110 °C, and 120 °C. The 
pressure was at 30 bar in all 
conditions

Kinetics model, CSTR yDMC(CO2 free basis), 
kinetic, (liquid phase)

yDMC(CO2 free basis), 
exp., (liquid phase)

% Diff (liquid 
kinetics. vs. liquid 
exp.)

90 °C; 30 bar 0.0473 0.102 −115.26
110 °C; 30 bar 0.0611 0.103 −68.47
120 °C; 30 bar 0.0599 0.048 19.90
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used because the literature has found it has an accurate pre-
dictability for the DMC reaction system [32]. The kinetics 
model developed in this work was tailored for low-pressure 
conditions that are predominantly gas phase; therefore, the 
predictability of the model will be superior in gas phase 
conditions. Nevertheless, the model predicts fairly in liq-
uid phase conditions, specifically, in low-liquid high-vapor 
fraction conditions. As only the liquid sample was analyzed 
from the experimental results in the CSTR model, the com-
parison presented in Table  6 is between the liquid phase 
prediction from kinetics and the experimental liquid phase 
results only.

At a low temperature of 90 °C and a pressure of 30 bar, 
the model prediction deviated significantly from the experi-
mental data by −115%, due to the high liquid and low vapor 
phases. The error narrowed as the temperature increased and 
the phase split shifted more towards the vapor phase. This 
was also observed in comparing the thermodynamics and 
kinetics results shown in Table 7. As depicted, the highest 
deviation was at 90 °C, which was the high-liquid, low-vapor 
condition. Remarkably, the deviation between the thermo-
dynamics and kinetics prediction at 120 °C was below 5%, 
suggesting the model’s efficacy in predicting vapor phase 
conditions.

The condition of low pressure and high temperature is 
favorable for the vapor phase. Therefore, the developed 
kinetics model is expected to provide the highest accuracy 
in predicting yDMC in this condition. As the low-pressure, 
high-temperature condition corresponds to the vapor phase 
(or higher vapor fraction) and considering that the developed 
kinetics model achieves reasonable accuracy under these 
conditions, the developed kinetic model can be confidently 
used for estimating yDMC in vapor phase scenarios. How-
ever, for liquid phase conditions, the high-pressure model 
proposed by Santos et al. [21] is more appropriate. Although 
our current kinetics model employs a mechanism similar to 
that described in Santos et al. [21], the kinetic parameters in 
our model are specifically tailored to fit experimental data 
obtained under low-pressure conditions.

4  CO2 Footprint Analysis

Calculating the  CO2 footprint for chemical processes, espe-
cially the direct DMC synthesis process, serves several 
important purposes. Firstly, such a calculation allows for 
quantification of the environmental impact of the process, 
thereby providing valuable insights into its sustainability. By 
understanding the amount of  CO2 emitted or utilized during 
DMC synthesis, an assessment of its contribution to climate 
change and identification of opportunities for improvement 
are possible.

Secondly,  CO2 footprint calculation is crucial in evalua-
tion of the efficiency of the direct DMC synthesis process. 
Footprint calculation helps determine the extent to which 
 CO2 is effectively utilized as a feedstock, thereby optimizing 
resource utilization and minimizing waste. This information 
is invaluable for enhancing process efficiency and reducing 
overall environmental impact.

By quantifying the  CO2 emissions associated with direct 
DMC synthesis, environmental performance comparisons 
can be made with other synthesis routes, and opportunities 
for innovation and improvement can be identified. Further, 
 CO2 footprint assessment broadens the scope of CCU initia-
tives. Therefore, through the assessment of the  CO2 footprint 
of the direct DMC synthesis process, a pathway is paved for 
integration of CCU strategies aimed at achieving both envi-
ronmental and economic sustainability. For a CCU process 
to achieve net  CO2 fixation, the CO2Fix must be > 1. The 
model for the CO2Fix contains several parameters that are 
based on process design considerations, such as the extent 
of heat integration, unit efficiencies, and choice of cooling 
technologies for exothermic reactions [25]. By assuming no 
heat integration and ideal unit efficiencies, the CO2Fix can 
be calculated using the following equation:

where xCO2
 is the mass fraction of the  CO2 in the feed stream 

[kg  CO2/kg feed]. It should be noted that the yDMC discussed 
in the previous sections is equal to  CO2 conversion discussed 
in this subsection. This is based on the fact that as per the 
stoichiometric equation, the quantity of the  CO2 converted 

(9)CO2Fix =
xCO2 ∗ XCO2

Q ∗ � +W ∗ �

Table 7  Comparison between thermodynamics and kinetics results

Condition Thermo yield, 
 CO2 free basis

yDMC(CO2 free basis), 
kinetic, (liquid phase)

yDMC(CO2 free basis), 
kinetic, (vapor phase)

Overall kinetics % Diff (thermo vs. 
overall kinetics)

% Diff (thermo 
vs. kinetics vapor 
phase)

90 °C; 30 bar 0.0977 0.0473 0.0551 0.0547 78.491 77.424
110 °C; 30 bar 0.0791 0.0611 0.0714 0.0704 12.350 10.779
120 °C; 30 bar 0.0733 0.0599 0.0699 0.0685 7.043 4.814
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is equivalent to quantity of DMC produced. XCO2
 is the con-

version of the subject reaction, � is a measure of  CO2 pro-
duced per unit of supplied energy  [kgCO2/kJ],Q is the energy 
required to heat the feed to the reaction temperature [kJ/kg 
feed], and W  is the energy required to pressurize the feed to 
the reaction pressure [kJ/kg feed].

Additionally, when the feed materials are sourced from 
off-site locations, the compression and heating duties can be 
estimated as functions of the reaction pressure and tempera-
ture, respectively, using Eq. 10 and Eq. 11.

where P is the pressure in bars and T  is the temperature in 
°C.

As compression of fluids at high pressures can be energy 
intensive, running the reaction at higher pressures will lead 
to more  CO2 emissions than lower pressures. Utilizing the 
methodology developed by Ibrahim et al. [25] to estimate 
compression duty based on reaction pressure, the compres-
sion duties were estimated to be 944 kJ/kg and 713 kJ/kg 
for reactions conducted at 150 bar and 30 bar, respectively. 
Figure 11 depicts two pressure scenario comparisons for the 
 CO2Fix potential of direct synthesis of DMC.

Using natural gas-based electricity as the power source 
and incorporating the specified heating and compression 
duties, the minimum requisite conversion for achieving 
 CO2 fixation (CO2Fix = 1) during operation at 150 bar was 
40% (solid black circle in Fig. 11). When the reaction was 
operated at 30 bar, the minimum required conversion to 
reach  CO2 fixation was 27% (dotted black circle in Fig. 11). 

(10)Q = 1.1272 × T − 61.59

(11)W = 210.17ln(P) − 109.53

However, both these required conversions are well outside 
the range of equilibrium conversions seen in Fig. 6. If the 
equilibrium is shifted through in-situ product removal, 
the conversions can be boosted to the values required for 
 CO2 fixation. The CO2Fix analysis of direct DMC synthe-
sis using Eq. 9 indicates that the fixation potential is likely 
greater in low-pressure operations compared to high-pres-
sure ones. However, it is important to conduct the CO2Fix 
analysis again under equilibrium-shifted conditions, as the 
dependency on pressure in a conversion occurring under 
such conditions may lead to improved fixation under high-
pressure conditions.

5  Conclusions

This study presented a kinetic model for directly synthesiz-
ing DMC over nano-CeO2 catalyst powder in low-pressure 
conditions. The observed low yDMC , below 1%, align with 
previous research and emphasize the need for adjustments 
to the process to increase DMC production. This challenge 
arises from an “equilibrium lock” caused by simultaneous 
water production, which hinders the formation of DMC. 
Process modifications, such as reactive distillation or in-
situ water removal using dehydrating agents, could shift 
the equilibrium towards increased DMC production, even 
when employing milder temperature and pressure condi-
tions. The kinetics model introduced in this study helps 
predict outcomes under these different temperature and 
pressure conditions, which varies from previous studies 
focusing on high-pressure supercritical conditions. The 
developed kinetics model is specifically tailored for low-
pressure, gas-phase conditions. Additionally, it performs 
reasonably well in liquid-phase scenarios with low liquid 
and high vapor proportions, but the most accurate predic-
tions are provided in gas-phase conditions.

As only liquid samples were used in the experiments, 
the comparison was limited to the kinetics model’s pre-
dictions for the liquid phase. Notably, at a low tempera-
ture of 90 °C and a pressure of 30 bar, the kinetics model 
exhibited a significant deviation of −115% due to the high 
liquid-to-vapor ratio. This discrepancy decreased as the 
temperature increased and the system shifted more toward 
the vapor phase. Interestingly, at 120 °C, the difference 
between thermodynamics and kinetics predictions was less 
than 5%, showcasing the model’s precision in forecast-
ing vapor-phase conditions. Moreover, when comparing 
the predictions from the kinetic model with the experi-
mental data, a MAPE of 17% was evident, indicating a 
notable degree of predictability. Finally, the CO2Fix cal-
culation demonstrates that, at a 27% conversion rate, the 
process can reach a net zero state at an operational pres-
sure approximating 30 bar. Elevating the conversion rate 

Fig. 11  CO2Fix data for two pressure scenarios. At 30 bar, the con-
version required to achieve a CO2Fix of 1 was 27%; at 150 bar, the 
required conversion was 40%
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to higher levels yields a substantial increase in the CO2Fix 
metric, potentially reaching values in the vicinity of 3.5 or 
greater at conversion rates surpassing 95%.
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