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ABSTRACT

To alleviate detrimental effects associated with anthropogenic emissions, the use of CO and H> as
feedstocks for their conversion to associated with dimethyl ether (DME) with tandem catalysts is
an attractive and sustainable route. First, we investigated, for the first time, the catalytic activity
of bifunctional admixtures of Cu-ZnO-ZrO, (CZZ) and a silicoaluminophosphate, SAPO-34, for
CO2 hydrogenation to DME, and optimized their reactivity with an emphasis on identifying
optimum synthesis conditions for CZZ including Cu:Zn:Zr molar ratio, and ageing and calcination
temperatures. The highest methanol (MeOH) productivity (10.8 mol kgea! h') was observed for
CZZ-611 aged at 40°C and calcined at 500°C. When coupled with SAPO-34, CZZ/SAPO-34
reached 20% CO; conversion and 56% DME selectivity at optimized conditions (260°C, 500 psig,
and 2000 mL gczz! h'') and was stable for 50 h time-on-stream. Next, we performed kinetic
modeling to translate lab-scale findings to industrial packed-bed reactors followed by a techno-
economic analysis (TEA) with cradle-to-gate environmental footprint evaluation to evaluate its
industrial applicability. TEA of a 20,000 tpy DME plant revealed raw material costs as the main
operating costs drivers (H2 cost comprises 47% of total cost). Considering green H» ($4/kg Hb)
and captured CO; as feed, the minimum DME selling price (MDSP) was $3.21/kg, ~3.6x higher
than market price ($0.88/kg). MDSP drops to $1.99/kg with grey H> ($1/kg Hz) and fluctuates
+5$0.14 with changes in CAPEX (£30%) and other economic factors. The plant’s carbon footprint
was mainly affected by H> source. Green and grey Ha resulted in emissions of 0.21 and 4.4 kg CO»
eq/kg DME, respectively. Importantly, negative carbon-footprint can be achieved by using green
H> and COz captured directly from air. Overall, our work showed tandem catalysis as a promising
approach towards sustainable DME production and identifies the pathway towards making it cost-

competitive with fossil-fuels.
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INTRODUCTION

Anthropogenic carbon dioxide (CO2) emissions have negatively impacted our environment
resulting in rapid climate change caused by the increase in global surface temperatures.! Efforts to
mitigate the effects of these emissions include the capture of CO> from point sources such as,
industrial emissions or directly from the air, to prevent any further rise in atmospheric CO2 levels.>
3 The captured CO, can be stored or utilized directly in chemical processes as a feedstock.
Recently, interest has been drawn to the latter option, broadly classified as carbon dioxide
utilization (CDU) techniques.* > Among many CDU techniques, the conversion of CO; as a
feedstock to produce chemicals and fuels including methane, light olefins, paraffins, and alcohols,
provides a potentially cleaner production route, compared to the fossil-based sources.®”
Specifically, the conversion of CO> to dimethyl ether (DME) is attractive, as DME can be utilized
as a clean alternative to fossil fuels and used as a hydrogen (Hz) carrier.* 1% ! Its non-toxic and
non-carcinogenic properties together with its high-cetane number, good flammability, and ability
to combust with minimal soot has made it desirable as a cleaner alternative to diesel.!?"!3
Importantly, DME can be stored and handled as a liquid, similar to LPG as it forms a liquid phase
at pressures above 0.5 MPa, and therefore, can be transported and stored using existing
infrastructure.'? This property makes DME more desirable as a H» carrier, as it can produce H»

through steam reforming and potentially addresses the challenges associated with H» transportation

and storage.*

The catalytic conversion of CO; and Hz to DME requires two unique active sites — (1) a metal
oxide for the hydrogenation of CO, to methanol (MeOH) (Equation 1 below) and (2) an acid site
to dehydrate MeOH to DME (Equation 2).!¢ This can be achieved stepwise, via two reactors,

known as the indirect method, or simultaneously in one reactor (the direct method) using physical
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or hybrid mixtures of the two catalysts.!” The direct method has been the focus of several studies
as it holds specific advantages such as the integration of the reaction into one single-reactor, thus
reducing equipment requirements and costs.'® However, combining two catalysts in one reactor

has its own challenges that need to be addressed.

CO> hydrogenation: CO, + 3H, = CH30H + H,0 AH = —49.5 k] /mol (1)
Methanol dehydration: 2 CH;0H = CH3;0CH; + H,0 AH = —23.4 k]/mol (2)
Reverse-water gas shift: CO, + H, = CO + H,0 AH = +41.2 kJ/mol 3)

In a direct method, the compatibility between the metal oxide and the acidic catalyst is critical
as both operate at the same temperature (e.g., 260 °C). Hence, a metal oxide with a good activity
for CO2 hydrogenation, for example at 260°C, should be paired with an acidic catalyst that is active
and highly selective to DME at the same temperature.'®* 2 Under the same conditions as DME
synthesis, CO; can also undergo the reverse-water gas shift (rWGS) reaction (Equation 3),
producing carbon monoxide (CO) as a byproduct. This introduces one of the main challenges
associated with DME synthesis via CO2, namely, controlling the yield and selectivity to DME. The
endothermicity of the rWGS reaction necessitates the need for low reaction temperatures (e.g., 200
- 260°C) for its suppression to achieve high DME selectivity.* However, with low MeOH
formation rates at these temperatures, this comes at the cost of decreased DME yields.!® For this
reason, development of a metal oxide catalyst which shows high activity at low reaction
temperatures is critical to the success of the pathway. In addition, the stability of the catalyst plays
an important role. Due to the formation of water as a byproduct, the catalysts should have good
resilience to water and maintain their activity for long hours of operation. Therefore, considering
all these factors is important for determining and designing the tandem catalysts for the conversion

of CO2 to DME.
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One of the catalysts that is widely used for the hydrogenation of CO; is Cu-ZnO-Al,03 (CZA).?!
Cu/ZnO-based catalysts have been shown to be effective for CO2 hydrogenation to MeOH
especially with a structural promoter such as Al,Os which improves reactivity.?> However, the
hydrophilic nature of Al,O3 makes it susceptible to poisoning by water formed during the
reaction.”® 2* Recent studies have shown ZrO; to be a promising support and promoter that can
potentially replace Al,O3, resulting to Cu-ZnO-ZrO> (CZZ), due to its weaker hydrophilic
character which helps inhibit poisoning by water.”> The Cu/ZrO; interfaces in CZZ are said to

promote adsorption of CO»*

and improve H» dissociation and atomic hydrogen (H) spillover
which overall results in increased MeOH synthesis activity.?® Despite the better compatibility of

ZrO7 with Cu/ZnO for the hydrogenation of COz, the properties and reactivity of the catalyst still

heavily relies on the synthesis methods.

Several studies have tested different synthesis procedures and conditions which resulted in
different structures and activities of the generated CZZ catalyst. The precipitation methods, ageing
temperature, calcination temperature, and molar composition are some of the parameters that
significantly affect the final structure and activity of CZZ. For example, while Raudaskoski et al.,
using a co-precipitation technique, showed that longer ageing times (24 h) at 80°C after
precipitation of CZZ can improve CO; conversion and MeOH selectivity,?’ Li et al. showed that
calcination temperatures can affect crystallinity and surface composition of CZZ, affecting the
catalyst reactivity.”® Other works have also investigated the effect of Cu/Zn/Zr ratio on the
reactivity of CZZ. For example, while Arena et al. reported that CZZ synthesized through the
citrate method had the most activity with a Cu:Zn:Zr mole ratio of 2.1:7.2:0.7,% Witoon et. al.

synthesized CZZ through the reverse co-precipitation method and reported that a 4:3:3 mole ratio
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of Cu:Zn:Zr had the most MeOH productivity.*® Although reactivities similar to CZA have been
achieved for CZZ, it is still unclear which set of synthesis conditions (e.g. ageing temperature,

calcination temperature, and CZZ composition) results to the highest yield of MeOH.

Meanwhile, the dehydration reaction is typically catalyzed by acid sites present on either alumina
(A1203) or zeolites (e.g., HZSM-5). Particularly, zeolites have been extensively studied for CO; to
DME conversions as they demonstrate good stability in presence of water (H20, a product of
methanol synthesis) and high activity even at moderate temperatures (200-260°C).>! Most studies
have focused on using medium-pore and large-pore zeolites such as FER and ZSM-5,
respectively.'® 3234 However, given the small molecular size of DME, small pore zeolites could
also be used without any detrimental effects from steric hinderance. An 8-membered ring zeotype,
SAPO-34 (a silicoaluminophosphate), has shown good activity for MeOH dehydration to DME,
reaching equilibrium conversions (~88%) even at low temperatures (250°C)*> 36, which
corroborates the potential of SAPO-34 to be applied in direct CO> hydrogenation to DME.
Nonetheless, to the best of our knowledge, SAPO-34 has not yet been tested for the direct (single
reactor) CO> to DME conversion. In addition, most studies on the direct CO> to DME conversion
using tandem catalysts only focus on the laboratory-scale catalytic performance.’!: > The
economics and carbon footprint analyses of the industrial process are often disconnected from
laboratory advances with these studies often performed later, often separately by other research

groups.

To that end, in this work, for the first time, we report the activity of a CZZ/SAPO-34 bifunctional
system for CO> hydrogenation to DME and optimize the parameters and conditions that would
maximize the yield of DME. This work reports the following major points: (1) synthesis

parameters and composition of CZZ that maximize CO, to DME conversion, (2) effect of active
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site proximity between the CZZ and SAPO-34, and reaction conditions on the productivity of
DME, (3) kinetic model and parameters fitting for the direct CO> to DME reactions over a
CZZ/SAPO-34 catalytic system, (4) economic factors that drive the CO, to DME technology, and
(5) a cradle-to-gate carbon footprint analysis of the process considering different feed sources.
Notably, we directly investigated the kinetics of the reactions using our experimental data and
applied this to a process model to generate an economic and carbon footprint analysis of the
process, thereby providing a complete holistic perspective and pointing out possible challenges
that this technology may face during scale-up. Taken together, this work provides a holistic picture
of the CZZ/SAPO-34 system from its activity in the laboratory-scale up to its application and

impacts on an industrial scale.
RESULTS
1. Catalytic Performance of CZZ for MeOH synthesis

The synthesis parameters of CZZ can greatly affect its textural and physicochemical properties
which may ultimately affect its ability in converting CO2 to MeOH. The synthesis method applied
in this work utilizes a co-precipitation technique.?’ To optimize the activity of CZZ, synthesis using
different ageing (40°C and 80°C) and calcination temperatures (350°C, 500°C, and 600°C) were
investigated as these parameters can significantly impact the crystallinity and surface structure of
the precipitated catalyst.”® >’ Based on detailed catalyst testing, an ageing temperature of 40°C and
calcination temperature of 500°C resulted in the CZZ with the highest MeOH yield. Details on this
can be found in section S2 of the supporting information. The optimum ageing and calcination
temperatures were then used in synthesizing CZZ catalysts with varying compositions, which
played a major role in the conversion of CO; to MeOH. We note that all catalyst evaluation was

carried out with negligible mass-transfer limitations (see section S4 in SI).
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The different compositions of CZZ and their corresponding MeOH yields were investigated and
shown in Table 1. The catalysts are denoted as CZZ-XYZ where X, Y, and Z refers to the molar
ratio of Cu, Zn, and Zr, respectively. The Cu:Zn ratio was initially varied among 2:5, 4:3, and 6:1
while maintaining the Zr molar ratio at 3 (CZZ-253, CZZ-433, and CZZ-613, respectively). The
Zr content was then adjusted (CZZ-611, CZZ-613, and CZZ-615) with a constant Cu:Zn ratio of
6:1. These range of compositions tested were based on compositions used in previous studies.?®3%
33,37 The reactivity of the five unique compositions of CZZ (summarized in Table S8) was
investigated at 240°C, 500 psig, 18000 mL gczz!' h! and the results are summarized in Table 1.
Data for reaction temperatures of 220°C, 260°C, and 280°C are also available in Figure S4. Across
all temperatures, it was observed that MeOH yield goes up with increasing Cu content of CZZ
which suggests that Cu plays an important role in MeOH synthesis. To further identify how Cu
participates in the reaction, CuO/SiOz (at room temperature) and ZnZrOx support were tested at
the same conditions. Both CuO/SiO2 and ZnZrOx showed minimal activity for MeOH synthesis
implying that Cu on its own is not efficient in producing MeOH and MeOH formation most likely

happens in the Cu/Zn and/or Cu/Zr interface, in line with previous works,?? 26 38,39

Table 1. Properties and catalytic activity (240°C, 500 psig, 18000 mL gczz' h') of CZZ with
different compositions.

CO»
. . MeOH desorbed’
Xco,"  Smeon” o* d H>
Catalyst  (%molc  (%molc/ STY 1 deuo SBQET consumed® (pmol
/mol) molc) (mol kgca (nm)  (m“/g) (mol Ha/kgen) CO2/gcat)
¢ h'h) o [umol
CO2/gcu]
CZZ7Z-253 7.9 44.0 6.9 12.8 84.9 4.0 99.0[729]
CZ7-433 10.0 37.9 7.6 11.5 73.8 6.6 93.8 [344]
CZZ7Z-611 13.7 39.2 10.8 8.1 59.5 12.8 74.8 [134]
CZZ7Z-613 12.0 37.2 8.9 9.1 71.8 10.5 83.1[202]
CZZ-615 10.3 41.5 8.6 94 82.0 8.5 75.0 [231]
CuO/SiOz 1.5 37.8 1.1 16.6 143.6 9.3 n.d.
ZnZrOx 0.1 -£ 0.2 - 48.1 0.9 46.7

3CO; conversion.
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®Methanol selectivity.

“Methanol space-time yield.

dCalculated using the Scherrer equation for the (111) facet of CuO.

°Calculated from H, TPR.

fCalculated from CO, TPD.

£0nly MeOH was detected by the gas chromatograph, but it is possible that a small amount of CO
exists which is below the detection limit of the thermal conductivity detector.

Not detected.

*Carbon balances were within £3%.

To explain the reactivity differences, we looked into the powder X-ray diffraction (PXRD)
patterns, textural properties, catalyst reducibility, and CO, adsorption ability of the calcined
catalysts. Figure 1 shows the PXRD patterns of the CZZ catalysts of different compositions. Peaks
for CuO were apparent in all samples, but as Cu loading decreased these peaks became less well
defined. Interestingly, ZnO peaks were only visible in samples with the highest Zn loadings (CZZ-
253 and CZZ-433) and ZrO peaks were not visible in any CZZ samples, indicating a high
dispersion or amorphous phase of Zr. Given that the activity was mostly attributed to Cu, we
estimated the crystallite sizes of CuO particles using the Scherrer equation (for the peak of the
(111) plane of CuO (29 = 38.8°)). Looking at the crystallite sizes, higher MeOH yields were
achieved with smaller CuO crystallite sizes. This is likely due to the increased number of Cu/Zn
and Cu/Zr interfaces due to smaller Cu crystallite sizes. The peak associated with CuO broadened
with increasing Zr incorporation (CZZ-611 to 615) indicating smaller crystallite sizes for CuO.
Furthermore, lower surface areas of CZZ were observed with higher Cu content. However, activity

did not appear to vary directly with crystallite size and surface area.
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Figure 1. Powder X-ray diffraction (PXRD) patterns of calcined CZZ with different Cu:Zn:Zr
molar ratios together with the PXRD pattern of CuO/SiO; and ZnZrOx. Blue star, yellow triangle,
and green square represent CuO, ZnO, and t-ZrO; diffraction peaks, respectively. Catalysts and
their compositions (Cu:Zn:Zr:Si %emol/mol) from top to bottom: CZZ-253 (20:50:30:0), CZZ-433
(40:30:30:0), CZZ-611 (75:12.5:12.5:0), CZZ-613 (60:10:30:0), CZZ-615 (50:8.3:41.7:0),
CuO/Si02 (48.6:0:0:51.4), ZnZrOx (0:50:50:0). CZZ and ZnZrOx catalysts were synthesized via
co-precipitation with an ageing temperature of 40°C and calcination temperature of 500°C.
CuO/SiO; was synthesized via wet impregnation method and followed the same drying and

calcination procedures as CZZ.

To characterize the reducibility of the catalysts, H> temperature programmed reduction (TPR)

was performed on the calcined catalysts as shown in Figure S5 and the corresponding H:
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consumption are summarized in Table 1. A linear correlation between the Cu content of the catalyst
and H> consumption was observed (Figure 2A) with an H/Cu molar ratio of ~1.37, which is close
to the theoretical value of 1.0 for the reduction of CuO to Cu metal. There is minimal reduction
observed for ZnZrOx implying that the H2 consumption is most likely associated with the
reduction of CuO in the CZZ catalyst. The slightly higher Ho/Cu molar ratio could be attributed to
the reduction of mixed metallic oxides (e.g., Cu-Zr-Ox) formed at the Cu/Zn and Cu/Zr interfaces,
in addition to the partial reduction of ZnZrOx. Taken together, the MeOH yield of CZZ was found
to be directly correlated with the reducibility of the catalyst (Figure 2B). Catalysts with greater
reducibility could indicate the existence of more oxygen vacancies which serve as actives sites for
the reaction.*® However, this does not explain why CuO/SiO», which had high reducibility, did not
give high MeOH yields. Thus, we performed CO» temperature programmed desorption (TPD)
(Figure S6) and found that Cu supported in SiO> did not show significant CO> desorption (refer
to Table 1) which explains its low activity for CO2 hydrogenation. CZZ catalysts on the other hand
showed significant CO> adsorption behavior, ranging from 75-100 umol CO2/gca, which
demonstrated that the Cu/metal oxide interfaces likely promote the adsorption of CO: (vide infra)
resulting in higher activities. However, the CO2 adsorption ability of the catalysts was not directly
related to Cu content (refer to Table 1 CO; desorption values in square brackets) which further
proves that some ‘synergy’ among Cu, Zn, and Zr caused the improvement in MeOH synthesis
activity. Examples of these ‘synergy’ include formation of Cu/Zn or Cu/Zr surface alloys, tuning
of Ha dissociation, change in the adsorption of CO., and modification of surface properties such
as basicity or defect concentrations which ultimately improves activity to MeOH production.*

Overall, CZZ-611 had the highest MeOH yield which was used for the tandem catalyst studies.
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Figure 2. A) H, consumption during H>-TPR (mol Hz kgczz ') vs Cu content of CZZ catalyst
(mol Cu kgczz ). B) Methanol space-time yield (MeOH STY) (mol kgczz! h!) vs. Ha
consumption during Ho-TPR (mol Ha kgczz!). The catalysts are denoted as CZZ-XYZ where

X:Y:Z refers to the Cu:Zn:Zr molar ratio.

2. Catalytic Performance of CZZ/SAPO-34 Tandem System

2.1. Effect of bed configuration

The catalytic performance of CZZ/SAPO-34 tandem system was initially assessed at a
temperature of 260°C, pressure of 500 psig, and GHSV of 18000 mL gczz' h™!. We investigated
the performance of CZZ single bed (SB) and four different bed configurations of the tandem
system: dual bed (DB), granule-mixed (GM), powder-mixed (PM), and mortar-mixed (MM)

(Figure 3) which compared how the proximity of the metal and acidic active sites affected the

formation of DME.
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Figure 3. A) Schematic of bed configurations used in the study. From left to right: single bed (SB),
dual bed (DB), granule-mixed (GM), powder-mixed (PM), and mortar-mixed (MM). Yellow, blue,
and grey spheres refer to CZZ, SAPO-34, and AL2O3, respectively. Green spheres refer to the
mixture of CZZ and SAPO-34. B) Catalytic performance of CZZ/SAPO-34 tandem system of the
different bed configurations. The left axis shows product selectivity (%omolc/molc) with yellow,
blue, and green bars representing DME, MeOH, and CO, respectively. The right axis shows CO>
conversion (%molc/molc) represented by black circles. Reaction conditions: 260°C, 500 psig,
18000 mL gczz! h'!, H2:CO; ratio = 3:1, mass of CZZ = 0.5 g, CZZ:SAPO-34 mass ratio = 1:1.

Carbon balances were within £3% error.

First, we compared the activity of CZZ only (SB) and the DB tandem system. With only CZZ,
CO, was converted into CO and MeOH via the reverse water gas shift (rWGS) and CO>
hydrogenation, respectively.** At 260°C, a CO: conversion of ~16% with a MeOH selectivity of
~29% and CO selectivity of ~71% was achieved. Coupling the CZZ with SAPO-34 in a DB
configuration resulted in the conversion of MeOH to DME on the acidic sites of SAPO-34 through
a dehydration mechanism.*’ A synergetic effect can be observed when the two catalysts are placed

together in the bed at 260°C with a slight increase in CO; conversion (~17%) and a decrease in
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CO selectivity (~66%). The presence of SAPO-34 in the bed increased the overall equivalent
MeOH selectivity (MeOH + DME) from ~29% in the SB to ~34% in the DB. Looking at the
distribution of MeOH and DME in DB, ~80% of MeOH produced from CZZ was converted into
DME suggesting that SAPO-34 functions as an effective dehydration catalyst. With this, a question
now arises whether increasing the proximity between the active sites on CZZ and the acidic sites

would further improve the yield of DME.

We investigated the activity at bed configurations which have closer proximity of active sites by
mixing CZZ and SAPO-34 as pellets (GM) or powders (PM and MM). The PM and MM
configurations have roughly the same active site distances but only varied in the preparation
method. PM uses a lightly mixed catalyst mixture unlike the mortar-mixed catalyst mixture (MM)
which grinded the catalysts, allowing solid-state ion-exchange of metal ions with the Brensted acid
sites of SAPO-34.*1 At 260°C, GM, PM, and MM configurations had DME + MeOH selectivity
of ~46%, higher than the DME + MeOH selectivity from DB configuration (~34%) at the same
COz conversions (~18%). This suggests that the close contact of the active sites between CZZ and
SAPO-34 in GM, PM, and MM improved the yield to DME and MeOH. This could be due to the
faster transfer of intermediates between the active sites of CZZ and SAPO-34, allowing faster
conversions of methanol and shifting the equilibrium towards further MeOH and DME
production.*? When comparing the results among GM, PM, and MM, the closer proximity of active
sites did not show changes in activity, suggesting that the transfer of intermediates (between active
sites and inside the catalyst) in GM does not limit the reaction. It is to be noted that previous works
have reported reduced activity at very close proximity (MM) owing to the ion exchange of metal

cations with the acidic sites of the zeolite which were not observed in our results, likely due to the
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lower reaction temperature employed in this study.*>** Due to the enhanced selectivity to DME
with GM configuration and no further improvements with PM and MM, GM was chosen for further

parametric studies.

2.2. Parametric Studies

In order to determine conditions that maximize the DME yield of the CZZ/SAPO-34 tandem
system, temperature, pressure, GHSV, H»:CO» ratio, and CZZ:SAPO-34 mass ratio were varied.

Figure 4 shows the activity of the tandem system at different varied parameters.
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Figure 4. Catalytic performance of CZZ/SAPO-34 at varied A,B) temperature (220, 240, 260,
280°C), C,D) pressure (100, 300, 500 psig), E,F) H>:CO, ratio (1:1, 2:1, 3:1, 4:1, 5:1), G,H) GHSV
(2000, 6000, 12000, 18000, 24000 mL gczz' h™'), and I1.J) CZZ:SAPO-34 mass ratio (1:2, 1:1,
2:1). For Figures A, C, E, G, and I, the left axis shows product selectivity (%molc/molc) with
yellow, blue, and green bars representing DME, MeOH, and CO, respectively. The right axis shows
COz conversion (%Yomolc/molc) represented by black circles. For Figures B, D, F, H, and J, the
solid line shows DME yield from experimental data while dashed lines show equilibrium DME
yield. Base reaction conditions: 260°C, 500 psig, 18000 mL gczz™! h™!, H,:COs ratio = 3:1, mass of
CZZ = 0.5 g, CZZ:SAPO-34 mass ratio = 1:1, GM configuration. Carbon balances were within

+3% error.

Performing the reaction at an appropriate temperature is important to maximize DME yield due
to competition with the rWGS reaction. Looking at the effect of temperature (Figure 4A),
increased CO» conversions (~10% at 220°C and ~20% at 280°C) were observed at increasing
temperatures although CO selectivity (~42% at 220°C and ~60% at 280°C) became favorable due
to the endothermic nature of the rWGS reaction. In contrast, MeOH and DME selectivity dropped
due to the exothermicity of the CO hydrogenation and MeOH dehydration reactions.* '*4? Hence,
the right balance among temperature, CO2 conversion, and DME selectivity must be considered to
obtain optimum DME yields. Results showed that a reaction temperature of 260°C produced the

most DME (Figure 4B) for the CZZ/SAPO-34 system at the base reaction conditions.

https://doi.org/10.26434/chemrxiv-2025-ts81d ORCID: https://orcid.org/0000-0002-8611-7415 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-ts81d
https://orcid.org/0000-0002-8611-7415
https://creativecommons.org/licenses/by-nc-nd/4.0/

Higher CO> conversion and DME selectivity were observed with increased reaction pressure,
(Figure 4C,D) and H»:CO ratio (Figure 4E,F) which agrees with the thermodynamics of CO; to
DME conversion (Equations 1-3).!* ** The overall CO, to DME reaction involves 8 moles of
reactant with only 4 moles of product indicating that high pressure favors DME formations per Le
Chatelier’s principle. Similarly, the effect of H>:CO; ratio can be explained by Le Chatelier’s
principle. The stoichiometric ratio of H»:CO» for CO> to DME conversions is 3:1. Thus, an H»-rich

feed favors the formation of products while an H-lean feed supports the selectivity to CO.'

On the other hand, varying the GHSV (Figure 4G,H) resulted in an opposite trend compared to
pressure and H2:CO; ratio. As the GHSV was decreased, a rise in CO2 conversion (~17% at 24000
mL gczz' h! to ~20% at 2000 mL gczz!' h'!) was observed with improved DME selectivity (~32%
at 24000 mL gczz! h! to ~56% at 2000 mL gczz ' h!'). Lower GHSV increases the residence time,
allowing the system to reach its equilibrium concentrations and resulting in increased conversion
and DME yield. Meanwhile, adjusting the mass ratio of CZZ:SAPO-34 resulted in minimal
changes in performance (Figure 4I) and DME yield (Figure SJ). This suggests that MeOH
dehydration in SAPO-34 is likely fast and that the MeOH formation is controlling the kinetics of

the CO» to DME reaction.

2.3. Stability Test

We next studied the activity of CZZ/SAPO-34 for long time-on-stream (50 h) using optimized
conditions from the parametric studies (260°C, 500 psig, 2000 mL gczz ! h™!, H»:CO; ratio = 3:1,

mass of CZZ = 0.5 g, CZZ:SAPO-34 mass ratio = 2:1, GM configuration) to investigate the
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stability of the catalyst, as shown in Figure 5. Minimal changes in CO2 conversion (~20%) and
CO selectivity (~34%) were observed for 50 h. DME selectivity decreased slightly from ~60% to
~56% after 14 h and remained consistent until 50 h. Consequently, MeOH selectivity increased
from ~4% to ~10% after 9 h and stayed constant until 50 h. Initial DME and MeOH selectivity
changes could be attributed to SAPO-34 reaching steady-state in the first 14 h. Looking at the
thermo-gravimetric analysis (TGA) of the spent SAPO-34 (Figure S9), there was no discernible
difference when compared with the TGA of pre-treated SAPO-34 indicating minimal coke
formation. This shows that SAPO-34 has the potential to be a high performing and stable acid

catalyst for COz to DME reactions.

--DME -e-MeOH —a-CO -e-CO2 Conversion
70

[0)]
(=]
{ I

[9)]
o o
L L

o
L

(%emolc/molg)

Conversion and Selectivity

o

0 5 10 15 20 25 30 35 40 45 50 55
Time on Stream (h)

Figure 5. Performance of CZZ/SAPO-34 for CO hydrogenation to DME for 50 h of operation.
Yellow squares, blue circles, and green triangles represent DME, MeOH, and CO selectivity

(%omolc/molc), respectively, while black circles show CO2 conversion (%omolc/molc). Reaction
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conditions: 260°C, 500 psig, 2000 mL gczz! h!', H2:CO; ratio = 3:1, mass of CZZ = 0.5 g,

CZZ:SAPO-34 mass ratio = 2:1, GM configuration.

Overall, tests on the optimization of CZZ showed that CZZ-611 synthesized with an ageing
temperature of 40°C and calcination temperature of 500°C had the highest yield for MeOH. When
coupled in a tandem configuration with SAPO-34, optimum DME yields can be attained by using
a granular-mixed (GM) configuration operated at 260°C, 500 psig, 2000 mL gczz! h'!, H»:CO

ratio = 3:1, mass of CZZ = 0.5 g, and CZZ:SAPO-34 mass ratio = 2:1.
3. Kinetic Model Fitting

To develop a process model as the basis for a techno-economic analysis (TEA), a kinetic model
would need to be established for the CZZ/SAPO GM system to account for changes in feed
composition following the implementation of recycle streams in the model (vide infra). To do this,
experimental data from the parametric studies were fitted against an existing kinetic model*2.
Details on the kinetic model and the fitting can be seen in section S1.5 of the SI. The fitting was
done by minimizing an objective function (¥*) which computes the difference between the
computed value and experimental data (Equation S14). The resulting kinetic model fitted well
with experimental data as shown in Figure S10 with a 4 of 9.8. The tabulated kinetic parameters
are shown in Table 4. Most of the errors of the fitted model were associated with MeOH selectivity
as seen in the parity plot (Figure 6). The errors could be attributed to product streams with low
MeOH concentrations as these streams had higher measurement inaccuracies due to a smaller gas-
chromatograph peak area. Nonetheless, the kinetic model was used to simulate data at high DME

yields and low MeOH concentrations such that the deviations of MeOH from the kinetic model

were deemed acceptable for the techno-economic analysis.
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Table 4. Estimated kinetic parameters based on the training set.

Parameter Unit Estimated Value
A, - 24.36
A, - 16.92
Ag - -0.27
Ea1 kJ/mol 84.44
Ea> kJ/mol 76.93
K, bar!? 4.98
K, bar 376.69
K, bar’! 1.57
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Figure 6. Parity plot comparing experimental data and simulated results from the fitted kinetic
model. Yellow squares, blue circles, and green triangles represent DME, MeOH, and CO
selectivity (%molc/molc), respectively, while black circles show CO; conversion (%emolc/molc).

The dotted lines represent £20% error.

4. Techno-economic analysis (TEA)

4.1. Technical Analysis
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Using the fitted kinetic model and optimized reaction conditions from parametric studies, a
process simulation for a CO; to DME plant (process flow diagram, PFD in Figure 7) with 20,000
tons per year (tpy) capacity was designed in Aspen Plus v14. CO; (S1) and H> (S2) entered the
plant and were compressed to 35 bar. These were then mixed with the unreacted gas recycle stream
(S30), which was heated to 260°C before going into the packed bed reactor (PBR1). The product
gases then proceeded to a series of separation processes. The bulk of unreacted H> and CO> were
separated through a flash drum (F1) in S14, which was recycled back to the reactor. Meanwhile,
products such as MeOH, DME, and water went into S15, which was directed to three distillation
columns for separating and purifying DME and MeOH. In the first column (DT1), unreacted gases,
CO, and DME were recovered at the top (S18) while MeOH and water were collected at the bottom
of the column (S19). S18 went to the second column (DT2), which purified DME (>99.9% purity)
into S21 while the rest of unreacted gases and CO were recycled back to the reactor (520). In
parallel, S19 was directed to the third column, which separated and purified MeOH (>99.5%

purity) at the top of the column (S23) and water (>99.4% purity) at the bottom (S24).
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Figure 7. Process flow diagram (PFD) for the one-step CO> hydrogenation to DME. Utilities

streams are omitted.

A summary of the technical performance indicators can be found in Table 5. The single-pass
CO; conversion (20.4%) and DME selectivity (55.3%) of the process model were similar to those
observed in the laboratory-scale stability test performed for CZZ/SAPO-34 (Xcoz2 =20% and Spme
= 56%) operated under the same conditions (see Section 2.3). This validated the successful
incorporation of the experimental data into the process model through the developed kinetic model.
Recycling the unreacted gases resulted in an overall CO> conversion of 96.2% and a DME
selectivity of 75.8%, which was close to the equilibrium distribution between DME (78.4%) and

methanol (21.6%). The higher overall selectivity of DME compared to the per-pass selectivity was
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likely due to the recycling of CO and its further conversion into MeOH and DME. At steady state,
the recycle-to-feed ratio was 4.0 for H» and 3.7 for CO». A conversion factor of 0.4 was obtained
which indicates that for every 1 kg of CO> fed into the plant, 0.4 kg of DME was generated (76.5%

of theoretical maximum yield).

Table 5. Performance indicators of the designed CO> to DME plant.

Performance Indicator Value Unit
Per pass CO; conversion 20.4 %molc/molc
Per pass DME selectivity 553 %molc/molc
Overall CO> conversion 96.2 %molc/molc
Overall DME selectivity 75.8 %molc/molc
H; feed 6.9 kton/y
CO; feed 504 kton/y
H> recycle-to-feed ratio 4.0 kton/kton
COz recycle-to-feed ratio 3.7 kton/kton
DME productivity 20.0 kton/y
Conversion factor 0.4 kton DME/kton CO»

4.2. Economic Analysis

From the process simulation in Aspen Plus v14, an economic analysis was performed using
Aspen Process Economic Analyzer (APEA). The total estimated purchased equipment cost (PEC)
amounted to $13.7M with the distribution shown in Figure 8A. A major portion was associated
with the cost of compressors (58%) followed by the packed bed reactor (24%). Heat exchangers
and distillation towers corresponded to 5% and 3% of the PEC, respectively. Flash drums, pumps,
and turbines only accounted for ~1% of the PEC. Lastly, equipment (boiler and cooling tower) for
generation of utilities contributed 9% of the PEC. A total CAPEX of $81.5M was estimated for a
20,000 tpy capacity CO> to DME plant. The complete components of the CAPEX can be found in

Table S7.
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A Purchased Equipment Cost: $13.7M

Compressors
Distillation Towers
= Heat Exchangers
m Packed Bed Reactor
m Flash Column, Pumps, Turbine

m Boiler

m Cooling Tower

B Total Product Cost: $58.6 M
Carbon Dioxide
Hydrogen
Utilities
u Catalyst

m Other variable costs
® Fixed Costs
m Plant Overhead Costs

m General Expenses

Figure 8. A) Breakdown of purchased equipment cost (PEC) obtained from Aspen Plus v14’s
Aspen Process Economic Analyzer (APEA). B) Breakdown of operational expenditure (OPEX)
based on raw material, utility, and catalyst usage, and other variable and fixed costs estimated

based on OPEX factors.*

An annual operational expenditure (OPEX) of $58.6M was estimated for a 20,000 tpy capacity
CO: to DME plant. The breakdown of the OPEX was depicted in Figure 8B. A significant portion
of the OPEX came from the cost of H> (47%) while CO; only accounted for 9%. Utilities and

catalysts constituted 2% and 3% of the OPEX, respectively. The rest of the OPEX is comprised of
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other variable costs (i.e. operating labor and supervision, operating supplies, laboratory charges,
royalties), fixed costs (i.e. taxes, insurance), plant overhead costs, and general expenses (i.e.
administrative costs, distribution and marketing, research and development) estimated through

OPEX factors.®

To better understand the economics of CO2 to DME processes, we computed the annual DME
production cost (ADPC) and minimum DME selling price (MDSP) as summarized in Table 6. The
ADPC amounted to $66.6M and was mostly dominated by the OPEX (~88%) with CAPEX
constituting only a small portion (~12%). The calculated MDSP was $3.21/kg. Comparing it with
the current value of DME which is $0.88/kg, DME from CO; was roughly 3.6 times more
expensive. Even so, it is best to note that the process comes with decreased CO; emissions, which
is important to consider in the oncoming years, especially with the worsening effects of global
warming. In addition, the production cost of DME was mostly from operation costs wherein a
near majority comes from the supply of H». This signifies the importance of lowering H prices in

decreasing the production cost of DME from CO..

Table 6. Economic indicators of the designed CO> to DME plant.

Economic indicators Value Unit
CAPEX 81.5 $M
Annualized CAPEX (CAPEX annual) 8.0 $M
OPEX 58.6 $M
Annual DME Production Costs (ADPC) 66.6 $M
Minimum DME Selling Price (MDSP) 3.21 $ kg!
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Based on the MDSP, DME from CO; hydrogenation is not yet economically competitive with
DME from natural gas. However, commodity prices fluctuate over time and vary significantly
depending on the source/industry where they are obtained from. Hence, a sensitivity analysis on
MDSP (Figure 9) was performed to get insights into how these changes affect the cost of DME.

We also investigated the effect of changes in CAPEX, tax and interest rates, and catalyst lifetime.

Hydrogen Price (1 : 4 : 6), $/kg

Carbon Dioxide Price (0.015 : 0.1 : 0.345), $/kg
CAPEX (70 : 100 : 130 % of basecase), $
WACC (5% : 7.5% : 10%)

Catalyst Lifetime (5:2: 1), y

Natural Gas Price (1.49 : 4.46 : 8.81), $/MMBtu
SAPO-34 Price (100 : 188 : 250), $/kg

CZZ Price (15 : 23 : 50), $/kg

Tax Rate (20% : 25% : 30%)

1.50 2.00 2.50 3.00 3.50 4.00 4.50
MDSP ($/kg DME)

Figure 9. Effect of the different cost factors on the minimum DME selling price (MDSP) of the

direct CO> hydrogenation to DME.

The cost of hydrogen had the most impact on MDSP. Even with the use of the cheapest hydrogen
from natural gas (grey hydrogen, $1-2/kg**47), the MDSP only lowers to ~$1.99/kg, still higher
than the current value of DME ($0.88/kg). The cost of CO> also had notable effects on MDSP. The

price of captured CO> can vary among industries and is affected by factors such as the volume,
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COz concentration, and pressure of exhaust gases in a plant.*® Utilization of captured CO, from
natural gas processing, which has a cost of $0.015-0.025/kg CO,*, could reduce the MDSP to as
low as ~$2.96/kg while the use of the more expensive CO; directly captured from air ($0.135-
0.345/kg CO2)*® could result in MDSP as high as ~$3.93/kg. The CAPEX, interest rates and
catalyst lifetimes were observed to substantially affect the MDSP, resulting in a change ranging
from ~$3.07/kg to ~$3.35/kg. Utility cost, catalyst cost, and tax rate had a small impact on MDSP.
Overall, the sensitivity analysis highlights that the economics of CO; hydrogenation to DME is
mainly driven by hydrogen costs, further emphasizing the importance of reducing green hydrogen

costs.
4.3. Carbon footprint

The CO; to DME plant is desired to have zero or negative overall CO> emission. Thus, we looked
into the cradle-to-gate carbon footprint (kg CO2 eq/kg DME) of the CO; to DME plant and how it
changes with varying H>, CO>, and boiler energy sources as depicted in Figure 10. The cradle-to-
gate analysis covers emissions from the acquisition of raw materials until the point it leaves the
CO> to DME plant gate. As a base case, H> was assumed to come from electrolyzers powered by
renewable energy (0 kg CO2 eq/kg DME), CO> was captured from an external industrial plant (0
kg CO, eq/kg DME), and the steam boiler was powered by natural gas (0.37 kg CO2 eq/kg DME).
CO» captured from an external plant was considered to have an emission of zero as it has not
entered nor come from the atmosphere. At these assumptions, the total CO> footprint of the base
case is 0.21 kg CO> eq/kg DME, which includes the emitted greenhouse gases (GHGs) from the

process purge line having an equivalent emission of 0.08 kg CO» eq/kg DME.
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Figure 10. Effect of varying H> source, CO; source, and boiler energy source on the carbon
footprint of the CO; to DME plant. Green, blue, orange, and yellow bars represent equivalent CO>
emissions from feed CO, feed H», process emissions, and steam boiler, respectively, while the

black diamond shows the overall CO; emissions.

Among the three variables investigated, H> had the most impact on the overall carbon footprint
of the CO2 to DME process. Steam methane reforming (SMR) of natural gas for H> production
(grey H») releases significant amounts of CO; (12 kg COz eq/kg H2)*’. When used as a hydrogen
source, the total footprint rose to 4.4 kg CO, eq/’kg DME. However, when SMR is coupled with
CCS at 93% capture rate (blue H»), the carbon footprint can be significantly reduced to 1.5 kg CO»
eq/kg DME. Surprisingly, utilizing hydrogen from electrolyzers that rely on electricity from the
grid led to a higher carbon footprint (7.0 kg CO> eq/kg DME) due to the high electricity demand
of current electrolyzers and the fact that a major portion (~60%) of electricity from the grid comes

from natural gas and coal.® On the other hand, changing the CO, source to direct air capture
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(DAC) resulted in a negative carbon footprint of -1.8 kg CO> eq/kg DME as CO; is directly
removed from air and converted to DME. However, it is important to note that these are only
cradle-to-gate emissions. When considering DME consumption, GHG emissions should be
captured and prevented from entering the atmosphere to maintain a negative emission on a cradle-
to-grave basis. Going back to the base case, a significant contributor to the carbon emissions comes
from the steam boiler. Using electric boilers powered by the grid resulted to higher footprint (0.36
kg CO> eq/’kg DME) relative to the base case while using renewable energy led to a minimal

emission of 0.08 kg CO-2 eq/’kg DME.

DISCUSSION

To summarize, we determined the ageing temperature (40°C), calcination temperature (500°C),
and composition of CZZ (611) that gave the highest MeOH yield. We then looked into the
performance of CZZ/SAPO-34 and optimized its conditions (260°C, 500 psig, 2000 mL gczz ! h-
! H:COx ratio = 3:1, mass of CZZ = 0.5 g, and CZZ:SAPO-34 mass ratio = 2:1, GM configuration)
to favor DME yield. Through the development of kinetic and process models, we evaluated the
economics and environmental footprint of the process, considering a DME plant capacity of 20,000
tpy, wherein we identified the feed hydrogen source to significantly affect the economics and

cradle-to-gate carbon footprint of the process.

From the catalyst evaluation studies, the investigation on the ageing and calcination temperatures
have revealed that ageing at 40°C and calcination at 500°C resulted in the CZZ structure with the
highest MeOH yield. Several studies on CZZ performed ageing at 80°C - 90°C and calcination at

300 - 400°C but did not report whether these conditions were optimized or adapted from a previous
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study.?” 2% 3951 This work points out the importance of performing synthesis optimization to
generate results that fully exhibit the potential of the catalyst synthesized. In terms of composition,
CZZ-611 had the highest activity, which is likely due to the increased number of Cu sites, generally
considered as the active phase of the catalyst®?, and higher Cu/ZnO and/or Cu/ZrO> interfaces and
higher activity. Our results suggest that Cu/metal oxide interfaces are critical to the hydrogenation
of CO; as Cu on its own is not efficient in producing MeOH. The direct contact between Cu metal
and the basic sites of ZnO may favor the formation of Cu/Zn alloys, which have been shown to
provide dual binding sites for the activation of CO; and catalyze its hydrogenation.**** Meanwhile,
ZrO; has been suggested to interact with metallic Cu, which creates active sites for the selective
reaction to MeOH and helps in increasing MeOH selectivity.*> > The combination of these
synergetic effects likely resulted in a high MeOH yield in this study. We note that the optimum
composition of CZZ (71 wt.% Cu and 12 wt.% Zn) determined in this work is close to commonly

used composition of CZA used industrially (50-70% wt.% Cu and 20-50 wt.% Zn)?! 383657,

We then paired the optimized CZZ-611 with SAPO-34 and showed the capability of SAPO-34
to be utilized in the direct hydrogenation of CO2 to DME. Different reactivities at different
proximities of the CZZ and SAPO-34 active sites demonstrated the importance of a proper bed
configuration in tandem systems. Mixing CZZ with SAPO-34 creates a synergy wherein MeOH
(from CZZ) is immediately consumed in SAPO-34 which effectively lowers instantaneous
concentrations of MeOH in the system and by Le Chatelier’s principle pushes the reaction to
produce more MeOH and eventually DME. Thus, the increased proximity between active sites
hastens the consumption of the intermediate and improves the ‘synergetic effect’ as observed in
the experiments conducted. However, no improvements were observed between GM and PM/MM,

which denotes that the reaction is not mass transfer limited but rather kinetically controlled. In all
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tests, SAPO-34 effectively converted MeOH to DME at the temperature range tested (220°C -
280°C), reaching near equilibrium distributions between MeOH and DME. In addition, SAPO-34
showed 100% selectivity to DME and displayed exceptional stability and no signs of deactivation
for long hours (50 h) of operation demonstrating its excellent applicability in CO, to DME
conversions. We like to acknowledge that the optimum operating conditions identified in this study
(260°C, 500 psig, 2000 mL gczz ! h'!, H2:COz ratio = 3:1, mass of CZZ = 0.5 g, CZZ:SAPO-34
mass ratio = 2:1) are restricted by operational limitations in the laboratory. Higher CO conversions
and DME selectivity could ideally be further achieved by performing the reaction at higher

pressures and lower GHSV.

Economic analysis of a 20,000 tpy DME plant showed that the industrial feasibility of CO»
hydrogenation to DME are highly reliant on raw material prices, especially H>. Assuming the use
of green H» and captured CO> from industrial plants, an MDSP of $3.21/kg DME was identified
and has minimal cradle-to-gate carbon footprint (0.21 kg CO; eq/kg DME). A lower MDSP of
$1.99/kg DME was estimated when using H» sourced from steam methane reforming. However,
this comes at the cost of a high carbon footprint (4.4 kg CO> eq/kg DME). Clearly, there is an
inverse relationship between the cost of producing DME and carbon footprint. Low DME
production costs with low CO> emissions rely on the development of cheaper green H:

technologies. According to a study by Detz et al.*

, green H» costs will be competitive with grey
H> between 2025 and 2048 in an optimistic scenario. However, current green H costs still range
from $3.5/kg Hx - $5/kg H>*" signifying that it will not be competitive with grey H» anytime soon.
Even when assuming low H> ($1/kg H») and CO» ($0.015/kg H») prices, MDSP only lowers to

~$1.74/kg DME which is still ~2x more expensive than current DME prices ($0.88/kg). Hence,

https://doi.org/10.26434/chemrxiv-2025-ts81d ORCID: https://orcid.org/0000-0002-8611-7415 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-ts81d
https://orcid.org/0000-0002-8611-7415
https://creativecommons.org/licenses/by-nc-nd/4.0/

further development in CO; hydrogenation technologies and increased catalyst efficiencies are

also critical in making the technology feasible.

CONCLUSION

In this work, a multipronged approach was taken to study CO> hydrogenation to DME using
tandem CZZ/SAPO-34 catalysts, from optimizing the catalytic performance to an assessment of
its economic viability and environmental impact resulting from the catalytic advances. CZZ-611
synthesized at an ageing temperature of 40°C and calcination temperature of 500°C resulted to the
highest activity for CO2 to MeOH reaction, reaching CO2 conversion of 13.7% and MeOH
selectivity of 39.2% at 260°C, 500 psig, and 18000 mL gczz! hl. For the first time, we coupled
CZZ with SAPO-34 in a tandem catalytic system which effectively performed CO; hydrogenation
to DME. We observed that increased proximity (e.g., GM, PM, and MM configuration) of the
active sites improved the CO; conversion and DME selectivity. In addition, high DME yields can
be obtained at a temperature of 260°C, high pressures (e.g. 500 psig, 700 psig), low GHSV (e.g.
2000 mL gczz! h'), and high H»:CO; ratios (e.g. 3:1, 4:1, 5:1). On the other hand, varying
CZZ:SAPO-34 mass ratios from 1:2 to 2:1 did not show significant changes in activity. The
CZZ/SAPO-34 tandem system shows good stability for 50 h with a CO; conversion of 20% and

DME selectivity of 56%.

An experimental data-fitted kinetic model was developed for CZZ/SAPO-34 tandem system and
applied to a process simulation to perform a techno-economic analysis (TEA) on a 20,000 tpy

capacity plant. TEA revealed that DME production cost was highly dependent on feedstock cost
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(H2 and CO») rather than catalytic or operational variables. A minimum DME selling price (MDSP)
of $3.21/kg was computed for the base case which could be reduced to $1.99 /kg if H> costs lower
to $1/kg. The CO> to DME plant had a carbon footprint of 0.21 kg CO; eq/kg DME, for the base
case, which is greatly influenced by the type of hydrogen used. A negative CO> emission of -1.6
kg CO eq/kg DME could be achieved when using CO; captured from air. Using CO; captured
from other processes or plants only results in a nearly carbon-neutral DME production process. In
sum, the economic and environmental impacts of a CO, to DME plant are largely driven by the
feedstock, hydrogen, and is, therefore, reliant on the development of cheaper green hydrogen
technologies to make DME from CO> more cost-effective and sustainable. Overall, this work gave
a holistic view of the challenges of CO2 hydrogenation from catalyst design and synthesis up to

scale-up and industrial operation.
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