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ABSTRACT 

CuO-ZnO-ZrO2 catalysts were synthetized by controlled continuous coprecipitation in a microfluidic 
reactor. CuO, ZnO and ZrO2 contents in catalysts were kept constant at 37.5 wt% of CuO 
(corresponding to 30% Cu0), 41.0 wt% of ZnO and 21.5 wt% of ZrO2. Numerous parameters of the 
continuous microfluidic coprecipitation, such as the nature of the carrier fluid, the residence time in 
the microfluidic synthesis reactor, the reagents flow rates during the synthesis and the pH, were 
studied in order to obtain perfectly homogeneous catalytic materials. All catalysts were characterized 
and then tested in methanol synthesis via CO2 hydrogenation on the REALCAT platform using high-
throughput experiments. The optimum catalytic results were obtained for the catalyst synthesized by 
the continuous coprecipitation in a microfluidic reactor at following controlled parameters: water as 
carrier fluid, 30 s of residence time, low total reagent flowrate of 35 µL min−1and pH equal to 8. This 
catalyst presented a good CO2 conversion of 21.4 % along with a methanol selectivity of 33 %, leading 
to a record methanol productivity of 1135 gMeOH kgcat

-1 h-1 at 280 °C, 50 bar and a GHSV of 25,000 h-1 
(STP). 

Highlights 

- CuO-ZnO-ZrO2 catalysts were prepared via continuous coprecipitation in a microfluidic
reactor.

- High-throughput catalytic tests were carried out on the REALCAT platform.
- The optimized catalyst showed a record methanol productivity of 1135 gMeOH kgcat

-1 h-1 at 280
°C, 50 bar and 25,000 h-1.
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- Optimized parameters for the microfluidic catalyst preparation: water as vector fluid, 
residence time 30 s, low reagents flow rate and precipitation pH = 8. 

 

Keywords 

methanol synthesis, CuO-ZnO-ZrO2 catalyst, continuous coprecipitation, microfluidic reactor, high-
throughput experiments 

 

1. Introduction 

Anthropogenic Green House Gases (GHG) emissions coming from industrial development 
and from the use of fossil fuels as coal, oil and natural gas have risen sharply during last 
decades. Fossil fuels are strong emitters of GHG, especially CO2, which is one of GHG the 
most impacting the climate change [1]. The abatement of CO2 emissions is already on the 
road by capture and storage. One of the most promising solutions stays the CO2 direct 
transformation to chemicals, such as urea [2], salicylic acid [3], or polycarbonates [4]. 
However, these chemicals have a limited size of the markets, so other solutions must be 
developed in order to reuse the CO2 as a carbon source for efficient storage in chemical 
intermediates or energy vector molecules, as methanol [5-7]. It is a very important chemical 
intermediate produced in large quantities, up to 80 Mt in 2016 [8] and widely used for the 
production of formaldehyde [9], dimethyl ether [10], polymer precursors such as ethylene and 
propylene [11,12] as well as methyl tert-butyl ether (MTBE) [13]. In general, methanol 
formation from CO2 is considered as a key process in the Power-to-X technologies: firstly 
methanol is synthesized in a reactor by use of renewable energy sources[14]. Secondly it can 
be upgraded to fuels (gasoline, diesel, kerosene, olefins, and ethers) through several additional 
chemical processes (additional reactors, separation unit, purification unit, distillation unit, 
flash unit, and absorber) to be used in the transportation and other commercial 
applications[15]. 

Nowadays, methanol is produced via the reaction CO hydrogenation in presence of a metal 
catalyst [16]. In the 1960s, a new catalyst - copper oxide dispersed over zinc oxide - was 
developed and used at temperatures of 250-350 °C and pressures of 50-100 bar [17]. Then, 
these catalysts were modified adding alumina (Al2O3) support. Until now this type of catalyst 
is still used to convert H2/CO2 mixtures with or without CO to methanol [18-24]. The use of 
pure CO2 and not CO/CO2 forced to the addition of zirconia (ZrO2) with its basic character in 
the support that allowed to increase the dispersion of copper and zinc oxide by decreasing the 
crystallite size and increasing the specific surface area [25]. Zirconia plays a role in the 
reaction mechanism by participating in CO2 adsorption [26,27]. Sintering of copper and ZnO 
could be also decreased in the presence of zirconia [25]. Koeppel et al. [28] have described 
the improved formation of methanol due to the Cu-ZrO2 interface, as microcrystalline copper 
particles are stabilized by an amorphous ZrO2 matrix. Their work shows that H2 is adsorbed 
on metallic copper and CO2 is adsorbed on ZnO and ZrO2 in close vicinity with the metal 
sites, allowing the hydrogenation of the intermediate formates [29]. To promote this intimate 
interaction between the three species and improve more the hydrogenation reaction the fine 
control of the preparation of the catalyst should be done. The methanol synthesis from CO2 
(eq. 1) is always in competition with the reverse water-gas shift reaction (RWGS) (eq. 2). The 
addition of ZrO2 in the catalyst composition replacing Al2O3 was found to create an activity 
gap, may suppress the CO selectivity and improves the selectivity of methanol formation.[30] 
It was also suggested that the surface Lewis acid Zr(IV) sites close to Cu metallic sites are 
responsible for the enhanced performances of the Cu/ZrO2-based catalysts.[31] 
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CO2 + 3H2 � CH3OH + H2O           ΔrH°25°C = - 49.8 kJ.mol-1    eq. (1) 
CO2 + H2 � CO + H2O                   ΔrH°25°C = 41.0 kJ.mol-1    eq. (2) 

 

One of the simplest method of solid composite catalysts’ preparation is the coprecipitation 
method. Several metal cations precipitate together in the form of well-mixed carbonates, 
hydroxides or hydroxycarbonates, preserving in the solid state the perfect mixture of cations 
induced by their initial dissolution in a solvent. Usually Na2CO3, (NH4)2CO3 or NaOH are 
used as precipitating agents.[32-34] The coprecipitation method of catalysts’ synthesis 
promotes an intimate mixture of the metal cations at the atomic level thus allowing a good 
interaction between them in the final catalytic material [19]. Nevertheless, many parameters 
of the coprecipitation synthesis may strongly influence the homogeneity of the final material 
as the pH and the temperature[35,36], the aging time [29,35] and the washing step of the 
precipitate. Even if all the parameters are carefully controlled in batch or continuous classical 
coprecipitation synthesis, heterogeneous zones will arise due to concentration gradients or 
unideal mixing.  

For the first time a preparation method of the continuous coprecipitation synthesis to 
overcome the problems of heterogeneity of the final catalytic materials was presented in our 
previous work [37]. This method was inspired by the use of micromixers [38], 
microemulsions [39] and microreactors [40]. The continuous coprecipitation process is based 
on the formation of droplets formed by reagents brought by a carrier fluid. The droplets are 
more precisely formed by the mixture of two starting aqueous solutions of the metal cations 
and of the precipitating agent [41,42]. Upon the mixture of these solutions, coprecipitation 
occurs in a very small volume of one droplet size, allowing to reproduce the same 
environment and the same conditions for each droplet. It was shown that the CuO-ZnO-ZrO2 
catalyst with the same composition prepared by this new method presented superior methanol 
productivity compared to the one prepared by the coprecipitation at constant pH [37]. The 
novel synthesis method allowed a better repeatability and homogeneity of the catalyst leading 
to the methanol productivity of 486 gMeOH kgcata

−1 h−1 at 280 °C under 50 bar and a GHSV of 
10,000 h−1. This result was then improved by adjusting the catalyst composition, the ratio 
ZnO/ZrO2 was varied. The optimum catalytic results were obtained for the 30Cu-ZZ66/34 
catalyst whose support was composed of 66 wt% of ZnO and 34 wt% of ZrO2. This catalyst 
presented CO2 conversion 19.6 % and methanol selectivity 50 %, leading to a methanol 
productivity of 725 gMeOH kgCata

-1 h-1 at 280 °C, 50 bar and a GHSV of 25,000 h-1 (STP). In the 
literature, one of the best productivities in methanol over Cu-Zn-Zr catalyst was presented by 
Saito et al.[43] with a 50Cu-Zn-Zr catalyst, a methanol productivity of 620 gMeOH kgcat

-1 h-1 
was obtained in the similar conditions (250°C, 18 000 L h-1, H2/CO2=3). Bonura et al.[27] 
indicated that their 60Cu-Zn-Zr catalyst led to a methanol productivity about 305 gMeOH kgcat

-1 
h-1 with a higher copper content, the reaction was performed at 30 bar and 240 °C and 10,000 
h-1. More recently, in the work of Witoon et al.[44], a methanol productivity of 274 gMeOH 
kgcat

-1 h-1 at 240 °C and 20 bar has been obtained.  

Even though in our previous work the Zn/Zr ratio in the catalyst composition was optimized, 
the operating parameters of the synthesis in a microfluidic reactor were never changed. It is 
essential to optimize the synthesis parameters in order to improve the catalysts. In this study, 
the CuO-ZnO-ZrO2 (CZZ) material with an optimal Zn/Zr ratio [45] was chosen as catalyst 
for methanol synthesis from CO2 hydrogenation. The chemical composition was following 
37.5 wt% of CuO (corresponding to 30% Cu0), 41.0 wt% of ZnO and 21.5 wt% of ZrO2. The 
novelty of the present work is the deep study and the optimisation of the continuous 
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coprecipitation synthesis parameters. This study will help to understand the influence of each 
parameter at the droplet scale where coprecipitation takes place. Thus, the effects of changing 
conditions will be clearly evidenced thanks to controlled synthesis parameters that allow 
obtaining very homogeneous materials. The following parameters have been modified: the 
nature of the carrier fluid necessary for droplets formation, the residence time of the 
precipitate in the microfluidic synthesis reactor, the reagents flow rates during the synthesis 
and the pH of the coprecipitation. Hereafter, the influence of these parameters on the 
materials properties and on the catalytic results in the CO2 hydrogenation into methanol will 
be described.  

2. Experimental 

2.1. Catalyst preparation 

CuO-ZnO-ZrO2 catalysts (CZZ) were synthesized by a continuous coprecipitation in the 
microfluidic reactor. All catalysts contain 37.5 % by weight of CuO (corresponding to 30 % 
Cu0), 41 wt % of ZnO and 21.5 wt % of ZrO2 (mass ratio ZnO/ZrO2 = 66/34).[45] 
Schematically the microfluidic system is presented in Supplementary Information, Figure S1. 
The coprecipitation is taking place at the exit of the microfluidic reactor (Figure 1) in the 
continuously formed little droplets of diameter around 700 µm, made by the mixture of two 
solutions of metal cations (11.6 µL min−1, 1.0 M, nitrate salts Cu(NO3)2.3H2O and 
Zn(NO3)2.6H2O and zirconium oxynitrate ZrO(NO3)2.6H2O) and of the precipitating agent 
(23.4 µL min−1, 1.6 M, Na2CO3). The flowrate of silicon oil (1.7 mL min−1, kinematic 
viscosity of 5.0 m2 s-1) or water with controlled pH (6.0 or 8.0) as the carrier fluid is kept 
constant. The media pH was always kept stable due to the pH adjustment with HNO3 or 
NaOH of the initial solutions. The carbonates/metals molar ratio was fixed at 3.5. The 
precipitate was aged for one night in the mother liquor, at 60-65 °C and then filtered, washed 
with petroleum ether to remove the silicon oil and dried for 48 h at 100 °C. The resulting 
powders were then calcined in air at 400 °C, with a heating ramp of 2 °C min-1, for 4 h to give 
fresh CZZ catalysts. 

The notation is exemplified as follows: CZZa-b-c-d refers to a catalyst where a = vector fluid, b 
= residence time, c = flow rate reagent multiplication, the initial flow rate of reagent is 35 µL 
min-1 (annotated as “1x”), 70 µL min-1 for the “2x” flow rate and 140 µL min-1 for the “4x” 
flow rate, d = precipitation pH, corresponds to the modification of parameters during the 
synthesis (oil or water as carrier fluid; 7 s, 30 s or 140 s as residence time in the microfluidic 
synthesis reactor; 1x, 2x or 4x as multiplication of the reagent flowrates during the synthesis; 
pH6 or pH8 as the actual pH of coprecipitation). Example of the catalyst CZZwater-30s-1x-pH6 
corresponds to the use of water as a vector fluid, residence time was 30 s, flow multiplication 
was equal to 1 and pH of the catalyst synthesis was equal to 6.    
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Figure 1 Microfluidic reactor for the catalysts preparation. 

 

2.2. Catalyst characterization 

Specific surface area measurements were performed by nitrogen adsorption-desorption at –
196 °C using the Brunauer-Emmet-Teller (BET) method on a Micromeritics ASAP 2420 
apparatus. Samples were previously outgassed at 250 °C overnight to remove the adsorbed 
moisture.  

Reducibility studies were performed by temperature-programmed reduction (TPR-H2) on a 
Micromeritics AutoChem II 2920 with 50 mg of fresh catalyst and a total flow rate of 50 mL 
min-1 of 10 % H2 in Ar with a heating ramp of 10 °C min-1 until 500 °C.  

The copper metallic surface area was determined by N2O surface reaction on a Micromeritics 
AutoChem II 2920 apparatus [46]. Firstly, approximately 500 mg of fresh catalyst were 
reduced at 300 °C, heating rate 1 °C min-1, hold time 12 h, under a flow of 50 mL min-1 of 10 
% H2 in Ar. Then the reduced catalyst was purged with Ar and cooled down to 50 °C 
followed by the treatment of 50 mL min-1 of 2 % N2O in Ar for 15 min, the N2O consumption 
was registered by TCD detector. The metallic surface area was calculated by quantifying the 
amount of consumed N2O and assumption of 1.46 1019 copper atoms per square meter [47]. 

The crystalline structure of the catalysts was determined by X-ray diffraction (XRD) with a 
Bruker D8 Advance diffractometer equipped with a LYNXEYE detector and a Ni filter for 
CuKα radiations over a 2θ range between 10 and 95 ° and a step of 0.016 ° every 0.5 s. The 
crystallite size was calculated using the Debye-Scherrer equation.[48]  

The morphology of the catalysts was studied with a ZEISS GEMINI SEM 500 scanning 
electron microscope (SEM) with a resolution of 1.2 nm at 500 V and 1.1 nm at 1 kV, 
equipped with an Inlens secondary electron (SE) detector and a SE2 detector.  

The TEM analyzes were made with a transmission electron microscope JEOL 2100, equipped 
with a LaB6 filament and a High Resolution (HR) polar part allowing a point-to-point 
resolution of 0.2 nm to 200 kV (voltage) maximum equipped with an X-ray detector (EDX 
energy dispersive X-ray spectrometry) of the SDD (Silicon drift detector) type. 

The elemental analysis was done by ICP-OES with a 720-ES ICP-OES equipment (Agilent). 
The sample (10 mg) was dissolved in hydrofluoric acid (1.5 mL), heated at 80 °C during 4 h. 
Then aqua regia (2.4 mL) was added and the mixture was heated during 2 h at 80 °C. After 
that, each sample dissolved as described above was submitted to ultrasound treatment stirred 
overnight in a hot water bath (50 °C). Prior to the analysis 50 mL of ultrapure water was 
added. 

 
2.3. Catalytic activity 

The catalytic performances were evaluated on the high-throughput catalytic screening 
platform named REALCAT, located in Lille, France. The 16 isothermal fixed-bed reactors of 
a Flowrence unit from Avantium were used simultaneously (Supplementary Information, 
Figure S2). The reactors are stainless steel tubes with an internal diameter of 2.0 mm and 15 
cm long (see the scheme of the reactor in Supplementary Information, Figure S3). The layer 
of the catalytic bed in each test was kept constant at 2.8 cm, for this reason the catalyst was 
diluted in SiC (50-150 µm). The total flow 282 mL min-1 (STP) was equally divided into the 
16 reactors. The gas phase molar composition was H2/CO2/He = 3.9/1.0/0.7, this ratio was 
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chosen in order to compare the results with previous work.[35,43] The GHSV in each reactor 
was set at 25,000 h-1 (STP) thus the catalysts loading was adjusted depending on the apparent 
density of each sample. For one sample a comparison was done also at different GHSV: 
10,000 and 39,000 h-1 (STP).  In general, the GHSV (h-1) was calculated according to the 
following equation (SiC is not taken into account for calculation): 

����	���	
 � 	
�����������

���
, 

Where ������, the total reactant flowrate (cm3 h-1), ������� the apparent density of the catalyst 

(g cm-3) and ���� the catalyst mass (g). 
 
The unit was equipped with an online Agilent 7890 Gas Chromatograph equipped with two 
TCD (PPQ and HayeSepQ/Molecular Sieve columns) and one FID (CP-Sil5 column) 
detectors. The effluents of each reactor were analysed successively one after the other. 
Prior to each test, the catalysts were reduced for 12 h under a constant flow of H2 of 160 
mL.min-1 (STP) for the 16 reactors at 300 °C (heating rate 1 °C.min-1), i.e. 10 mL min-1 (STP) 
of H2 per reactor. After the reduction the system was cooled down to 150 °C and purged with 
the reaction mixture gas until stabilization in order to analyse the composition of the gases 
before the reaction. The pressure was increased till 50 bar. Then the temperature was 
increased by 1 °C.min-1 to reach 200 °C, which corresponds to the first tested reaction 
temperature, after 30 min stabilization time the outgas of each reactor was analysed. Then the 
reaction temperature was progressively increased by 20 °C steps for different reaction 
temperatures screening until 320 °C.  

The CO2 and H2 conversion (XCO2 and XH2) were determined by comparing the flow rates at a 
time t (CO2 or H2) compared to the average flow of the blank achieved at 150 °C. The 
selectivities (SCO and SMeOH) were calculated from the ratio of the flow rate (CO or MeOH) to 
the flow rate of CO2 consumed at the same time t. 

The methanol productivity (PMeOH) was calculated per mass of catalyst (gMeOH kgcat
-1 h-1) using 

the following equation: 

� !"# �
� !"#��$%&$�'(�)


���� � *
 

Where mMeOH(liquid+gas), the mass of methanol in the liquid and gas phase obtained during the 
reaction (g), mcat the catalyst mass (kg) and t, the time of the reaction (h).  

Then, the TOFMeOH (Turnover frequency for MeOH formation) (s-1) was calculated according 
to the following equation: 

+,- !"# �
� !"# � ./

0 !"# �.1 � ��&°
 

Where NA, the Avogadro Number (6.022 1023 mol-1), MMeOH the methanol molar mass (g mol-

1) and SCu°, the metallic copper surface area (m2 g-1). 

The thermodynamic calculations were made using the ProSimPlus3 software with a Soave-
Redlich-Kwong equation of state. A Gibbs reactor was used, based on the minimization of the 
Gibbs energy of the defined thermodynamic system (CO2, H2, CH3OH, H2O and CO). 
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3. Results and discussion 

The continuous coprecipitation in a microfluidic system was firstly carried out using silicon 
oil and water for comparison. Secondly, the conditions of the continuous coprecipitation in a 
microfluidic reactor were optimized.  

3.1. Continuous coprecipitation in a microfluidic reactor: water vs silicon oil 

Table 1 summarizes the different characterization results obtained for two materials prepared 
using different carrier fluids (silicon oil or water): CZZoil-30s-1x-pH6 and CZZwater-30s-1x-pH6. All 
the other conditions of preparation were the same. 
 

Table 1 Characterization of CZZ catalysts with different carrier fluids 

 

Using the silicon oil as a carrier fluid, the chemical composition of CZZoil-30s-1x-pH6 slightly 
differs from the theoretical composition. In particular, the ZnO content is much smaller than 
expected. It seems that using this kind of carrier fluid, the precipitation of Zn cations is not 
complete. The apparent density is slightly higher for the catalyst synthesized with oil as 
carrier fluid. Regarding the specific surface areas, the material synthesized using the silicon 
oil has smaller BET surface area (87 m² g-1 for CZZoil-30s-1x-pH6 vs 99 m² g-1 for CZZwater-30s-1x-

pH6), its porosity is estimated smaller as well and thus the catalytic bed is denser than that of 
the material prepared using water as carrier fluid (apparent density 0.49 vs 0.42, respectively). 
The carrier fluid does not influence the metallic copper surface area, the two values being 
quite close (9.2 and 9.4 mCu°² g-1). Figure 2 shows the H2-TPR profiles of H2 consumption for 
both catalysts CZZoil-30s-1x-pH6 and CZZwater-30s-1x-pH6. It seems that the carrier fluid nature has 
an influence on the copper reduction temperature. When the silicon oil is used, the main 
reduction temperature peak is quite smooth and its maximum is at 226 °C comparing to 215 
°C when water is used as the carrier fluid. Additionally, CZZwater-30s-1x-pH6 material shows the 
presence of 2 shoulders on the main peak before and after 215 °C. This could mean that 
copper is present in several forms interacting with the support, assuming that the accessibility 
of copper on the surface is easier when water is used as a carrier fluid, and the CuO-support 
interaction is slightly stronger for CZZoil-30s-1x-pH6. The possible reason of the multispecies 
reduction profile is coming out from XRD results of the dried precursors before calcination 
(XRD profiles are provided in Supplementary Information, Figure S4). Actually two phases, 
aurichalcite and malachite, are formed in the case of the synthesis in water, and only one 
phase aurichalcite is formed when oil is used as a carrier fluid.  

Catalysts Elementary analysis (wt %) # 3455647 
$  

(g cm-3) 

Crystallite size 
(nm)¤ 

SBET 

 (m² g-1) 
SCu° 

 (mCu°² gcat
-1) 

CuO  
(37.5)* 

ZnO 
(41.0)* 

ZrO2 
(21.5)* 

CuO ZnO 

CZZoil-30s-1x-pH6 43 29 28 0.49 12 13 87 9.2 

CZZwater-30s-1x-pH6 40 38 22 0.42 10 11 99 9.4 

CZZa-b-c-d : a = vector fluid, b = residence time, c = flow multiplication, d = precipitation pH  
$ apparent density of the catalyst  
# determined by ICP-OES 
* theoretical values 
¤ determine by XRD with Debye-Scherrer equation 
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Figure 2 TPR-H2 profiles of CZZoil-30s-1x-pH6 and CZZwater-30s-1x-pH6 catalysts   

Figure 3 shows scanning electron microscopy (SEM) images of CZZoil-30s-1x-pH6 and CZZwater-

30s-1x-pH6 catalysts. The morphology of the CZZoil-30s-1x-pH6 catalyst is more compact and 
granular compared to the fine and porous layered morphology for CZZwater-30s-1x-pH6. This 
explains the higher specific BET surface and the lower apparent density for CZZwater-30s-1x-pH6. 
It would therefore seem that by changing the carrier fluid, the morphology could be changed 
and a layered flower-like structure could be formed using water.  

 

   

 

 

 

 

 

Both catalysts were analysed by transmission electron microscopy (TEM), the images are 
shown in Figure 4. The images (a) and (b) correspond to CZZoil-30s-1x-pH6, the images (c) and 
(d) correspond to CZZwater-30s-1x-pH6. The image 4(a) shows two distinct zones composed of 
different crystallite sizes: zone A (purple) granular with small crystal sizes (7 to 10 nm) and 
zone B (blue) with larger crystals (25 to 40 nm). The image 4(b) shows the presence of a 
crystallized zone (yellow, visible moiré effect is due to crystal planes overlapping) and 
another amorphous zone (green). The structure of the CZZwater-30s-1x-pH6 presented in the 
images 4(c) and 4(d) is much more homogeneous with probably an improved interaction 
between copper, zinc and zirconium oxides. The average size of the crystals is between 13 
and 25 nm, which is twice smaller than in case of CZZoil-30s-1x-pH6.  
 

100 150 200 250 300 350

T
C

D
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l (
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 u
.)

Temperature (°C)

CZZoil-30s-1x-pH6

CZZwater-30s-1x-pH6

215 °C

226 °C

(b) (a) 500 nm 500 nm 

Figure 1 SEM images of (a) CZZoil-30s-1x-pH6 and (b) CZZwater-30s-1x-pH6 



9 

 

  

  
Figure 4 Bright field TEM images of (a, b) CZZoil-30s-1x-pH6 and of (c, d) CZZwater-30s-1x-pH6  

The catalytic results of the CO2 hydrogenation into methanol between 200 and 320 °C at 50 
bar with a GHSV of 25,000 h-1 as well as the thermodynamic equilibrium values are presented 
in Table 2. The same results presented in the form of a diagram are shown in Supplementary 
Information, Figure S5. The catalytic activity was stable at low temperatures and a small 
deactivation slope appears at high temperatures (more than 300 °C). The graph with the 
results of catalysts’ stability study is shown in Supplementary Information, Figure S6. In 
general, the influence of the reaction temperature on catalytic activity was studied for both 
catalysts prepared with water and oil as carrier fluid. The catalytic results for CZZoil-30s-1x-pH6 
as well as for CZZwater-30s-1x-pH6 indicate that the conversions of H2 and CO2 increase gradually 
with the reaction temperature until 280 °C when the H2 conversions stabilize around 10 % 
whereas the CO2 conversions keep increasing from 20 % at 280 °C to 29 % at 320 °C. These 
results are directly correlated with a progressive decrease in methanol selectivity in favour of 
carbon monoxide selectivity. The reach of the thermodynamic equilibrium at high 
temperature favours the Reverse Water Gas Shift (RWGS, CO2 + H2 � CO + H2O). The 
stabilization of H2 conversion is directly related to these selectivity changes due to different 
H2/CO2 stoichiometry depending of these two competitive reactions: methanol synthesis and 
RWGS. Experimentally these phenomena are shown in Figure 5.  The H2 and CO2 
conversions increase with temperature and reach thermodynamic limits. The selectivity of 
methanol formation (Figure 5c) at different temperatures follows the thermodynamic 
predictions as well as the selectivity of CO formation (Figure 5d).  

(a) 

A 
B 

(b) 

(c) (d) 
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Figure 5 H2 conversion (a); CO2 conversion (b), MeOH selectivity (c) and CO selectivity (d) in the presence of CZZoil-30s-1x-

pH6 (white) and CZZwater-30s-1x-pH6 (black) catalysts, at 50 bar and 25,000 h-1 

 

Table 2 Catalytic results at 50 bar and 25,000 h-1 for CZZ catalysts with different carrier fluids 

Catalysts 
(mass#) 

Temperature 
(°C) 

Conversion (%) Selectivity (%) MeOH productivity  
(g kgcat

-1 h-1) 
TOF (103 s-1) 

H2 CO2 MeOH CO 

CZZoil-30s-1x-pH6 

(20.1 mg) 

200 1.7 2.3 84 16 249 9.7 
220 3.1 4.1 78 22 439 17.1 
240 5.1 7.5 65 35 628 24.4 
260 7.5 13.3 51 49 831 32.3 
280 9.7 20.3 36 64 936 36.4 
300 10.6 25.8 25 75 839 32.7 
320 10 28.7 13 87 481 18.7 

CZZwater-30s-1x-pH6 

(17.9 mg) 

200 1.5 2.3 86 14 274 10.4 
220 3.0 4.2 77 23 452 17.2 
240 4.9 7.5 66 34 680 25.9 
260 7.3 13.1 49 51 901 34.3 
280 9.6 20.2 35 65 1022 38.9 
300 10.6 25.8 24 76 876 33.4 
320 10.1 28.8 13 87 569 21.7 

Thermodynamic 
simulation 
results 

200 30.6 41.3 94 6 / / 
220 27.7 38.2 91 9 / / 
240 22.4 33.4 80 20 / / 
260 17.8 30.5 64 36 / / 
280 14.3 29.5 44 56 / / 
300 11.9 30.1 27 73 / / 
320 10.6 31.7 15 85 / / 

CZZa-b-c-d : a = vector fluid, b = residence time (s) , c = flow multiplication, d = precipitation pH 
 # calculated from the apparent density of each catalyst in keep constant GHSV  
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The best methanol productivity for both samples was obtained at 280 °C:  936 gMeOH kgcat 
-1 h-

1 for CZZoil-30s-1x-pH6 and 1022 gMeOH kgcat
-1 h-1 for CZZwater-30s-1x-pH6. The reaction parameters 

as hydrogen and CO2 conversion as well as methanol and CO selectivities were very close for 
both catalysts (Table 2). Regarding the difference in morphology, smaller specific surface 
area and slightly denser CZZoil-30s-1x-pH6 material, the productivity in methanol recalculated as 
TOF shows the beneficial use of water as the carrier fluid in the microfluidic reactor system 
during the catalytic materials synthesis. Indeed, the catalyst CZZwater-30s-1x-pH6 has a better 
homogeneity between the various oxides, porous and light layered flower-like morphology, 
that allowed a record performance in CO2 hydrogenation to methanol in terms of methanol 
productivity (1022 gMeOH kgcat

-1 h-1 at 280 °C, 50 bar, GHSV 25,000 h-1). Additionally, the use 
of silicon oil as the carrier fluid for scaled-up production would bring some ecological 
concerns. For these reasons, water was chosen as the carrier fluid further studies and other 
parameters were optimized. 
 

3.2. Continuous coprecipitation in a microfluidic reactor using water as carrier fluid: synthesis 
parameters optimization 

3.2.1. Residence time  

For the better control and the complete coprecipitation in small droplets formed in the 
microfluidic reactor it is necessary to optimize the residence time of the droplets. The 
residence time was controlled by the length of the capillaries at the exit of the microfluidic 
reactor, heated at the controlled temperature 65 °C. Three catalysts were prepared with 
different residence times (7, 30 and 140 s): CZZwater-7s-1x-pH6, CZZwater-30s-1x-pH6 and CZZwater-

140s-1x-pH6. Other parameters as reagents’ flow rates, temperature and pH were not changed.  

 

Table 3 Characterization of the CZZ catalysts with different synthesis residence times 

 

Table 3 summarizes the characterisation results of the catalysts synthesized different 
residence times. It can be seen that the copper mass content is stable regardless the residence 
time, but the mass content of ZnO decreases and the mass content of ZrO2 increases when the 
residence time is longer. At the long residence time 140s it’ s even more evident. So, the 
coprecipitation seems not complete during a long residence time in the CZZwater-140s-1x-pH6 

sample and a part of ZnO is missing being compensated by ZrO2 content. Supposedly, the 
long residence time affects the gradient of salts concentration in each droplet and thus 
changing the media pH to a value which prevents the Zn cations precipitation. As the 

Catalysts Elementary analysis (wt %) # 3455647 
(g cm-3) 

Crystallite size 
(nm)¤ 

SBET  
(m² g-1) 

SCu°  

(mCu°² gcat
-1) 

CuO  
(37.5)* 

ZnO 
(41.0)* 

ZrO2 
(21.5)* 

CuO ZnO 

CZZwater-7s-1x-pH6 39 39 22 0.48 9 10 112 12.6 

CZZwater-30s-1x-pH6 40 38 22 0.42 10 11 99 9.4 

CZZwater-140s-1x-pH6 40 32 28 0.54 11 11 113 10.8 

CZZa-b-c-d : a = vector fluid, b = residence time, c = flow multiplication, d = precipitation pH 
# determined by ICP-OES 
* theoretical values 
¤ determine by XRD with Debye-Scherrer equation 
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composition of the materials at different residence time is not completely the same, it is 
difficult to compare the metallic copper surface between these three materials. The difference 
was considered as not important and it is similar to the trend of specific surface area values – 
higher the specific surface area, higher the measured metallic copper surface area. 

The crystallites size of CuO for these three samples is varied slightly from 9 nm for CZZwater-

7s-1x-pH6, 10 nm for CZZwater-30s-1x-pH6 and finally 11 nm for CZZwater-140s-1x-pH6.  

When the residence time is low, the metallic copper surface area reaches 12.6 mCu°² g-1 for 
CZZwater-7s-1x-pH6. When the residence time increases, the metallic copper surface area drops to 
9.4 mCu°² g-1 for CZZwater-30s-1x-pH6 and to 10.8 mCu°² g-1 for CZZwater-140s-1x-pH6. The difference is 
not considerable and is similar to the trend of specific surface area values – higher the specific 
surface area, bigger the measured metallic copper surface area. 

 

Figure 6  TPR-H2 profiles of CZZwater-7s-1x-pH6, CZZwater-30s-1x-pH6 and CZZwater-140s-1x-pH6 catalysts 

Figure 6 presents the reduction profiles of the samples prepared with different residence 
times. The longer the residence time, the broader the reduction peaks. The shorter the 
residence time, the sharper and more symmetrical the reduction peak. The formation of 
different CuO species is thus evidenced. At short residence time only one kind of CuO species 
is formed that reduces at low reduction temperature (around 206 °C). Probably only one sort 
of CuO species is present, demonstrating quite weak CuO-support interactions. For a 
residence time of 30 s two shoulders appear before and after the main reduction peak at 215 
°C. The long residence promotes quite heterogeneous CuO distribution over the support with 
two main different CuO species: at low temperature, around 200 °C (weak interaction with 
the support) and high temperature around 230 °C (stronger CuO-support interaction). The 
results indicate that a moderate residence time allows more homogeneous CuO-support 
interactions.  

The three samples were tested as catalysts in CO2 hydrogenation into methanol. The results at 
280 °C are presented in Table 4, as well as the tests results of the samples described in the 
following sections. The temperature of 280°C was chosen according to the Table 2, as it was 
the optimal temperature for the methanol productivity. Conversions and selectivities obtained 
over each catalyst are very close. Regarding the MeOH productivity, the catalyst with an 
intermediate residence time of 30 s presented the best performance, reaching 1022 gMeOH kgcat

-

1 h-1 at 280 °C. Table 4 shows the calculated TOF for the temperature of 280 °C. When the 
residence time is too short or too long (7 s or 140 s) the MeOH productivity, as well as TOF, 
are negatively impacted. For the better understanding of the influence of the residence time on 
materials properties and their catalytic activity it is necessary to study the coprecipitation 
kinetics in the microfluidic conditions in the confined channels, such study was never 
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performed for the Cu-, Zn- and Zr-containing materials and will be the subject of future 
investigations.  

Table 4 Catalytic results at 280°C ,50 bar and 25,000 h-1 for CZZ catalysts with water as carrier fluid: effect of synthesis 

residence time, effect of reagents flow rate, effect of pH 

Catalysts 
(mass#) 

Temperature 
(°C) 

Conversion 
(%) 

Selectivity (%) MeOH productivity  
(g kgcat

-1 h-1) 
TOF (103 s-1) 

H2 CO2 MeOH CO 

CZZwater-7s-1x-pH6 

(19.9 mg) 

280 9.7 21.7 33 67 932 26.5 

CZZwater-30s-1x-pH6 

(17.9 mg) 

280 9.6 20.2 35 65 1022 38.9 

CZZwater-140s-1x-pH6 

(22.7 mg) 

280 10 20.7 36 64 825 27.4 

CZZwater-30s-2x-pH6 

(28.2 mg) 

280 11.3 24.6 32 68 704 21.7 

CZZwater-30s-4x-pH6 

(29.7 mg) 

280 11.4 24.5 33 67 688 23.2 

CZZwater-30s-1x-pH8 

(15.6 mg) 

280 9.9 21.4 33 67 1135 32.8 

Thermodynamic 
simulation results 

280 14.3 29.5 44 56 / / 

CZZa-b-c-d : a = vector fluid, b = residence time (s) , c = flow multiplication, d = precipitation pH 
 # calculated from the apparent density of each catalyst in keep constant GHSV  

  

3.2.2. Reagents flow rates  

The influence of the reagents flow rates during the synthesis was studied in this section. The 
reagents in question are the solution of metal nitrates and the solution of precipitating agent 
(sodium carbonate). Thus, it is expected that increasing the flowrates of the solutions will 
increase the amount of catalyst produced per unit of time. The carrier fluid flowrate was kept 
constant in all experiments at 1.7 mL min-1. The flow rates for the (CZZwater-30s-1x-pH6) material 
were fixed at 11.6 µL min−1 (metal nitrates) and 23.4 µL min−1 (precipitating agent) for the 
total reagent flow of 35 µL min−1. Then the flowrates of the reagents were arbitrarily 
multiplied by 2 (CZZwater-30s-2x-pH6) and by 4 (CZZwater-30s-4x-pH6). The increase of reagents flow 
rate does not change the residence time which was kept constant at 30 s.  
The main characteristics of the three catalysts discussed in this section are given in Table 5.  
 
Table 5 Characterization of the CZZ catalysts with different reagents flow rates during the synthesis  

 

 
According to the ICP analysis, when the reagents flowrate is increased, the catalysts 
composition does no longer correspond to the expected one. The Cu content increases from 40 
to 45 and 47 wt%, while the Zn content decreases from 38 to 30 and 28 wt%. This means that 
too high flowrates do not allow a good and complete coprecipitation of the zinc species. It is 

Catalysts Elementary analysis (wt %) # 3455647 
(g cm-3) 

Crystallite size (nm)¤ SBET  
(m² g-1) 

SCu°  

(mCu°² gCat
-1) CuO  

(37.5)* 
ZnO 

(41.0)* 
ZrO2 

(21.5)* 
CuO ZnO 

CZZwater-30s-1x-pH6 40 38 22 0.42 10 11 99 9.4 

CZZwater-30s-2x-pH6 45 30 25 0.66 10 11 99 11.6 

CZZwater-30s-4x-pH6 47 28 25 0.70 10 11 94 10.6 

CZZa-b-c-d : a = vector fluid, b = residence time, c = flow multiplication, d = precipitation pH 
# determined by ICP-OES 
* theoretical values 
¤ determine by XRD with Debye-Scherrer equation 
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probably due to the difference in kinetic rates of precipitation of different metallic species 
which affects the coprecipitation at very high flow rates. Consequently, all other parameters 
are also affected. The apparent density of the samples increases with the reagents’ flowrate. 
The crystallites size and the specific surface area were not largely influenced. The metallic 
copper surface area is impacted, ranging from 9.4 mCu°² g-1 for CZZwater-30s-1x-pH6, to 11.6 mCu°² 
g-1 for CZZwater-30s-2x-pH6 and 10.6 mCu°² g-1 for CZZwater-30s-4x-pH6 probably due to the higher 
content of copper in the final material when the flowrate is increased. 
The reduction profiles of CZZwater-30s-1x-pH6, CZZwater-30s-2x-pH6 and CZZwater-30s-4x-pH6 catalysts 
are shown in Figure 7. When the reagents flow rate increases during the catalyst synthesis, the 
reduction zone is gradually split into two peaks, indicating heterogeneity of materials with the 
presence of two distinct CuO species. 

 

Figure 7 TPR-H2 profiles of CZZwater-30s-1x-pH6, CZZwater-30s-2x-pH6 and CZZwater-30s-4x-pH6 catalysts 

Figure 8 shows scanning electron microscopy (SEM) images of CZZwater-30s-1x-pH6, CZZwater-

30s-2x-pH6 and CZZwater-30s-4x-pH6 catalysts. The morphology of the CZZwater-30s-1x-pH6 catalyst has 
fine and porous layers, as already mentioned above. The morphology of the catalysts CZZwater-

30s-2x-pH6 and CZZwater-30s-4x-pH6 is no longer in the form of fine sheets but it is rather granular 
and compact. By increasing the reagents flow rates, the morphology in layers is not formed. 
According to our previous work [45], the morphology of CZZwater-30s-2x-pH6 and CZZwater-30s-4x-

pH6 is similar to the morphology obtained in the classical batch coprecipitation. However, the 
layered flower-like morphology was proved to be important for better CuO-support 
interactions and for the methanol productivity in the catalytic tests.  

   
Figure 8 SEM images of (a) CZZwater-30s-1x-pH6, (b) CZZwater-30s-2x-pH6 and (c) CZZwater-30s-4x-pH6 

The catalytic results obtained over these three catalysts in CO2 hydrogenation into methanol 
are presented in Table 4. If the reagents flow rate is kept low, the MeOH productivity could 
reach the record values 1022 gMeOH kgcat

-1 h-1 for CZZwater-30s-1x-pH6. The increase of the 
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reagents flow rates drastically decreases the methanol productivity 704 gMeOH kgcat
-1 h-1 and 

688 gMeOH kgcat
-1 h-1 for CZZwater-30s-2x-pH6 and CZZwater-30s-4x-pH6, respectively. First of all, it is 

due to the different catalysts’ compositions, lack of Zn and thus very heterogeneous CuO-
support interaction. Secondly it is probably due to the compact morphology of the catalysts 
prepared with higher reagents flowrates. The values of methanol productivity in the case of 
CZZwater-30s-2x-pH6 and CZZwater-30s-4x-pH6 are close to that one obtained with the catalyst 
CZZ66/34 prepared in batch coprecipitation (725 gMeOH kgcat

-1 h-1 under the same conditions) 
[45]. 

3.2.3. Coprecipitation pH  

Changing of the synthesis parameters as the droplets residence time and the reagents flow rate 
has evidenced that it is difficult to keep the coprecipitation complete with the respect of a 
desired composition. More often a part of zinc is missing. The precipitation of Zn2+ cations in 
form of carbonates or hydroxocarbonates is usually occurring at pH 5.1, at much higher pH 
than for the precipitation of Zr4+ (pH around 1) and Cu2+ (pH around 3). As the starting 
solution of metal nitrates is strongly acid (pH around 0.2), the gradient induced by its mixing 
with the basic solution of precipitating agent (pH around 9) is crucial for the precipitation of 
zinc cations as pH locally lower than 5 could affect their precipitation, even is the target mean 
pH is 6. In this section, the pH value of the coprecipitation media is studied in order to 
increase the possibility of complete coprecipitation. Two different coprecipitation pH were 
compared: 6 and 8, the respective samples, CZZwater-30s-1x-pH6 and CZZwater-30s-1x-pH8 are 
compared in this section. 

Table 6 Characterization of the CZZ catalysts with different synthesis pH 

 

 

The mass composition (Table 6) is identical for the two catalysts proving that a minimum pH 
of 6 is very important for the complete coprecipitation of all the components. A higher pH 
does not seem to affect the specific surface area (99 m² g-1 in both cases). The crystallite size 
of the CuO and ZnO are very close as well. These facts seems to be contradictory to the work 
of Lee et al. [36] on the characterization of the catalyst. Indeed, in their work it is indicated 
that the CuO and ZnO cristallite size increases and the surface area (SBET) decreases when the 
coprecipitation pH increases. It is probably due to the difference in other synthesis 
parameters. Lee studied the batch coprecipitation synthesis and here we use a continuous 
synthesis in a microfluidic reactor. The apparent density is lower for the CZZwater-30s-1x-pH8 

comparing to CZZwater-30s-1x-pH6 (0.37 and 0.42, respectively). The biggest difference was 
observed for the metallic copper surface area. Indeed, this surface is increased when pH of the 
synthesis media is increased, from 9.4 mCu°² g-1 for the coprecipitation at pH 6 to 12.4 mCu°² g-

1 for the coprecipitation at pH 8. The H2-consumption profiles of CZZwater-30s-1x-pH6 and 
CZZwater-30s-1x-pH8 catalysts are shown in Figure 9. The main reduction peak appears at the 

Catalysts Elementary analysis (wt %) # 3455647 
(g cm-3) 

Crystallite size 
(nm)¤ 

SBET  
(m² g-1) 

SCu°  

(mCu°² gcat
-1) 

CuO  
(37.5)* 

ZnO 
(41.0)* 

ZrO2 
(21.5)* 

CuO ZnO 

CZZwater-30s-1x-pH6 40 38 22 0.42 10 11 99 9.4 

CZZwater-30s-1x-pH8 40 38 22 0.37 10 10 99 12.4 

CZZa-b-c-d : a = vector fluid, b = residence time, c = flow multiplication, d = precipitation pH 
# determined by ICP-OES 
* theoretical values 
¤ determine by XRD with Debye-Scherrer equation 
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temperature 215 °C for CZZwater-30s-1x-pH6 and 208 °C for the CZZwater-30s-1x-pH8. The profiles 
have similar shape. It can be noticed that the profile of CZZwater-30s-1x-pH8 is slightly thinner and 
more homogeneous, without obvious shoulders and with only one zone of H2 consumption, 
indicating a single kind of CuO species well interacting with the support in the catalysts. The 
increase of the synthesis media pH seems to slightly improve the homogeneity inside the 
catalyst. 

 

Figure 9 H2 consumption of CZZwater-30s-1x-pH6 and CZZwater-30s-1x-pH8 

Figure 10 represents the TEM images of the CZZwater-30s-1x-pH8 catalyst.  The TEM images of 
the CZZwater-30s-1x-pH6 material are shown in Figure 4(c) and 4(d). The CZZwater-30s-1x-pH8 catalyst 
is homogeneous in the same way as CZZwater-30s-1x-pH6. Further analysis revealed the difference 
of the CuO crystallites size. The size of the crystals for the CZZwater-30s-1x-pH8 catalyst observed 
in TEM is between 7 and 15 nm, which is smaller than the crystals size of the CZZwater-30s-1x-

pH6 (13-25 nm). These smaller crystals can explain the thinner TPR-H2 profile and the 
improvement of the metallic copper surface area of CZZwater-30s-1x-pH8.  

   

Figure 10 Bright field TEM images of CZZwater-30s-1x-pH8 

The catalytic results obtained over CZZwater-30s-1x-pH6 and CZZwater-30s-1x-pH8 in CO2 
hydrogenation into methanol are presented in Table 4. The CZZwater-30s-1x-pH8 catalyst performs 
slightly higher CO2 conversion than the CZZwater-30s-1x-pH6 catalyst, over the entire temperature 
range. Indeed, with a higher coprecipitation pH, CZZwater-30s-1x-pH8 is more homogeneous with 
smaller crystal size, thus higher Cu surface, compared to CZZwater-30s-1x-pH6. In the same time, 
the MeOH productivity is always higher for CZZwater-30s-1x-pH8, reaching the best productivity 
among all the catalysts, with 1135 gMeOH kgcat

-1 h-1 at 280 °C. The MeOH productivity in TOF 
values for the both materials are shown in Table 4 as well. TOF calculations consider the 
metallic copper surface area, thus including more parameters than simple methanol 
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production per mass of catalyst. The TOF of the CZZwater-30s-1x-pH6 appeared higher than TOF 
of CZZwater-30s-1x-pH8 due to the difference in metallic copper surface areas of these two 
materials. It can be concluded that the increase of the coprecipitation media pH brings better 
CuO species distributions thanks to their smaller size thus creating a specific homogeneous 
mixture between catalyst components. As a result, the optimized catalyst CZZwater-30s-1x-pH8 has 
the layered sheets morphology and the best catalytic properties. 

 

Figure 11 CO2 conversion (a) and MeOH productivity (b) in the presence of CZZwater-30s-1x-pH8 catalyst, at 50 bar and different 

GHSV 

The choice of the high reagents flow was led by the thermodynamic limitations. The best 
catalytic results thus obtained for the CZZ water-30s-1x-pH8 were questioned in different GHSV, in 
addition to 25,000 h-1 two more GHSV values were tested: 10,000 h-1 and 39,000 h-1. Figure 

11 shows the results of these catalytic tests. Obviously, higher is the reagents GHSV further 
are the results from the thermodynamic equilibrium of the reaction. With the smallest tested 
GHSV equal to 10,000 h-1 the conversion of CO2 reaches the thermodynamic equilibrium at 
already 280 °C; while the higher GHSV keeps the CO2 conversion far from equilibrium even 
at high temperatures. It is worth to note, that the optimization of the synthesis parameters 
allowed to improve the productivity of methanol by 15%: previously obtained 
486 gMeOH kgcat

−1 h−1 [37] vs 559 gMeOH kgcat
−1 h−1 (at 280 °C under 50 bar and a GHSV of 

10,000 h−1) (Figure 11b). The methanol productivity could be even further improved by 
increasing the GHSV: the methanol productivity 1530 gMeOH kgcat

−1 h−1 was obtained at 
39,000 h-1, 280°C, 50 bar.   

Table 7 Comparison of the results with the recent literature 

Catalysts H2/CO2 GHSV  
(h-1) 

T 
(°C) 

P 
(bar) 

XCO2-SMeOH 

(%) 
Productivity  
(gMeOH.kgCat

-1.h-1) 
TOF 
(103 s-1) 

CZZwater-30s-1x-pH6 3.9 25 000 
10 000 

280 
280 

50 
50 

16.5 – 47.0 
25.4 – 32.5 

1022 
559 

38.9 
21.3 

50Cu-Zn-Zr[49] 3.0 18 000  250 50 / - / 665 5.2 

50Cu-Zn-Al[50] 3.0 18 000  250 50 / - 47.0 721 5.6 

Cu/MgO/Al2O3-pH8[51] 2.8 2 000 250 20 3.6 – 31.0  8 - 

ZrO2/Cu-ZnO-350[52] 3.0  230 30 / - / 499 - 
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The Table 7 presents a short list of the methanol productivity comparison in CO2 
hydrogenation reaction. The highest methanol productivity in similar conditions was obtained 
by Saito et al.[49,50] An interesting study was performed on Cu/MgO/Al2O3 catalysts with 
changing pH of the synthesis. It was shown that in the range of pH 5 – 11 the materials 
prepared at pH 8 are the most active, they were tested in CO2 hydrogenation to methanol at 20 
bar and achieved 8 gMeOH.kgCat

-1.h-1[51]. Another study of Stangeland et al on the 
coprecipitation-impregnation technics proves the great importance of the catalytic materials 
preparation, quite high methanol productivity 499 gMeOH.kgCat

-1.h-1 for ZrO2 impregnated over 
Cu-ZnO catalyst was achieved at 30 bar[52]. The catalysts presented in this work prepared by 
the optimised coprecipitation in the microfluidic reactor are very competitive and in certain 
conditions are more efficient comparing to the other catalysts reported in the literature. 

4. Conclusions 

Cu-based catalysts with ZnO and ZrO2 in the support were synthesized via a continuous 
coprecipitation in a microfluidic system, the theoretical composition of all the samples was 
kept at 37.5 wt% of CuO (corresponding to 30.0 wt% Cu0), 41.0 wt% of ZnO and 21.5 wt% 
of ZrO2. All the catalytic materials were characterized and tested as catalysts for the CO2 
hydrogenation into methanol at 50 bar in the range of 200-320 °C and different GHSV 
(10,000 h-1, 25,000 h-1 and 39,000 h-1) using high-throughput experiments. Several parameters 
specific to the synthesis in the microfluidic device have been modified in order to optimize 
the properties of the CuO-ZnO-ZrO2 catalyst. The optimized microfluidic synthesis operation 
parameters were found: water as the carrier fluid, average residence time (30 s), the slow flow 
rate of the reagents during the synthesis (11.6 µL min−1 for metal nitrates and 23.4 µL min−1 
for precipitating agent) and finally the increased pH of the coprecipitation synthesis (around 
pH 8).  

Using water as the carrier fluid it was possible to prepare a catalyst more homogeneous and 
more efficient catalytically compared to the material prepared using silicon oil as the carrier 
fluid. The oil was discarded from the use as ecologically and economically not efficient 
(additional step of purification is needed). Too short or too long residence time of the droplets 
in the microfluidic reactor is not beneficial in terms of methanol productivity of the final 
catalyst due to uncompleted precipitation of all the catalysts components. The increase of the 
pH till 8 led to better homogeneity of the final catalyst. As a result, the record methanol 
productivity in comparison to the literature was achieved: 1135 gMeOH kgcat

-1 h-1 at 25,000 h-1 
at 50 bar at 280 °C for the CuO-ZnO-ZrO2 catalyst (CZZwater-30s-1x-pH8). The catalytic 
performances obtained in this work were largely improved by optimization of four 
parameters: carrier fluid nature, residence time, reagents flow rate and coprecipitation pH. In 
comparison to the best methanol productivities reported so far in the literature the here-
reported results are very promising and can even be further optimized enlarging the studied 
parameters list, as it is currently under study.  
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