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Abstract
In this study, zeolite based Cu-Co bimetallic catalysts were synthesized by green deposition precipitation
method. To investigate the optimum metal-metal ratio, catalysts with different Cu-Co metal weigh ratios
were studied. XRD analysis revealed deposition of highly dispersed Cu-Co metal oxides on the surface of
zeolite support. The nitrogen adsorption-desorption studies showed that surface area of Cu-Co bimetallic
catalysts was slightly decreased by increasing Cu content in bimetallic catalysts. Temperature program
reduction studies exhibited synergism between the Cu-Co metals which resulted variation in reduction
behavior of zeolite based bimetallic catalysts. Temperature program desorption  investigations showed
the existence of three types of basic sites on the surface of zeolite based Cu-Co bimetallic catalysts.
Activity pro�les of zeolite based Cu-Co bimetallic catalysts were examined for low temperature CO2

hydrogenation to methanol in slurry reactor. The activity studies documented enhancement in methanol
synthesis rate from 7.5 to 25. 6 g/Kgcat. h by increasing the Cu content in catalysts. Based on the
physico-chemicals �ndings and activity data, structure-activity patterns were elaborated in details.  

1- Introduction
The concentration of carbon dioxide in the atmosphere is at alarming level at 416 ppm with a prediction
of 570 ppm by the end of this century [1, 2]. The rise in concentration level of carbon dioxide in the
atmosphere is due to combustion of fossil fuel leading to massive emissions of anthropogenic CO2 in the
atmosphere. The increasing CO2 concentrations resulted in some widespread concerns pertaining to
environmental degradations such as global warming, ocean acidi�cation and over all climate change [3,
4]. The increasing concentrations of CO2 is exhausting waste by keeping in mind its environmental
consequences. However, the conversion of this emitted CO2 has been under investigations among the
research community to utilize it as an alternative carbon source by producing fuels and other chemical
commodities. Up to date, extensive research papers have been documented to convert CO2 to some
valuable products. Amongst other strategies, catalytic hydrogenation of CO2 to methanol has gained a lot
of interest in the research community as a viable, sustainable and economical route to combat CO2

concentration in the environment [5, 6].

On industrial basis, methanol has been produced by catalytic hydrogenation of syngas (mixture of CO
and CO2) over alumina based Cu/ZnO catalysts [7, 8]. However, the performances of this traditional
catalysts were not enthusiastic when applied to pure CO2 hydrogenation. Many studies have been
reported by applying variety of catalytic systems to �nd a suitable catalytic system for pure CO2

hydrogenation to methanol. A variety of catalytic systems having different metals like Cu, Pt, Au, Co,
Fe,Ni, Zn etc. have been applied to develop CO2 hydrogenation [9]. Similarly, catalytic systems with
different support such as alumina, silica, zeolite, carbon nano�bers etc. have been utilized to carry out the
pure CO2 hydrogenation to methanol [10]. In terms of active metals, the role of Cu has been recognized as
one of the active metals for CO2 hydrogenation to methanol. Likewise, the promoting role of Co metal has
also been observed in methanol synthesis catalysts. An extensive research has been reported for single
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metal catalyst with good reactivity pro�le for the CO2 hydrogenation to methanol [11, 12]. However, the
combination of two or more metals have been resulted with further improvement of catalyst properties of
methanol synthesis catalysts. This can be further justi�ed by the fact that application of bimetallic
systems led to signi�cant improvement in catalytic activity as compared to their monometallic
counterparts [9]. In addition, the combination of active metals resulted in creating a synergic effect by
increasing the reducibility of metals as well as their dispersion on the surface of the support.

Different methods of preparations have been adopted to synthesize metal supported catalysts. Co-
precipitation method, is one of the commonly used methods to synthesize metal supported catalysts.
However, catalysts prepared by this method generally require number of washing procedures to get rid off
residual precursors in the form of nitrates, potassium, sodium etc. in order to avoid agglomeration and
sintering of active metal particles. Although, an alternate option in the form of chloride or sulfate based
metal precursors is always there to be utilized however, sulfate and chloride have been identi�ed as
poison in methanol synthesis catalysts. To circumvent this problem, application of metal acetate based
metal precursors provides a greener approach by avoiding production of undesired nitrates contaminated
wastewater on one hand and avoid possible leaching of active metals during the washing process in
case of traditional protocol [13, 14].

To investigate the combination effect of Cu/CO molar ratio for the CO2 hydrogenation to methanol over
zeolite supported Cu/Co bimetallic catalysts, herein, both Cu and Co were deposited on the surface of
zeolite. Physicochemical parameters were assessed by employing different analytical techniques.
Similarly, the reactivity pro�le of Cu/Co bimetallic catalysts were evaluated for methanol synthesis by
CO2 hydrogenation in three phase slurry reactor.

2- Experimental

2.1 Materials
Mordenite type of zeolite was used as catalyst support in the current work. Copper acetate monohydrate
and cobalt acetate tetra hydrate were used as copper and cobalt as precursor’s salts, respectively.
Ammonium hydroxide was used to deposit Cu-Co metals on the surface of zeolite support in basic
medium.

2.2 Synthesis of Cu-Co/ zeolite catalysts
Deposition of Cu and Co metals was carried out by green precipitation method [15]. A green synthesis
approach was adopted by taking acetate salts of metals, which needed no extensive washings of
precipitates and also helped in leaching precious metals [13, 14]. A given quantity of copper acetate
monohydrate were dissolved in 250 ml of distilled water in 500 ml beaker. A clear blue colour solution
was obtained with continuous stirring. A given quantity of cobalt acetate tetra hydrate was also added to
stirring solution. Upon complete dissolution of both salts, given quantity of zeolite was added to the
solution. The solution pH was adjusted to 8 by ammonium hydroxide solution and temperature was
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maintained at 85 oC. The slurry was continuously stirred for 2 h by using magnetic stirrer. The obtained
precipitates were centrifuged at speed of 2000 rpm and dried for 10 h in oven. By this way, Cu-Co
bimetallic catalysts with Cu:Co weight ratio of 2:8, 4:6, 5:5, 6:4 and 8:2 were synthesized over zeolite
support and designated as 2Cu8CoZ, 4Cu6CoZ, 5Cu5CoZ, 6Cu4CoZ and 8Cu2CoZ, respectively.

2.3 Characterization of Cu-Co/ zeolite catalysts
The synthesized Cu-Co bimetallic catalysts were by variety of analytical techniques. Phase investigations
were carried out by X-ray diffraction (XRD) technique by employing Rigaku model UltimaIV at room
temperature between Bragg angle 2θ = 10 to 80o.

Brunauer, Emmett and Teller (BET) speci�c surface area, pore volume and pore size distribution of Cu-Co
bimetallic catalysts were assessed by using Nitrogen adsorption–desorption isotherms technique. In the
current work, Quantachrome autosorb IQ having ASIQA3V600000-6 model was used for this purpose.

The reduction behavior of Cu-Co bimetallic catalysts was investigated by temperature-programed
reduction (TPR) technique. Micromeritics AutoChem II (Micromeritics Instrument Corporation, Norcross,
GA, USA) was used for reduction studies. The catalysts were �rst heated in argon �ow at 150°C for 30
mintues and cooled before reduction analysis. The catalysts were then introduced to 10% H2/Ar �ow at
40 mL/min was to 900°C at ramping speed of 10°C/min.

The basicity pro�le of zeolite based Cu-Co bimetallic catalysts was tailored by CO2 temperature program
desorption technique (TPD-CO2). Micromeritics AutoChem II (Micromeritics Instrument Corporation,
Norcross, GA, USA) was used for desorption studies.

2.4 Evaluation of Cu-Co/ zeolite catalysts

Evaluation of Cu-Co bimetallic catalysts for CO2 hydrogenation to methanol was evaluated in three phase
slurry reactor Parr 5500. In a typical protocol, a 0.5 g of reduced catalysts were placed in 100 ml capacity
reactor vessel having 50 ml ethanol. A combination of CO2/H2 with 1: 3 molar ratio were injected in the
reactor vessel. The reactor was pressurized to 30 bar with steadily increasing the reaction temperature to
190 oC. The reaction was continued for 3 hours at the same reaction conditions to achieve the
equilibrium. Gas Chromatography using Agilent GC Model 7890B was used to measure the quantity of
methanol synthesis.

Rate of methanol synthesis was calculated as follows

Rateofmethanolyield = gofmethanolproduced/Kgofcatalyst × h

3. Results And Discussions

3.1 XRD analysis of Cu-Co/zeolite catalysts
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XRD patterns of zeolite based Cu/Co bimetallic catalysts have been shown in Fig. 1. XRD pattern
con�rmed mordenite type of zeolite by exhibiting diffraction lines at 2θ = 6.54, 9.79, 13.57, 15.33, 19.75,
22.51, 25.82, 27.35 and 30.99o. Furthermore, the same diffraction pattern was observed in all zeolite
supported catalysts, which indicated that zeolite retained its structure even after having Co and Cu metals
deposited on its surface [16]. However, a slight decline in crystallinity of some characteristic diffraction
lines of zeolite were observed by incorporating the Cu and Co metals [17, 18]. On the other hand, no
diffraction lines corresponding to Co and Cu metal oxides were observed in the XRD patterns of zeolite
based bimetallic catalysts. The disappearance of Co and Cu metal oxides diffraction lines can be
apprehended in many ways. No diffraction lines of metals oxides may be due to their amorphous nature
on the surface of the support. Likewise, the loss of metal oxides diffraction peaks could be due to the
high dispersion degree on the surface of the zeolite support, thus indicating that metal cations were well
dispersed on the zeolite. Another possible reason for the missing Co Cu metal oxides XRD diffractions
could be due to the deposition of metal oxides inside the zeolite framework. However, in the current case,
this could be negated based on the BET results as such deposition may lead into pore blockage which is
contradictory to the BET �ndings where pore radius remained almost constant throughout the metal
loadings.

3.2 BET studies of Cu-Co/ zeolite catalysts
BET data of zeolite based Cu/Co bimetallic catalysts have been recorded in Table 1. The BET surface
area was slightly decreased by increasing Cu content to the zeolite based Cu/Co bimetallic catalysts.
This decline of BET surface area with increasing Cu content can be better understood by the relative
decrease in pore volume of the catalysts. The BET surface area of zeolite based Cu/Co bimetallic
catalysts was signi�cantly decreased from 285 to 214 m2/g by increasing the Cu content from 2wt.% to
8wt.%. This is because of the fact that pore volume of zeolite based Cu/Co bimetallic catalysts with
2wt.% was observed to be decreased from 0.365 to 0.171 cc/g, upon enhancing the Cu content to 8wt.%.
Such trend of decreasing BET surface area with decreasing pore volume has been consistently reported
in the literature [19]. On the other hand, the pore radius of zeolite based Cu/Co bimetallic catalysts was
not much altered by variation in Cu/Co weight ratio. Indeed, it is very di�cult to correlate between BET
surface area, pore diameter and pore volume. However, as per general rule by assuming well de�ned
cylindrical materials pores, the BET surface area S, pore radius r, and pore volume V can be correlated by
the equation as S = 2V/r. This equation clearly indicates that magnitude of surface area is directly
proportional to the pore volume while it is inversely proportional to the pore radius. In the current study,
the decreasing trend of BET surface area with decreasing pore volume is according to the general rule.
Subsequently, the surface investigations indicate the well-de�ned cylindrical pore of the catalysts.

 



Page 6/13

Table 1
BET data of zeolite based Cu-Co catalysts

Sample BET surface area

(m2/g)

Pore Volume

(cc/g)

Pore radius

2Cu8CoZ 286.55 0.365 15.270

4Cu6CoZ 271.44 0.218 17.07

5Cu5CoZ 240.50 0.193 17.04

6Cu4CoZ 250.22 0.196 21.53

8Cu2CoZ 214.5 0.171 17.03

3.3 Reduction behavior of Cu-Co/ zeolite catalysts
The reduction pro�le of zeolite supported Cu/Co bimetallic catalysts can be discussed by analyzing the
TPR peaks in three different temperature zones (Fig. 2). The reduction peaks in low temperature zone
around 230 oC shows the reduction of CuO. Similarly, the reduction peaks around 400 oC is assigned to
reduction of Co3O4. The reduction peaks at higher temperature of more than 400 oC indicates the
reduction behavior of mixed composite oxides like CuCo2O4 and CuxCo3xO4. By closer look at TPR
pro�les, the intensity of CuO reduction peaks could be observed with higher intensities as one proceeds
from 2Cu8CoZ to 8Cu2CoZ catalysts. This is quite understandable by keeping in mind the increasing CuO
concentration in the same sequence. In the TPR pro�le of CuO, an interesting observation were recorded
for the studied catalysts. A single reduction peak of CuO was seen in the TPR pro�le of CuO in 2Cu8CoZ,
4Cu6CoZ, 5Cu5CoZ, and 6Cu4CoZ catalysts while two reduction peaks were observed in 8Cu2CoZ
catalysts. The single reduction peak of CuO exhibits one step reduction behavior of Cu as CuO + H2 → Cu 
+ H2O. Likewise, this reduction behavior also signals the high dispersion of CuO over the surface of the
support. On the other hand, the two reduction peaks of CuO in 8Cu2CoZ catalyst shows two step
reduction process of CuO, whereas CuO is �rst partially reduced to Cu2O and further hydrogenated to be
fully reduced to Cu metal. The TPR behavior of CuO also demonstrated that position of reduction peak
over the temperature scale was affected by varying molar ratio of Cu/Co over zeolite support. The
shifting of reduction peaks over the temperature scale exhibits the metal-metal interaction as recorded in
the literature [16]. Generally, the TPR reduction peak of CuO was observed to be slightly shifted to higher
temperature as the CuO content was increased to zeolite based Cu/Co catalysts, however it was back
shifted to lower temperature as recorded the TPR peak of 8Cu2CoZ catalyst. The shifting of CuO
reduction peak to higher temperature with increasing CuO concentrations indicates the higher interaction
of Cu-Co metal-metal interaction. This behavior is justi�ed by the fact that increasing metal-metal
interaction makes it harder for the metal oxide to be reduced and hence the reduction peak is shifted to
higher temperature. Unlike reduction of CuO, the reduction behavior of Co oxide in zeolite based Cu/Co
catalysts was recorded more complicated. In the �rst two catalysts, namely 2Cu8CoZ and 4Cu6CoZ the
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reduction peak of Co3O4 was more prominent while the contribution of mixed composite oxides like
CuCo2O4 and CuxCo3xO4 was more dominant in other zeolite based Cu/Co bimetallic catalysts [20].

3.4: Basicity pro�le of zeolite based Cu/Co catalysts
The basicity pro�les of zeolite based Cu/Co bimetallic catalysts with different weight ratio have been
demonstrated by Fig. 3. Basic sites were found in three different temperature regions. Basic sites in low
temperature range up to 200 oC were classi�ed as weak basic sites. Similarly, basic sites in temperature
range of 200–500 oC are termed as medium basic sites while basic sites in high temperature range of
more than 500 oC are designated to strong basic sites. In the current studies, the contribution of weak and
moderate basic sites predominantly dominated the total number of basic sites in all the catalysts. The
magnitude of strong basic sites was comparative very less as compared to the magnitude of weak and
moderate basic sites. In fact, the number of weak and moderate basic sites play a vital role in catalytic
conversion of acidic reactants like CO2 as compared to strong basic sites. TPD-studies revealed that
contribution of weak and moderate basic sites was slightly enhanced by increasing Cu wt. ratio to 5:5
while it was declined with further Cu enrichment.

4. Reaction Studies
The activity pro�le of zeolite based Cu/Co bimetallic catalysts were evaluated for CO2 hydrogenation to
methanol in three phase slurry reactor. The activity pattern of zeolite based Cu/Co bimetallic catalysts
was in�uenced by Cu/Co metallic ratios. The tabulated data (Table 2) indicates that methanol synthesis
rate was increased from 7.5 g/Kg.h to 15.4 g/Kg.h as the Cu/Co was increased from 2:8 to 4:6. Similar
trend of increasing methanol synthesis rate was continued with further increment in Cu/Co metallic
ratios. The maximum activity for CO2 hydrogenation to methanol was recorded with 5Cu5CoZ catalyst
having 1:1 Cu/Co metallic ratio. The activity was depressed with further rising the Cu/Co metallic ratios in
the current study. Although, Cu has been considered as an active metal for CO2 hydrogenation to
methanol, so in that sense methanol synthesis rate should have been increased by increasing Cu/Co
metallic ratios. However, the decline behavior in methanol synthesis rate was recorded. This clearly
indicates some other factors controlling the rate of methanol synthesis rather than mere concentration of
Cu metal. One of the possible reasons for this deviation in methanol synthesis rate can be due to
phenomenon of metal-metal synergic effect. Metal-metal synergic effect has been recorded as a vital
factor enhancing the activity of methanol synthesis catalysts. Very recently, Kun Zhao et. al. unrevealed
Cox(CoO)1–x synergic effect was identi�ed to be major parameter responsible for high activity of
Cox(CoO)1–x catalysts for CO2 hydrogenation to methanol [21]. Similarly, Zhong et. al. investigated
Cu/ZnO catalysts for methanol synthesis by CO2 hydrogenation. The work identi�ed synergism between
Cu and Zn which resulted in high activity of Cu/ZnO catalysts for methanol synthesis by CO2

hydrogenation [22].
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Table 2
Activity data of zeolite based Cu-Co catalysts

Catalysts Meth. Synthesis rate (g/Kgcat. h) Selectivity

(%)

2Cu8CoZ 7.5 57

4Cu6CoZ 15.4 60

5Cu5CoZ 25.4 64

6Cu4CoZ 20.3 58

8Cu2CoZ 19.4 54

Another vital parameter regulating the overall performance of the catalysts in the current study was
observed to be high dispersion of metal oxides over the zeolite support as indicated by XRD and TPR
investigations. Furthermore keeping in mind the acidic nature of CO2, conversion of CO2 is facilitated by
increasing number of basic sites. The increasing rate of CO2 conversion ultimately enhance overall
activity pro�le of catalysts. Based on this argument, the increasing trend in catalysts activity can also be
justi�ed on enrichment of basic sites with the incorporation of Co Cu metals.

Conclusion
The current work deals with the study of zeolite based Cu-Co metallic ratio for green methanol synthesis
by CO2 reduction. The study revealed Cu-Co metals interaction which resulted into synergism as
demonstrated by TPR investigations. The study also concluded Cu-Co metals interaction as the leading
factor controlling the rate of methanol synthesis rate. The optimum weight ratio of Cu:Co 1:1 was found
the best among studied metal-metal ratio which resulted the highest performance in terms of methanol
synthesis rate.
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Figure 1

XRD pattern of (a) 2Cu8CoZ, (b) 4Cu6CoZ, (c) 5Cu5CoZ, (d) 6Cu4CoZ, (e) 8Cu2CoZ catalysts and (f)
zeolite
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Figure 2

TPR pro�le (a) 2Cu8CoZ, (b) 4Cu6CoZ, (c) 5Cu5CoZ, (d) 6Cu4CoZ and (e) 8Cu2CoZ catalysts
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Figure 3

CO2 TPD Pro�le of (a) 2Cu8CoZ, (b) 4Cu6CoZ, (c) 5Cu5CoZ, (d) 6Cu4CoZ and (e) 8Cu2CoZ catalysts


