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ABSTRACT: An extensive study of Higher Alcohol Synthesis (HAS) from synthesis gas using cobalt (Co) 

promoted alkalized MoS2 catalysts supported on Carbon NanoTubes (CNTs) is reported. Up to  

5wt.% of Co is added to the 15wt.% Mo-8wt.%K/ CNTs by incipient wetness impregnation method. 

Most of the metal particles were homogeneously distributed inside the tubes and the rest on the 

outer surface of the CNTs. The catalysts are extensively characterized by different methods and    

the activity and selectivity of the catalysts were assessed in a fixed bed micro-reactor. Temperature 

Programmed Reduction (TPR) tests showed that addition of cobalt decreased the second TPR peak 

temperature from 801 to 660oC. The diffraction peaks that represent the characteristic K-Mo-O 

phase (i.e. K2Mo2O7, K2MoO4, K2Mo7O20, KMo4O6, and K0.33MoO3; these species can enhances 

formation of higher alcohols) were observed in the X- Ray Diffraction (XRD) patterns of unpromoted 

Mo-K/CNTs and to a greater extent in the XRD patterns of Co-promoted Mo-K/CNTs catalysts.    

Co addition to Mo-K/CNTs not only increased the number of surface sites, but also decreased      

the average active metal particle sizes from 7.53 to 5.33 nm and increased the percentage dispersion 

from 51.1 to 68.2%. Among the catalysts with different Co loadings, catalyst with 5 wt.% Co 

showed the highest %CO conversion of  38.8%. The total alcohol selectivity reached a maximum of 

59.7 wt.% on the catalyst promoted with 3 wt.% cobalt. The catalyst with 3 wt.% Co exhibited 

selectivity of 41.65 wt.% towards higher alcohols. 
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INTRODUCTION 

Higher Alcohols Synthesis (HAS) from CO hydrogenation,  
as one of the most promising processes for coal, natural 
gas and biomass conversions to synthetic fuels,  
is receiving a renewed interest for both industrial  
 
 
 

and academic applications because of the emergency  
of transportation fuel shortage in the whole world.  
As a result, several catalytic systems for HAS, including 
the MoS2-based catalysts, Rh-based catalysts, modified  
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Table 1: Textural properties of the supports. 

Sample BET surface area (m2/g) Total pore volume (mL/g) Average pore diameter () % metals 

Fresh CNTs 209.01 0.48 91.62 0.60% 

30% HNO3 Treated CNTs 252.59 0.59 94.12 0% 

 
methanol synthesis catalysts and modified Fischer-
Tropsch catalysts were developed [1-5]. 

Supported molybdenum sulfide (MoS2) based catalysts 
are the most attractive higher alcohols synthesis catalysts 
due to their excellent resistance to sulfur poisoning and 
high activity for the water-gas shift reaction [6-10]. 
Molybdenum sulfide catalysts mainly produce 
hydrocarbons but, when they get promoted with alkali 
metals,they  can produce alcohols [11, 12]. The function of 
alkali metal is to reduce the hydrogenation ability of    
alkyl species to form alkanes and increase the sites active 
for formation of alcohols [13]. Also, cobalt is used            
as promoter in supported molybdenum sulfide catalysts [14-17]. 
It has been suggested that addition of cobalt to MoS2 catalysts 
increases the yield of ethanol and higher alcohols [14-17]. 
However, the most favorable amount of cobalt               
that optimizes the rate of higher alcohols synthesis using 
cobalt promoted MoS2 catalysts, has not been determined. 

The use of carbon as catalysts support has been 
drawing attention, due to their flexibility in tailoring the 
catalyst properties to specific needs. Activated carbon has 
many advantages if utilized as catalyst support (resistance 
to acidic or basic media, stable at high temperatures, etc.). 
Carbon nanotubes possess similar properties and in most 
cases outperform activated carbon in this respect. Carbon 
nanotubes with unique properties such as uniform pore 
size distribution, meso and macro pore structure, inert 
surface properties, highly graphitized tube-walls,          
sp2-C-constructed surfaces and resistance to acid and base 
environment can play an important role in a large number 
of catalytic reactions. It is anticipated that using 
mesoporous structured carbon nanotubes improve         
the catalytic performance [18-23]. 

In our previous work, we extensively studied           
the activity and product selectivity of CNTs supported 
potassium promoted molybdenum sulfide catalysts [23]. 
In the present work, we intend to enhance the activity and 
selectivity of the CNTs supported alkalized molybdenum 
sulfide catalyst using optimum amount of cobalt as MoS2 
catalyst promoter.  

EXPERIMENTAL SECTION 

Catalyst preparation   

Multi wall CNTs (purity >95%) (Characteristics are shown 
in Table 1) were used as support for preparation of       
the catalysts. Prior to impregnation the support            
was treated with 30% HNO3 reflux at 120˚C overnight, 
washed with distilled water several times and dried         
at 120˚C for 6h. All the catalysts were prepared by the 
incipient wetness impregnation with aqueous solutions of 
(NH4)6Mo7O24.4H2O, K2CO3 and Co(NO3)2.6H2O. First, 
the support was impregnated with Mo precursor, 
followed by drying at 120˚C for 6h and calcination         
in argon flow of 50 ml/min for 4h at 450˚C with a heating 
rate of 10˚C/min [19-22]. Then it was impregnated with 
an aqueous solution of K2CO3 and dried and calcined      
at the same conditions of the last step. Finally,                 
it was impregnated with aqueous solution of Co(NO3)2.6H2O. 
After 3rd impregnation step, the catalysts dried and 
calcined similar to the last two steps. Six catalysts were 
prepared with different loadings of cobalt (0, 1, 2, 3, 4, 
and 5 wt.%), 15 wt.% molybdenum and 8 wt.% potassium.  

 
ICP-OES 

The metal loadings of fresh and acid treated supports 
(impurities) and molybdenum, potassium and cobalt 
loadings of the calcined catalysts were performed using 
Varian VISTA-MPX Inductively Coupled Plasma-Optical 
Emission Spectrometry (ICP-OES) instrument. 
 
BET surface area measurements/BJH pore size distributions 

Surface area, pore volume and average pores diameter 
of the fresh and acid treated supports were measured 
using an ASAP-2010 V2 Micrometrics system.            
The samples were degassed at 200˚C for 4h under 50 mTorr 
vacuums and their BET area, pore volume and pore 
diameter was determined. 

 
X-ray diffraction  

The phases and particle sizes of the crystals present   
in all the catalysts were analyzed by XRD using a Philips 
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Analytical X-ray diffractometer (XPert MPD) with 
monochromatized Co/K radiation, 2 angles from 20˚ to 80˚. 
The Debye–Scherer formula (d = 0.9/cos, where  is 
FWHM (Full Width at Half Maximum),  is wave length 
of X-ray, 0.9 is a constant) was applied to MoO3 peaks   
at 2 = 43.3, in order to calculate the average particle sizes. 
 
Transmission Electron Microscopy (TEM) 

The morphology of the catalysts was characterized by 
Transmission Electron Microscopy (TEM). Sample 
specimens for TEM studies were prepared by ultrasonic 
dispersion of the catalysts in ethanol, and the suspensions 
were dropped onto a carbon-coated copper grid. TEM 
investigations were carried out using a Philips CM20 
(100 kV) transmission electron microscope equipped with 
a NARON energy-dispersive spectrometer with a 
germanium detector. 
 
Temperature Programmed Reduction (TPR) 

The H2-TPR profiles of the catalysts were performed 
in order to study the reducibility of the metal species      
in the catalysts. The catalyst sample (0.05g) was first 
purged in a flow of Helium at 140˚C to remove traces of 
water and gases exist in catalyst, and then cooled to 40˚C. 
Then the TPR of each sample was performed using      
5% H2 in Ar stream at a flow rate of 40 mL/min at 
atmospheric pressure using Micrometrics TPD-TPR 2900 
analyzer equipped with a Thermal Conductivity Detector (TCD), 
heating at a linearly programmed rate of                 
10˚C/min up to 850˚C. 
 
Hydrogen chemisorption  

The amount of chemisorbed hydrogen was measured 
using the Micrometrics TPD-TPR 2900 analyzer system. 
0.2 g of the calcined catalyst was first purged in a flow of 
argon at 140oC to remove traces of water. The temperature 
was then raised to 500oC at a linearly programmed rate of 
10°C/min and catalyst was reduced for 12h under 
hydrogen flow and then cooled to 40oC. Then the flow of 
hydrogen was switched to argon for 30 min in order       
to remove the weakly adsorbed hydrogen. Afterwards the 
Temperature Programmed Desorption (TPD) of the 
samples was performed by increasing the temperature    
of the samples, with a ramp rate of 40oC/min, to 500oC 
under the argon flow. The TPD spectrum was used         
to determine the dispersion and average particle size.  

Reaction setup and test procedure  

Higher alcohol synthesis been performed in a tubular 
down flow, fixed-bed reactor system. The reactor        
was made up of Inconel tube of 450-mm length and 22-mm 
inside diameter. The reactor temperature was controlled 
via a PID temperature controller. Brooks 5850 mass flow 
controllers were used to add H2 and CO at the desired rate 
to the reactor.  The reactor was packed with 0.5 g of 
catalyst diluted with 90-mesh size silicon carbide and 
housed in a melted salt bath controlled by a temperature 
controller. The reactor was pressurized to 30 bars with He 
and the sulfurization as well as the reduction was carried 
out for 6 h at 450˚C at a heating rate of 2˚C/min using gas 
mixture containing 5 mol% H2S in H2 and flow rate of   
50 mL/min. The temperature was then lowered to the reaction 
temperature, and the system was then pressurized to the 
reaction condition. The feed gas mixture (H2/CO ratio of 2) 
was passed through mass flow controllers and the HAS 
reaction was carried out at steady state under the reaction 
conditions of 320˚C, 70 bars, and gas hourly space 
velocity of 3.6 nL/g catal./h over a period of 24h.    The 
product gas was cooled to 0˚C and separated into gas and 
liquid phases at the reaction pressure. The CO conversion 
and other gaseous products were monitored with time 
intervals of 1h. The products were collected after 
completion of the run and analyzed by means of three gas 
chromatographs, a Shimadzu 4C gas chromatograph 
equipped with two subsequent connected packed 
columns: Porapak Q and Molecular Sieve 5Å, and           
a Thermal Conductivity Detector (TCD) with argon 
which was used as a carrier gas for hydrogen analysis.    
A Varian CP 3800 with a chromosorb column and a Thermal 
Conductivity Detector (TCD) were used for CO, CO2, CH4 
and other non-condensable gases. A Varian CP 3800 with 
a Petrocol Tm DH100 fused silica capillary column and   
a Flame Ionization Detector (FID) were used for organic 
liquid products so that a complete product distribution 
could be provided. 
 
RESULTS  AND  DISCUSSION 

Characterization overview 

Textural properties of the fresh and acid treated 
carbon nanotubes are given in the Table 1. The data 
indicate that in the case of acid-washed support, surface 
area, total pore volume and average internal diameter of 
nanotubes increased significantly which will result 
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Table 2: Average particle size for the catalysts (determined by 

XRD). 

Catalyst dp (nm) (determined by XRD) 

C1 7.5 

C2 6.8 

C3 6.4 

C4 5.8 

C5 5.6 

C6 5.6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: XRD patterns of the catalysts with different cobalt 

loadings. 

 
increases with the addition of Co species, leading to 
smaller molybdenum particles. Table 3 shows the average 
sizes of MoO3 particles for the unpromoted catalyst and 
the catalysts promoted with different amounts of cobalt 
calculated by Debye–Scherer formula at 2 = 43.3. As 
can be seen addition of 3 wt.% Co decreases the crystal 
diameter of MoO3 from 7.5 to 5.8 nm. These results are 
in good agreement with the average particle sizes 
calculated by TEM (for the unpromoted ant 3wt.% 
promoted catalysts). 

Also in the XRD of the cobalt promoted catalysts, 
several kinds of K-Mo-O mixed phases with higher 
intensity exist in oxidized form of the catalysts. Five 
peaks at 2 values of 25.8, 33.5, 37.6, 40.4 and 46.3     
can be correspond to K-Mo-O mixed oxide species  
(K2Mo2O7, K2MoO4, K2Mo7O20, KMo4O6, and K0.33MoO3). 
This implies that with addition of cobalt to the CNTs 
supported Molybdenum catalyst; the chemical 
interactions between K–Mo–O species are increased, 

enhancing the conditions for the formation of alcohols [19-23]. 
For the catalysts promoted with 1, 2 and 3wt.%       
cobalt, no peaks related to the Co species are detected 
from the XRD spectra of the catalysts in the oxide form, 
indicating good dispersion of those species on the 
catalyst. However, when Co loadings increases to 4 and 
5wt.%, the peaks of CoMoO4 appear at 2 values of 31.9 
and the peaks of Co3O4 come out at 2 values 25.2 and 34.9. 
Although formation of K-Mo-O mixed oxides     
enhances formation of alcohols, cobalt oxide accelerates 
the formation of hydrocarbons [19-23].  

Temperature Programmed Reduction (TPR) tests were 
performed to determine the reducibility of the calcined 
catalysts. Fig. 4 shows the TPR spectrum of the 
unpromoted catalyst and the catalysts containing different 
amounts of cobalt. The first peak at 506oC in the TPR 
spectrum of the unpromoted catalyst is typically assigned 
to the reduction of Mo6+ to Mo4+. The second peak          
at 801oC is mainly assigned to the second reduction step, 
which is mainly reduction of Mo4+ to metallic Moo [19-23].  

This figure also shows that addition of cobalt to 
15Mo8K/CNT catalyst decreases the reduction temperature 
of the second TPR peak significantly. However             
the decrease in the first TRP peak temperature is negligible. 
Cobalt plays a significant role on decreasing                  
the temperature of the second TPR peak temperature for the 
reduction of Mo4+ to metallic Moo (addition of 1wt.% 
cobalt to the 15Mo8K/CNT catalyst decreased the second 
TPR peak temperature from 801 to 685oC). The reduction 
of cobalt oxide occurs at temperatures lower (about 640 oC) 
than that of the Mo4+ to metallic Moo. It can be concluded 
that Co enhances the reduction of Mo4+, by spillover of 
hydrogen from Co to the Mo4+ sits. The first step 
reduction of Mo6+ to Mo4+ is occurs at about 500-510oC, 
which explains the lack of cobalt’s effect on the first low 
temperature reduction peak. Fig. 4 also shows that 
increasing the amount of cobalt loading from 1 to 5wt.%, 
decreases the second TPR peak temperature from         
685 to 660oC. Also H2 consumption (not shown hear) which 
is proportional to the percentage reduction of catalyst, 
increased upon promotion of the catalysts with cobalt. 

The results of hydrogen chemisorption tests are given 
in Table 4. As shown, increasing Co loading from           
0 to 5 wt.%, increased the hydrogen uptake, significantly. 
Percentage dispersion increased from 51.07 to 67.07 upon 
increasing Co from 0 to 3wt.%. However addition of 
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Table 4: H2 chemisorption results for the catalysts. 

Catalyst µ mole H2 desorbed/ g. cat % Dispersion dP (nm) 

C1 399 51.072 7.53 

C2 459 58.752 6.39 

C3 504 64.512 5.69 

C4 524 67.072 5.43 

C5 529 67.712 5.36 

C6 533 68.224 5.31 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: TPR profiles for the catalysts with different cobalt 

loadings. 

 
cobalt to 5wt.% increased the percentage dispersion to 
68.22%. The particle diameter decreased, which is  
in agreement with the results of XRD tests. Higher 
dispersion and smaller molybdenum cluster sizes         
will increase the number of sites available for CO conversion 
reactions in cobalt promoted CNTs supported 
molybdenum catalysts.  
 
Activity and products selectivities results 

Synthesis of higher alcohols was carried out after 
reduction and sulfidation of catalysts in a fixed bed 
reactor at 320oC, 70 bars, Gas Hourly Space Velocity (GHSV) 
of 3.6 nL/g cat. h and H2/CO=2. The liquid           
products were collected at 0oC and the exit gas was analyzed 
to measure the CO conversion. The analysis of         
liquid products indicates that methanol, ethanol,             
n-propanol n-butanol are the major products simultaneously 
with small amounts of other higher alcohols. The analysis 
of exit gas indicates that methane and carbon dioxide are 
the major component apart from CO and H2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Percentage H2 and CO conversion variations with 

cobalt loadings. 

 
Table 5 presents the percentage CO and H2 

conversion and different product selectivities during      
24 hours of continuous synthesis for unpromoted catalyst. 
As shown in this table, methanol has the highest product 
selectivity. The ratio of HA /CH3OH (higher alcohols     
to methanol) is about 4/3. It has been suggested that 
sulfidation of the mixed oxides present in the calcined 
form of the catalysts and formation of the Mo-K-S 
species are responsible for the alcohol formation via 
following CO insertion mechanism [17, 19-23]. 

CO + 2H2  CH3OH                                                     (1) 

CH3OH + H2  CH4 + H2O                                           (2) 

CH3OH + CO + 2H2  C2H5OH + H2O                        (3) 

C2H5OH + CO + 2H2  C3H7OH + H2O                      (4) 

CO + H2O  CO2 + H2                                                  (5) 

In this mechanism, adsorption of CO and hydrogen takes 
place at different sites to from intermediate surface species. 
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Table 5: %CO & %H2 conversions and different product selectivities for unpromoted catalyst. 

% Co Conversion %H2 conversion 
Total  alcohols 

selectivity 
Methanol 
selectivity 

Ethanol 
selectivity 

Propanol 
selectivity 

Buthanol and higher  
alcohols selectivity 

27.72 22.89 45.31 19.40 10.25 6.57 9.10 

 
These surface species propagate chain growth through 
hydrogenation, followed by insertion of molecularly 
adsorbed CO species to form different long-chain 
intermediates. The direct hydrogenation of these 
intermediate hydrocarbon species leads to the formation 
of hydrocarbon, methanol, and higher alcohols. 

Fig. 5 shows the influence of cobalt promoter on the 
catalytic properties of Mo-K/CNTs catalyst for             
the synthesis of higher alcohols from synthesis gas.        
As shown on this figure, the %CO conversion and      
%H2 conversion increased from 27.7 to 32.9% and 22.9 to 27.3 
with addition of 1 wt.% cobalt to the CNTs-supported   
15 wt.% Mo and 8 wt.% K catalyst. The increase in %CO 
conversion upon addition of 1 wt.% cobalt, can be due  to 
the increase in Mo dispersion (Confirmed by XRD, TEM 
and H2 chemisorption tests) and the enhancement           
in reduction of Mo4+ to metallic Moo (confirmed by TPR 
tests). Also, it has been suggested that incorporation of 
cobalt on edge surfaces on MoS2 (after catalyst 
sulfidation) increases the number of active sites, thus 
significantly increase the activity of the catalyst [19-25]. 
Also this figure reveals that, increasing cobalt form 1 to 5 wt.%,  
increased the %CO conversion from 32.9 to 38.4%. 
Comparing the data of this figure with the data of      
Table 4 demonstrate that the %CO conversion increases 
in accordance with the hydrogen uptake, with addition of 
cobalt loading. The catalyst with 5wt.% Co showed      
the highest CO conversion of 38.4% and H2 conversion of 
32.7%. It can be concluded that increasing Co loadings 
from 0 to 5 wt.% increases the active surface area of the 
catalysts which in turn leads to enhancement of CO and 
H2 conversions. 

Fig. 6 shows the influence of cobalt promoter on the 
product selectivities (alcohols and hydrocarbons in liquid 
products) of the catalysts. As shown, incorporation         
of 1 wt.% cobalt increased the selectivity of total alcohols 
in the liquid products from 45.3 to 51.6 wt.% (in the liquid 
products). As shown by XRD tests, addition of cobalt     
to the CNTs supported Molybdenum catalyst increases the 
chemical interactions between K–Mo–O species 
(enhances formation of K2Mo2O7, K2MoO4, K2Mo7O20, 

KMo4O6, and K0.33MoO3) which in turn increases the 
sites active for higher alcohols formation [19-23].           
In addition the increase in the selectivity of total alcohols 
and the decrease in the selectivity of hydrocarbons can be 
due to decreased availability of hydrogenation active 
centers, i.e. MoS2 species as also confirmed by XRD 
results (The intensity of peaks corresponding to MoO3 
decreased with addition of cobalt). This figure also shows 
that increasing the cobalt content of the catalyst from      
1 to 3 wt.%, increases the  alcohols selectivity from     
51.6 to 59.70 wt.%.  However, rising the cobalt to 4 and 5 wt.%, 
decreases the alcohols selectivity to some extent.         
The results of H2 chemisorption experiments, showed that 
the percentage dispersion increases with increasing cobalt 
content of the catalyst from 1 to 3 wt.% and remains 
approximately unchanged upon increasing cobalt content 
to 4 to 5 wt.%. The small particles are more favorable for 
interactions and formation of K–Mo–O mixed oxides 
which after sulfidation can act as higher alcohols 
formation sites. The small decrease in the alcohols 
selectivity at higher cobalt loadings can be due to          
the decrease in K–Mo–O mixed oxides formation and 
particularly due to the unfavorable formation of Co3O4 
(After sulfidation process will change to Co9S8) which 
accelerates the formation of hydrocarbons [26]. It is       
to note that the formation of Co3O4 confirmed by XRD tests 
(shown on Fig. 3 for catalysts with cobalt content of        
4 to 5 wt.%). It can be concluded that the optimum alcohol 
selectivity of 59.7 wt.% is attained on the CNT supported 
catalyst with a cobalt percentage of 3 wt.%.   

Fig. 7 shows the selectivity trends of individual alcohols 
with increased cobalt loadings. As shown, promotion of 
the 15Mo8K/CNTs catalyst with cobalt significantly 
decreases the methanol selectivity and increases ethanol 
and other higher alcohols selectivities. The maximum 
higher alcohol selectivity of 41.65% (in liquid products) 
is observed over the catalyst with 3wt.% Co. Thus, cobalt 
not only promotes the activity and selectivity toward 
higher alcohols, but also propagates the chain growth 
mechanism leading to the formation of higher alcohols. 
The reason may be better explained from the XRD tests 
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Fig. 6: Variations in the selectivity of alcohols and 

hydrocarbons in liquid products with Co loadings. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 7: Variations in the selectivity trends of individual 

alcohols with %Co loadings. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 8: Variations of HA/CH3OH ratio with %Mo loadings. 

with varying Co content. It is clear from XRD that        
the catalysts with 3wt.% Co showed larger K–Mo–O mixed 
oxides, which is responsible for privileged activity of 
these catalysts towards the formation of higher alcohols.  

Fig. 8 show the variations of HA/CH3OH ratio with 
increased Co loadings. In accordance with the results     
in Figs. 6 and 7, the catalyst with 3 wt.% Co shows highest 
ratio of higher alcohols to methanol production rate. 
Consequently, in higher alcohols selectivities point of 
view, 3 wt.% Co is the suitable loading.  
 
CONCLUSIONS 

Cobalt promoted alkalized MoS2 catalysts supported 
on multi-wall carbon nanotubes are used to produce 
higher alcohols from synthesis gas. From the TEM 
images, it was found that metal species were uniformly 
distributed inside and outside of the tubes, with particle 
sizes in the range of 2 to 13 nm. Addition of cobalt 
decreased reduction temperature of the catalyst, increased 
the catalyst dispersion, decreased the average particle 
sizes from 7.53 to 5.31 nm and increased the chemical 
interactions between K–Mo–O species which enhance  
the formation of alcohols. Percentage conversion increased 
from 27.7 to 38.4 upon promotion of the catalyst with  
5 wt.% cobalt. The total alcohol selectivity reached          
a maximum of 59.7 wt.% on the catalyst promoted with  
3 wt.% cobalt. The catalyst with 3 wt.% Co exhibited 
selectivity of 41.65 wt.% towards higher alcohols.  
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