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Abstract  

The MgO-supported Fe-Co-Mn catalysts, prepared using co-precipitation procedure, were tested for 

production of light olefins via CO hydrogenation reaction. The effect of a range of drying conditions 

including drying temperature and drying time on the structure and catalytic performance of              

Fe-Co-Mn/MgO catalyst for Fischer-Tropsch synthesis was investigated in a fixed bed micro-reactor 

under the same operational conditions of T = 350 °C, P = 1 bar, H2/CO = 2/1, and GHSV = 4500 h-1. It 

was found that the catalyst dried at 120 °C for 16 h has shown the best catalytic performance for CO 

hydrogenation. Furthermore, the effect of drying conditions on different surface reaction rates was also 

investigated and it was found that the precursors drying conditions influenced the rates of different 

surface reactions. Characterization of catalyst precursors and calcined samples (fresh and used) was 

carried out using powder X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Energy 

Dispersive Spectroscopy (EDS), Brunauer-Emmett-Teller (BET) measurements, Temperature 

Programmed Reduction (TPR), Thermal Gravimetric Analysis (TGA), and Differential Scanning 

Calorimetry (DSC). Characterization results showed that different investigated variables (drying 

conditions) influenced the structure, morphology and catalytic performance of the ternary catalysts. 
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1. Introduction  

In recent years, it is highly desired to estab-

lish the practical method of producing clean al-

ternative fuels from the aspects of environ-

mental preservation and energy security [1]. 

Natural resources, such as coal, natural gas and 

biomass, can be converted into liquid hydrocar-

bon fuels via the Fischer-Tropsch synthesis 

(FTS) reaction [2]. Reactants (CO + H2) through 

this reaction are converted to an array of long 
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chain molecules, mainly consisting of n-

paraffins and 1- and 2-olefins: 

nCO + (2n+1) H2 → CnH2n+2 + nH2O          (1) 

 n = 1, 2, 3, . . .                        

nCO + 2nH2 → CnH2n + nH2O                    (2)          

n = 2, 3, 4, . . .                         

Because of producing low aromatics [3], zero 

sulfur [4], and low pollutant emission [5], FTS 

has been regarded as one of the most technical 

feasible process for environmental conversion 

of natural gas into ultra-clean liquid products 

[6,7]. The FTS process was shown to be cata-

lyzed by certain transition metals, such as: Co, 

Fe, and Ru, which present the highest activity 

[8]. Up to now, only iron and cobalt based cata-

lysts have been found to be cost-effective and 

economical for industrial application [9-12]. 

Compared with cobalt catalysts, iron catalysts 

can be operated under wider range of tempera-

tures and H2/CO ratios with low CH4 selectiv-

ity. Especially, Fe catalysts exhibit much 

higher activity for the water gas shift (WGS) 

reaction, which is helpful for the conversion of 

syngas with lower H2/CO ratios derived from 

coal or biomass. In addition, linear alkane fu-

els, alkenes and oxygenates can be obtained 

through iron catalysts. However, the rapid 

catalyst deactivation is still a big challenge for 

Fe catalysts [13]. Comparatively, cobalt cata-

lysts are preferred due to their high activity, 

high selectivity to long-chain paraffins, low 

WGS activity, and high resistance to deactiva-

tion by water [14].  

The mixing of metal components has a great 

effect on the activity and selectivity because of 

the possible electronic interaction between 

metal species [15]. Fe-Mn and Co-Mn catalysts 

favour C2-C4 olefins [16,17] rather than the 

other Fe or Co-based bimetallic catalysts. The 

Co-Mn catalysts are mainly composed of metal-

lic cobalt particles dispersed in MnO [18], but 

Fe-Co catalyst favour intermetallic alloy forma-

tion [19,20]. The addition of Mn to Fe or Co 

catalysts brought about a significant increase 

in light olefins formation and a decrease in 

methane selectivity [21-23]. In our previous 

work we used the Fe-Co-Mn ternary catalyst 

for the first time and investigate different 

preparation and operational conditions over 

this catalyst for CO hydrogenation [24-27]. In 

the present work we investigate the effect of 

drying conditions on the catalytic performance 

and catalyst structure of co-precipitated Fe-Co-

Mn catalyst and also investigate different sur-

face reaction rates. 

The main objectives of the present work are: 

(1) preparation of Fe-Co-Mn/MgO catalysts un-

der different precursor drying conditions in-

cluding precursor drying temperature and 

time; (2) evaluation of all of the obtained cata-

lysts under the same process conditions for CO 

hydrogenation; (3) characterization and inves-

tigation of the structure and physico-chemical 

properties of the precursors and calcined cata-

lysts; (4) investigation of different surface reac-

tion rates over these different prepared cata-

lysts. Structural investigation of the catalysts 

and precursors was carried out using various 

techniques of XRD, BET, SEM, TPR, TGA, and 

DSC. 

 

2. Materials and Methods 

2.1 Catalyst preparation 

The supported Fe-Co-Mn-based catalysts 

were prepared via co-precipitation method. In 

the co-precipitation procedure aqueous solu-

tions of Co(NO3)2.6H2O (2M) (99 % Merck), 

Fe(NO3)3.9H2O (2M) (99 % Merck) and 

Mn(NO3)2.4H2O (2M) (99 % Merck) with the 

same molar ratios were premixed and then the 

10 wt% of MgO (based on the total catalyst 

weight) was added to the obtained mixed solu-

tion of cobalt, iron and manganese nitrates. 

The resulting solution was heated to 70 oC in 

around bottomed flask fitted with a condenser. 

Aqueous Na2CO3 (2M) (99 % Merck) was added 

dropwise to the mixed of nitrate solutions with 

stirring while the temperature was maintained 

at 70 oC until pH = 9.7±0.1 was achieved. The 

resulting precipitate was then left in these con-

ditions for 2 h. The aged suspension was fil-

tered and then washed several times with 

warm distilled water until no further Na+ was 

observed in the washings [28], as tested by 

flame atomic adsorption. The precipitate was 

then dried in an oven at the range of tempera-

ture and time to give a material denoted as the 

catalyst precursor, which was subsequently 

calcined in static air in a furnace at 600 oC for 

6 h to obtain the final catalyst. 

 

2.2 Catalysts characterization 

2.2.1  X-Ray Diffraction (XRD) 

XRD analysis technique was used to deter-

mine the crystalline phases present in the pre-

cursor and calcined supported Fe-Co-Mn cata-

lysts (before and after the test). The catalyst 

specimen was loaded on a sample holder; all 

samples analyzed on a Bruker AXS D8 Ad-

vance diffractometer using monochromatized 

Cu-Kα radiation at 40 kV, 30 mA, selecting a 

scan range of 4o＜2θ＜70o. Different present 



 

Bulletin of Chemical Reaction Engineering & Catalysis, 13 (1), 2018, 99 

Copyright © 2018, BCREC, ISSN 1978-2993 

phases were identified by matching experimen-

tal patterns to entries in Diffract plus version 6.0 

indexing software. 

 

2.2.2  BET measurements 

BET surface areas, pore volumes and aver-

age pore sizes of the catalyst precursor and cal-

cined samples (before and after the test) were 

measured by N2 physisorption using a Quanta-

chrome Nova 2000 automated system (USA). 

Each catalyst sample was degassed under ni-

trogen atmosphere at 300 oC for 3 h. In order to 

obtain the BET surface areas, pore volumes 

and average pore sizes, different samples were 

evacuated at -196 oC for 66 minutes. 

 

2.2.3  Thermal Gravimetric Analysis (TGA) and 

Differential Scanning Calorimetry (DSC) 

The weight changes in the catalyst precur-

sor were measured using TGA/DSC simultane-

ous thermal analyzer (model 1500+, Rheomet-

ric Scientific) under a flow of dry air. The tem-

perature was raised from room temperature to 

600 oC using a linear programmer at heating 

rate of 10 oC per min. The sample weight was 

between 15 and 20 mg. 

 

2.2.4  Scanning Electron Microscopy (SEM) and 

Energy Dispersive x-ray Spectrometer (EDS) 

The morphology of the catalysts and their 

precursors was observed by means of a Cam-

bridge S-360 scanning electron microscope in-

strument (made in England) operating at 20 

KV coupled to an energy dispersive x-ray spec-

trometer (EDS). The samples were coated with 

gold/palladium for 80 s in 20 s intervals before 

the measurements to avoid charging problems. 

 

2.2.5  Temperature Programmed Reduction 

(TPR) 

TPR measurements were carried out using a 

Micrometrics TPD/TPR 2900 system. The TPR 

experiment was performed to determine the re-

ducibility of the surface of calcined catalyst be-

fore the test. The sample (0.1 g) was put in a 

quartz reactor and pretreatment in a He flow 

(40 ml/min) up to 300 °C and kept for 30 min to 

remove the adsorbed water and other contami-

nants followed by cooling to 25 °C. The reduc-

ing gas containing 5 % H2 in Ar (40 ml/min) 

was passed over the sample with the heating 

rate of 10 °C/min from ambient to 1000 °C for 2 

h, while monitoring the H2 uptake by a thermal 

conductivity detector (TCD). Calibration of the 

H2 uptake was done by reduction of CuO pow-

der. 

2.3 Catalyst testing 

Figure 1 indicates the schematic lay out of 

experimental setup. The dichotomous stainless 

steel single tubular vertical fixed bed micro re-

actor was used; the length of the tube was 360 

mm with inner diameter of 20 mm. the reactor 

is mounted inside a tubular furnace (Atbin, 

Model ATU 150-15) capable of producing tem-

perature up to 1500 ºC and controlled by a digi-

tal programmable controller (DPC). The alu-

mina jacket is surrounded the tubular micro 

reactor in order to provide a uniform wall tem-

perature along the length of the reactor.  

Preheating zone ahead of the catalyst pack-

ing and also the beneath zone of the catalyst 

bed were filled with inert quartz glass beads. 

The required amount of catalyst (1.0 g) was 

held in the middle of the reactor using quartz 

wool. An electronic back pressure regulator 

was used, which can control the total pressure 

of the desired process using a remote control 

via integration with the TESCOM software 

package, which can improve or modify its effi-

ciency; it is capable of working on pressures 

ranging from atmospheric pressure to 100 bar.  

The temperature of all of different zones in-

clude: preheating zone, catalyst bed and under-

neath zone of the reactor is checked by three 

separate thermocouples placed in different 

parts of the reactor. The thermocouple which 

controls bed temperature is placed exactly be-

low the catalyst bed. The inlet feed gas is ar-

rived from top of the reactor and the outlet 

products are avoided from underside of the re-

actor. Three mass flow controllers (Brooks, 

Model 5850E) equipped with a four-channel 

read out and control equipment (Brooks 0154) 

were used to adjust automatically the flow rate 

of the inlet gases (CO, H2, and N2 with purity 

of 99.999 %). The catalytic reactor bed was 

purged by nitrogen gas and then the reduction 

process was carried out at atmospheric pres-

sure under a flowing H2-N2 stream (H2/N2 =1, 

flow of each gas = 30 mL/min) at 400 ºC for 12 

h before synthesis gas exposure. The CO hydro-

genation reaction was carried out under proc-

ess conditions of T = 350 ºC, P = 1 bar, H2/CO = 

2/1 and GHSV = 4500 h-1. Reactant and prod-

uct streams were analyzed on-line using a gas 

chromatograph (Thermo ONIX UNICAM 

PROGC+) equipped with sample loop, two 

Thermal Conductivity Detectors (TCD) and one 

Flame Ionization Detector (FID) able to per-

form the analysis of a wide variety of gaseous 

hydrocarbon mixtures, one TCD used for the 

analysis of hydrogen and the other one used for 

all the permanent gases, such as: N2, O2 and 
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CO. The FID is used for the analysis of hydro-

carbons. The system is applicable to the analy-

sis of non-condensable gases, methane through 

C8 hydrocarbons. The contents of the sample 

loop were injected automatically into an alu-

mina capillary column (30 m × 0.550 mm). He-

lium was employed as a carrier gas for opti-

mum sensitivity (flow rate = 30 mL/min). The 

GC calibration was carried out using various 

calibration mixtures and pure compounds ob-

tained from American Matheson Gas Company 

(USA).  

The results in terms of CO conversion and 

selectivity of products are given at each space 

velocity. The CO conversion (%) is calculated 

according to the normalization method: 

             (3) 

The selectivity (%) towards the individual com-

ponents on carbon-basis is calculated according 

to the same principle: 

              (4) 

 

Molar flow rate of carbon monoxide in feed is 

calculated by: 

 

           (5) 

 

where, FoCO represents inlet molar flow of CO 

(mol.min-1),  denotes volumetric flow rate of 

input gas (mL.min-1), CCO represents concentra-

tion of CO (mol/mL), PCO represents partial 

pressure of CO (bar), T denotes gas tempera-

ture (K), and R denotes universal gas constant 

(mL. bar.mol-1.K-1).  
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Figure 1. Schematic representation of the reactor in a flow diagram used  
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To calculate consumption rate of CO, equa-

tion of differential reactor is used [29,30]. Con-

sequently the equation of plug reactor changed 

as follows: 

 

 

 (6) 

 

 

 

 (7) 

Therefore as a brief: 

 

     (8) 

 

and hence: 

 

                 (9) 

   

3. Results and Discussion  

3.1 Effect of drying conditions 

In the catalyst preparation via precipitation 

methods drying of the obtained precipitate is 

one of the main steps of catalyst preparation. 

Drying manner (in view point of drying time 

and temperature) leads to various structure, 

texture, porosity, surface area, morphology of  

the final catalyst and also affect the reduction 

behavior of the catalyst, this subject leads to 

different catalytic performance of the catalyst 

for CO hydrogenation. In the present work we 

attempt to investigate the effect of drying time 

and temperature of the catalyst precursor on 

the catalytic behavior of the Fe-Co-Mn/MgO 

ternary catalyst for CO hydrogenation and also 

on the structural properties of the precursor 

and final calcined catalysts. The optimum dry-

ing conditions were identified with respect to 

the activity for the conversion of synthesis gas 

into light olefins. The precursor drying condi-

tions affect the catalytic performance of the fi-

nal catalyst and hence affect the CO consump-

tion rate and other surface reactions rate over 

this catalyst. 

 

3.1.1  Effect of drying time 

In order to investigate the effect of precipi-

tate drying time on the catalytic performance 

and structure of the final catalyst, a series of 

the obtained Fe-Co-Mn/MgO precipitates which 

were drying at 120 °C for different times be-

tween 8-24 h were prepared. In order to obtain 

the fresh calcined catalysts all of these dried 

precursors were calcined at 600 °C for 6 h un-

der air atmosphere. The obtained catalysts 

were evaluated for CO hydrogenation under 

the same operational conditions (T = 350 °C, P 

= 1 atm, H2/CO = 2/1, and GHSV = 5400 h-1) 

[26]; the obtained results are presented in   

Figure 2. As it can be seen, fresh catalyst ob-

tained from the precursor which dried at 120 

°C for 16 h has shown the best catalytic per-

formance for CO hydrogenation. Characteriza-

tion of all of these catalyst precursors and cal-

cined sample (fresh and used) was carried out 

using powder x-ray diffraction and the ob-

tained XRD patterns are displayed in Figure 3; 

as it can be observed all of the catalyst precur-

sors were found to be amorphous and the pre-

sented phases in all of them were undetectable. 

All precursors after the calcination process 

have shown the same XRD patterns and all of 

them are comprised of the same phases, includ-

ing: Fe2O3 (rhombohedral), CoFe2O4 (cubic), 

Co3O4 (cubic), CoMnO4 (cubic), Fe3O4 (cubic), 

and Mn2O3 (cubic). All of the tested catalysts 

Figure 2. Effect of precursor drying time on the catalytic performance of Fe-Co-Mn/MgO catalyst   

   
avgCO

in,COout,CO

X

X

CO

avgCO

X

X
CO

CO

o

CO

cat

r

XX
dX

rr

dX

F

W
out,CO

in,CO

out,CO

in,CO 








 

1

 
 

cat

out,COin,CO

cat

in,COout,CO

o

CO

avgCO
W

FF

W

XXF
r







CO

CO

o

CO

cat

r

X

F

W




cat

o

COCO
CO

W

FX
r 



 

Bulletin of Chemical Reaction Engineering & Catalysis, 13 (1), 2018, 102 

Copyright © 2018, BCREC, ISSN 1978-2993 

were characterized using XRD technique and 

the same phases of CoO (cubic), MnO (cubic), 

FeO (cubic), Fe2C (monoclinic), Fe (cubic), Co 

(cubic), and C (hexagonal), were identified in 

all of used samples. BET technique was used in 

order to investigate the physical structure of 

the precursor and calcined catalyst (before and 

after the test) and the specific surface areas, 

pore volumes and pore sizes of these samples 

are presented in Table 1. BET results showed 

that the prepared catalysts have different po-

rosity and surface areas in the precursor and 

calcined (fresh and used) cases. The obtained 

results show that precursor samples have the 

highest specific surface area and calcination 

process leads to decrease in the specific surface 

area of the fresh calcined samples (Table 1).  

Figure 3. The XRD patterns of the precursors and calcined samples (fresh and used) of the Fe-Co-

Mn/MgO    
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The specific surface area of the catalyst is 

one of the main factors for the better catalytic 

performance but this is not the only determina-

tive factor; as it can be seen in Table 1 the cata-

lyst obtained from the precursor dried   for 16 h 

has high specific surface area. After CO hydro-

genation reaction over the catalyst surface the 

specific surface area of the used samples are 

slightly decreased. The BET results also 

showed that along with increasing the precur-

sor drying time the specific surface area of the 

precursors and calcined samples (fresh and 

used) were increased. Table 1 results also 

showed that pore size and pore volumes of all 

samples have shown increasing trend along 

with increasing precursor drying time.   

In order to investigate the effect of drying 

time of catalyst precursor on the morphological 

and textural properties of the precursor and 

calcined catalysts (before and after the test) all 

of them were characterized using scanning 

electron microscopy technique. The obtained 

SEM images are presented in Figures 4-6. Fig-

ure 4 shows the SEM images of the catalyst 

precursors which dried for different time; as it 

can be seen the catalyst precursor which dried 

for 16 h has different morphology and agglom-

erate (Figure 4c); this sample is comprised of 

very fine grains with high agglomeration adhe-

sive to each other and also greater particles 

with undefined geometric shapes are observed 

in this sample texture. The SEM images of the 

other precursors have shown the same morpho-

logical features and all of them are comprised 

of small spherical particles with medium ag-

glomeration. After calcination process the mor-

phology of the calcined samples were investi-

gated using SEM and the obtained electron mi-

crographs are illustrated in Figure 5. As it can 

be observed the calcined sample obtained from 

the precursor which dried for 16 h has different 

morphological feature; this sample is com-

prised of the spherical grains with various 

sizes with low dense agglomerate. The other 

fresh calcined samples have shown similar 

morphology and textural properties and have 

more sticky texture than the optimum sample 

(Figure 5c) this point can affect the reduction 

behavior of the catalyst (as it will be observed 

in TPR results) and consequently affect the 

catalytic performance for CO hydrogenation.  

The morphological properties of the tested 

catalysts also were investigated using SEM 

and the obtained images are presented in Fig-

ure 6; this figure shows that the morphology of 

the tested samples is completely different from 

the fresh catalysts and all of them have uneven 

and disproportionate agglomeration and com-

prised of larger particles with different sizes 

and geometric shapes. As can be seen, in the 

used samples the particles are more adhesive 

to each other and constitute large agglomerate 

in their texture, this point leads to decrease in 

the surface area in the tested samples (As re-

ported in Table 1).  

The EDS technique was used in order to in-

vestigate and determine the mean element pro-

portions of the catalyst with the best catalytic 

performance in the cases of precursor and cal-

cined (before and after the test). The obtained 

EDS results are reported in Table 2 and the 

EDS spectra of the samples are displayed in 

Figure 7. As it shown, the catalyst precursor is 

comprised of N, C, O, Mg, Fe, Mn, and Co ele-

ments (Figure 7 and Table 2). These elements 

are referred to presence of the hydroxyl, nitrate 

and carbonate compounds in the precursor 

sample which amorphous phases makes unde-

 Catalyst 

drying 

time 

   Precursor       
  Fresh 

calcined 
    

Used  

calcined 
  

SSA 

(m2/g) 
PV (cm3/g) 

PS 

(A°) 

  

  

SSA 

(m2/g) 

PV 

 (cm3/g) 

PS 

(A°) 

  

  

SSA 

(m2/g) 

PV 

(cm3/g) 

PS 

(A°) 

8 h 133.14 4.79×10-2 22.68   82.68 1.12×10-2 22.48   80.43 1.23×10-2 21.33 

12 h 139.98 5.04×10-2 23.00   90.14 1.01×10-2 22.13   87.34 1.31×10-2 22.47 

16 h 147.00 5.75×10-2 22.75   99.22 1.15×10-2 23.00   96.12 1.30×10-2 22.96 

20 h 160.21 6.23×10-2 23.41   107.14 1.38×10-2 24.78   102.99 1.52×10-2 24.01 

24 h 169.42 6.58×10-2 25.01   115.26 1.45×10-2 24.93   112.61 1.69×10-2 24.12 

SSA: Specific Surface area; PV: Pore volume; PS: Pore Size  

Table 1. The BET results of the catalysts with different precursor drying times in the cases of precur-

sor, fresh and used   



 

Bulletin of Chemical Reaction Engineering & Catalysis, 13 (1), 2018, 104 

Copyright © 2018, BCREC, ISSN 1978-2993 

Figure 5. The SEM images of the fresh calcined catalyst obtained from precursors dried for (a) 8 h, (b) 

12 h, (c) 16 h, (d) 20 h, and (e) 24 h      

Figure 4. The SEM images of the catalyst precursors dried for (a) 8 h, (b) 12 h, (c) 16 h, (d) 20 h, and 

(e) 24 h.     

a b 

c d e 

a b 

c d e 



 

Bulletin of Chemical Reaction Engineering & Catalysis, 13 (1), 2018, 105 

Copyright © 2018, BCREC, ISSN 1978-2993 

tectable these phases by x-ray diffraction. The 

EDS spectrum of the calcined sample before 

the test shows different elements of O, Mg, Fe, 

Mn, and Co (Figure 7b and Table 2); presence 

of these elements confirms that the fresh cal-

cined sample is comprised of different oxidic 

phases of iron, cobalt and manganese elements. 

The XRD results also confirm and support the 

presence of various oxidic phases in the fresh 

sample. The used catalyst EDS spectrum refers 

to presence of C, O, Mg, Fe, Mn, and Co ele-

ments (Figure 7c and Table 2). Presence of 

these elements in the used sample is in agree-

ment with the XRD results and confirms the 

presence of various oxidic and carbide phases 

in the used sample.  

In order to investigate the effect of precursor 

drying time on the reduction behavior of the ob-

tained catalysts all of the fresh calcined cata-

lysts were characterized using H2-TPR tech-

nique. The obtained TPR profiles are presented 

in Figure 8; these calcined samples showed four 

distinguished reduction peaks. The XRD re-

sults showed the presence of various oxidic 

phases of Co3O4, Fe2O3, Fe3O4, and Mn2O3 in 

the fresh catalyst (Figure 3); the Co3O4 phase is 

reduced according to the following reactions 

and steps [31,32]: 

 

 Co3O4 +H2 → 3CoO + H2O 

 3CoO + 3H2 → 3 Co° + 3H2O 

 

The first and second peaks (peak A and B) 

in all TPR profiles are referred to these reduc-

tion steps and correspond to the reduction of 

Co3O4 to Co° phase. During these two reduction 

peaks Co+3 and Co+2 oxide species are reduced 

to metallic cobalt. The iron oxidic phases 

(Fe2O3 and Fe3O4) are reduced metallic iron ac-

cording to the following steps [33,34]:  

 3Fe2O3+ H2 → 2Fe3O4 + H2O         

 2Fe3O4 + H2 → 6FeO + 2H2O         

 6FeO + 6H2 → 6Fe + 6H2O     

 The peak C (third reduction peak) in the 

TPR profiles of the catalysts is allocated to re-

duction of Fe2O3 to Fe3O4 and Fe3O4 to FeO it 

has been reported that FeO is the main impor-

tant intermediate during the reduction of oxi-

dic iron to iron [35] although FeO is not stable 

in air. The fourth reduction peak (peak D) in 

the TPR profiles is attributed to final reduction 

step of FeO → Fe and Mn2O3 → MnO [36-38]. 

The TPR profiles presented in Figure 8 showed 

Figure 6. The SEM images of the used calcined catalyst obtained from precursors dried for (a) 8 h, (b) 

12 h, (c) 16 h, (d) 20 h, and (e) 24 h       

a b 
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the same reduction peaks and steps; this figure 

also showed that reduction process of the cal-

cined samples obtained from the precursor 

dried for 16 h started at lower temperature and 

ended at lower temperature in comparison 

with the other calcined catalysts. On the other 

word for this catalyst the reduction process is 

carried out more easily than the other samples; 

this point supports the better catalytic per-

formance for this sample. 

Since the variation of the precursor drying 

time affect and changed the CO conversion con-

sequently according to the equation 7               

(-rCO = XCO.F◦CO/Wcat) the CO consumption rates 

Catalyst Elements Weight (%) Atomic (%) 

Precursor C 

N 

O 

Mg 

Mn 

Fe 

Co 

12.79 

3.74 

35.67 

3.48 

15.29 

13.13 

15.90 

23.74 

5.95 

49.67 

3.19 

6.20 

5.24 

6.01 

Calcined catalyst (before the 

test) 

O 

Mg 

Mn 

Fe 

Co 

20.85 

5.82 

23.93 

23.20 

26.19 

45.92 

8.44 

15.35 

14.64 

15.66 

Calcined catalyst (after the test) C 

O 

Mg 

Mn 

Fe 

Co 

15.53 

26.22 

3.73 

19.12 

15.46 

19.94 

31.93 

40.48 

3.79 

8.60 

6.84 

8.36 

Table 2. EDS data of Fe-Co-Mn/MgO catalyst with precursor drying time of 16 h  

Figure 7. EDS spectrums of Fe-Co-Mn/MgO catalyst with precursor drying time of 16 h in (a) precur-

sor, (b) fresh calcined, and (c) used calcined cases   

7a 

7b 7c 
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and also other surface reaction rates 

(production of methane and hydrocarbon for-

mation) were changed. The effect of precursor 

drying time on the different surface reaction 

rates was investigated and the obtained results 

are plotted in Figure 9. As it shown, along with 

changes of the precursor drying time the sur-

face reactions rate were changed and the cata-

lysts obtained from precursor dried for 16 h has 

the lowest methane formation rate and has 

high hydrocarbon formation rate in comparison 

with the other prepared samples. 

 

3.1.2 Effect of precursor drying temperature 

In order to investigate the effect of precursor 

drying temperature on the catalytic perform-

ance and structure of the final catalyst, a series 

of the Fe-Co-Mn/MgO catalyst precursors 

which were dried at various temperatures (100-

160 °C) for 16 h were prepared. These precur-

sors were calcined at 600 °C for 6 h under air 

atmosphere; the obtained calcined catalysts 

were tested for CO hydrogenation under the 

same operational conditions (T = 350 °C, P = 1 

atm, H2/CO = 2/1,and GHSV = 5400 h-1) [26] 

and the obtained results are displayed in Fig-

ure 10. According to the catalytic behavior re-

sults the calcined catalyst obtained from the 

precursor which dried at 120 °C for 16 h has 

shown the best catalytic performance for pro-

duction of C2-C4 light olefins products fraction 

(this catalyst has higher selectivity toward 

light olefins and lower selectivity for methane 

production). All of the fresh calcined samples 

obtained from the precursor with different dry-

ing temperature were characterized using XRD 

technique and the obtained XRD patterns are 

presented in Figure 11. It was found that all of 

them are comprised of the same phases of 

Fe2O3 (rhombohedral), CoFe2O4 (cubic), Co3O4 

(cubic), CoMnO4 (cubic), Fe3O4 (cubic), and 

Mn2O3 (cubic).  

In order to investigate the morphological 

features of the catalyst precursors and calcined 

samples, all of them were characterized using 

SEM technique and the obtained electron mi-

crographs are displayed in Figures 12-14. The 

Figure 8. TPR profiles of the Fe-Co-Mn/MgO 

fresh catalysts with different precursor drying 

times  

Figure 10. Effect of precursor drying tempera-

ture on the catalytic performance of Fe-Co-

Mn/MgO catalyst   

Figure 9. Effect of precursor drying time on 

different surface reactions rates    
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SEM images of the catalyst precursors pre-

sented in Figure 12 show that the morphologi-

cal and textural properties of the precursor 

which was dried at 120 oC for 16 h is different 

from the other catalyst precursors and com-

prised of the fine spherical grains particles 

which adhesive to the larger irregular shape 

particles. The SEM images of the other precur-

sor almost show the same morphological fea-

tures and all of them are comprised of the 

spherical particles with different sizes. After 

calcination process at 600 oC for 6 h the mor-

phology of the obtained calcined samples were 

investigated using SEM and the obtained elec-

tron micrographs are presented in Figure 13; 

this figure shows that the morphology of the 

calcined sample obtained from the precursor 

which dried at 120 oC for 16 h is different from 

the other samples and comprised of spherical 

grains with various sizes and has low dense ag-

glomerate. The used calcined samples were also 

characterized using SEM and the obtained 

SEM images are illustrated in Figure 14. As it 

can be seen the morphology of the used sam-

ples is different from the fresh samples; the 

tested catalysts have more adhesive texture 

and the used sample obtained from precursor 

which dried at 120 oC for 16 h has shown dif-

ferent texture and has high dense agglomerate.  

Characterization of the catalyst precursor 

which dried at 120 oC for 16 h was also carried 

out using TGA and DSC in order to investigate 

the thermal behavior and the obtained curves 

are illustrated in Figure 15. This figure shows 

the catalyst weight loss along with increasing 

the temperature from ambient to 600 oC with 

ramping of 10 oC/min; it shows a total weight 

loss of 35 % during unremitting heating proc-

ess. TGA curve of the catalyst precursor shows 

three main weight loss steps. The first weight 

loss step occurs from 60 oC to 150 oC is related 

to the evaporation of the physically adsorbed 

water in the catalyst pores. The second weight 

loss step is observed around 180-310 oC is due 

Figure 12. The SEM images of the catalyst precursors dried at (a) 100 oC, (b) 120 oC, (c) 140 oC, and (d) 

160 oC        

a b c d 

Figure 11. The XRD patterns of the fresh calcined Fe-Co-Mn/MgO catalyst with different precursor 

drying temperature         
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to decomposition of hydroxyl or basic nitrate; 

this weight loss step produces water and nitro-

gen oxide simultaneously. The third weight loss 

step is occurred around 380-510 oC is due to de-

composition of hydroxyl or basic carbonates. 

The weight loss at this step produces water and 

carbon dioxide concurrently. The DSC curve 

presented in this figure confirms TGA results 

and is in agreement with these results. As it 

can be seen, DSC curve shows three endother-

mic peaks which first one is observed at lower 

temperature (190 oC) represents the evapora-

tion of physically adsorbed water. The second 

endothermic peak at higher temperature (250 
oC) related to decomposition of the nitrate 

phases. The third endothermic peak at highest 

temperature (400 oC) related to the decomposi-

tion of the carbonate phases. The thermal 

analysis (TGA/DSC) results show that after 510 
oC, the catalyst weight loss is ended and the 

stable oxidic phases are produced.  

The reduction behavior of all of the calcined 

samples obtained from different precursors was 

investigated using TPR technique. The ob-

tained TPR profiles are illustrated in Figure 

16. As it shown all of the obtained catalysts 

have shown four distinct reduction peaks. In all 

of them A and B peaks are attributed to the re-

duction of cobalt oxides (Co3O4 → CoO and CoO 

→ Co°); the C and D peaks are related to re-

duction of iron oxides  (Fe2O3 → Fe3O4, Fe3O4 

→ FeO and FeO → Fe) and manganese oxides: 

(Mn2O3 → MnO). This figure also shows that 

the reduction process of the calcined sample 

obtained from precursor dried at 120 oC is car-

ried out more easily than the reduction of the 

Figure 14. The SEM images of the used calcined catalyst obtained from precursors dried at (a) 100 oC, 

(b) 120 oC, (c) 140 oC, and (d) 160 oC         

a b c d 

Figure 13. The SEM images of the fresh calcined catalyst obtained from precursors dried at (a) 100 oC, 

(b) 120 oC, (c) 140 oC, and (d) 160 oC          

a b c d 

Figure 15. TGA/DSC curves of the Fe-Co-

Mn/MgO catalyst precursor dried at120 oC for 

16 h     
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other samples; this phenomenon supports the 

better catalytic performance of this sample.  

The surface properties of the catalysts were 

also characterized using BET measurement 

and the obtained results are presented in Table 

3. According to the obtained results along with 

increasing the precursor drying temperature 

the specific area of the catalyst precursors and 

calcined samples (before and after the test) are 

increased; these results also showed that the 

calcined catalyst obtained from the precursor 

dried at 120 °C has high specific surface area. 

The BET results also show that the samples 

pores size and volume are increased along with 

precursor drying temperature increasing. In all 

cases the precursors have higher specific sur-

face area than their calcined samples (before 

and after the test). The BET results show that 

the precursor drying temperature affect the 

surface properties and porosity of the precur-

sors and calcined samples. 

Since the variation of precursor drying tem-

perature affect the CO conversion values, this 

preparation variable affect the CO consump-

tion and other surface reaction rates (methane 

production and hydrocarbon formation reac-

tions). The effect of the precursor drying tem-

perature on the various surface reaction rates 

was investigated and the obtained results are 

plotted in Figure 17. As it can be observed the 

catalyst obtained from the precursor which 

dried at 120 oC for 16 h has higher hydrocar-

bon formation rate and simultaneously has 

lower methane production rate. 

 

4. Conclusion 

The supported Fe-Co-Mn catalysts were 

prepared using co-precipitation method and 

used for production of C2-C4 light olefins via 

Catalyst 

drying tem-

perature 

     Precursor         Used calcined     Fresh calcined 

  

  

SSA 

(m2/g) 
PV (cm3/g) 

PS 

(A°) 

  

  

SSA 

(m2/g) 

PV 

 (cm3/g) 

PS 

(A°) 

  

  

SSA 

(m2/g) 

PV 

(cm3/g) 

PS 

(A°) 

100°C   131.23 4.15×10-2 21.49   90.45 2.41×10-2 21.57   88.45 1.65×10-2 22.43 

120°C   147.00 5.75×10-2 22.75   99.22 1.15×10-2 23.00   96.12 1.30×10-2 22.96 

140°C   153.23 6.14×10-2 24.63   103.21 3.21×10-2 25.01   99.51 2.49×10-2 23.61 

160°C   170.05 6.79×10-2 23.95   109.43 3.42×10-2 24.01   
106.4

1 
2.67×10-2 25.14 

SSA: Specific Surface area; PV: Pore volume; and PS: Pore Size  

Table 3. The BET results of the catalysts with different precursor drying temperature in the cases of 

precursor, fresh and used  

Figure 16. TPR profiles of the Fe-Co-Mn/MgO 

fresh catalysts with different precursor drying 

temperatures  

Figure 17. Effect of precursor drying tempera-

ture on different surface reactions rates  
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CO hydrogenation reaction. The effect of a 

range of precursor drying conditions 

(temperature and time) on the catalytic per-

formance and catalyst structure were investi-

gated. It was found that the drying conditions 

affect the catalytic performance and physico-

chemical properties of the catalysts. According 

to the obtained results the best precursor dry-

ing conditions were determined as drying time 

of 16 hours and drying temperature of 120 oC. 

Characterizations results showed that the dry-

ing conditions affect the catalyst reductions be-

havior, porosity, textural and morphological 

properties. Since the precursor drying condi-

tions changed the CO conversion and catalyst 

activity consequently the surface reactions rate 

(CO consumption, methane production and hy-

drocarbon formation reactions) were changed. 

The catalyst with the best catalytic perform-

ance has higher hydrocarbon formation rate 

and simultaneously has lower methane produc-

tion rate. 
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