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      Magnetic behavior of Co/Al2O3 catalyst in Fischer-Tropsch (FT) synthesis is performed using a magnetically fixed bed reactor. X-ray 
diffraction (XRD) spectroscopy, scanning electron microscope (SEM) method, Brunauer-Emmett-Teller (BET) method, and vibrating 
sample magnetometer (VSM) method are used to analyze the catalyst. The magnetic field of 0.015 T is suggested for CO hydrogenation on 
Co/Al2O3 catalyst with fixed bed reactor. The significant effects of magnetic fields are observed in the FT reaction of CO hydrogenation 
over Co/Al2O3 catalyst. The CO conversion value increases from 78% to 86% at 250 °C with external magnetic field. The apparent 
activation energy of FT reaction (102.33 kJ mol-1 without external magnetic field) is reduced (96.45 kJ mol-1 with applying external 
magnetic field), and the catalytic activity of Co/Al2O3 catalyst is improved by applying the external magnetic fields during FT process at 
low temperatures (200-250 °C). The results indicated that the external magnetic fields improved both the rate of reaction and catalytic 
selectivity to desired hydrocarbons on Co/Al2O3 catalyst.  
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INTTRODUCTION 

 
     Nowadays, the growing demands for liquid fuels and 
limitations on energy resources have led many researchers 
to focus on sustainable energy production. FT technology, 
which is a reaction based on a heterogeneous catalyst 
between synthesis gas and hydrogen, is a promising process 
to produce ultraclean synthetic fuels. In terms of industrial 
and semi-industrial processes, cobalt and iron-based 
catalysts are commonly used in FT synthesis. Operational 
costs in this process are an important parameter, especially 
when FT process is carried out with cobalt-based catalyst. 
Therefore, researchers have attempted to enhance the 
operational FT condition to achieve longer life catalysts           
[1-3]. There are influential factors that have been less 
studied; for instance, magnetic and electric fields during FT 
synthesis which will change the reaction process and also 
the results of experiments [4].  
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      Chemistry is controlled by Coulomb energy; magnetic 
energy is lower by many orders of magnitude and may be 
confidently ignored in the energy balance of chemical 
reactions. The situation becomes less clear, however, when 
reaction rates are considered. In this case, magnetic 
perturbations of nearly degenerate energy surface crossings 
may lead to observable, and sometimes dramatic, effects on 
reactions rates, product yields, and spectroscopic transitions 
[5]. The energy levels and chemical reaction rates can also 
be influenced with magnetic field because of the interaction 
of the magnetic field with the magnetic dipole moments. 
This shifts the energy levels and increases the chemical 
reaction rates because of the Zeeman effect [6]. As far as 
nanocrystalline solids are concerned, the investigation         
on the application of the external magnetic field is           
more attractive because of tuning of spin and charge state            
during chemical reactions. For instance, the transformation          
rate of 2,3,5-trimetyl-1,4-hydroquinone to 2,3,5-trimetyl-
1,4-benzoquinone and final product yield was increased 
using  the  magnetization  of  nanocatalyst.  The  adsorption  
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ability of Cu based nanocatalysts with respect to ammonia 
was enhanced by applying magnetic field. The results were 
explained by the magnetic field influence on modifying spin 
and charge state of Cu-oxide and consequently increasing 
active centers for the reaction [7]. The magnetic field          
can also thermodynamically influence the chemical 
equilibriums, electrode potentials, as well as the 
electromotive forces [8]. In this study, an external magnetic 
field is applied on the cobalt-based magnetic particles in a 
fixed bed reactor during FT synthesis. Additionally, we 
compare the external magnetic field effects on the FT 
experiments, selectivity to products, hydrogenation reaction 
rates, and activation energy. According to the results, 
applying magnetic field during FT synthesis reduces the 
activation energy and improves the activity of the Co/Al2O3 
nanocatalyst. 
 
EXPERIMENTS AND METHODS 
 
Catalyst Preparation 
      First, Al(OC2H5)3 is dissolved in ethanol by vigorously 
stirring at 60 °C for 30 min. Then, HNO3 65% is added to 
the solution. The mixture is hydrolyzed by adding a 
H2O/C2H5OH mixture (15/10 cm3/cm3) and then is stirred to 
gel for 2 h. After gelation time, the support is dried at          
120 °C for 16 h and is calcined at 500 °C for 6 h.  
      The Co/Al2O3 catalyst is prepared by incipient wetness 
impregnation of the sol-gel derived Al2O3 (80 wt%) with 
aqueous Co(NO3)2.6H2O (99% Merck) (2 M) solution. The 
mixture is rotated for 6 h in a rotaevaporator at 60 °C; after 
that, it is filtered and dried at 120 °C for 16 h. At the end, 
the sample is calcined at 500 °C for 6 h. 
 
Characterization Methods   
      The BET technique is used to measure the surface areas, 
pore volumes, as well as the average pore sizes by N2 
physisorption using a Quantachrome Nova 2000 automated 
system (USA). The magnetic properties are assessed with a 
vibrating sample magnetometer (IRAN/VSM-4inch) at 
room temperature. The morphology of sample is observed 
using a S-360 Oxford scanning electron microscope (SEM) 
method. For determination of crystalline phases, XRD 
measurements are carried out using a D8 advance 
diffractometer (Bruker AXS, Germany). 

 
 
FT Process 
      The catalytic hydrogenation process is done in a fixed-
bed reactor. A schematic representation of the experimental 
set up is shown in Fig. 1.  
      In each test run, 1.0 g of the prepared catalyst is held in 
middle of the reactor using quartz wool. The catalyst is in 
situ pre-reduced at atmospheric pressure under H2/N2 flow 
(H2/N2 = 1/1 (flow rate of each gas = 30 cm3 min-1)) at            
400 °C for 2 h before the FT reaction. The magneto fixed 
bed reactor operated with external magnetic fields of             
0.015 T. This special fixed bed reactor shows good a 
performance; it has been designed as a chemical reactor for 
some scientific research in laboratory. The products are 
analyzed using a gas chromatograph with two detectors 
including thermal conductivity detector (TCD) and one 
flame ionization detector (FID). For each run in a 
differential reactor, molar flow rate of carbon monoxide in 
feed is calculated from Eq. (1) [9]. 
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To calculate the consumption rate of CO, the equation of 
differential reactor is used and consequently the equation of 
plug reactor was changed as follows: 
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In order to minimize the internal mass diffusion resistant, 
1.0 g of the catalyst (dp < 60 lm) was powdered and diluted 
with inert materials (glass wool) to achieve a more uniform 
bed temperature [10-12]. 
 
RESULTS AND DISCUSSION 
 
Characterization of the Co/Al2O3 Catalyst 
      The   results  of   BET   measurements  of   the   calcined 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
sample are present in Table 1. The specific surface area of 
the Co/Al2O3 catalyst is 108.53; then the prepared catalyst 
had a good surface area for FT process.  
      Figure 2 shows the X-ray diffraction patterns (XRD) of 
the fresh catalyst after calcination. In Fig. 2, the peaks 
located at 2θ values are related to different crystal planes of 
Co3O4. As shown in Fig. 2, the peak located at 2θ value of 
36.8 is the strongest peak of Co3O4 phase in the XRD 
spectra corresponding to the (311) plane. In  addition, minor 

 
Fig. 1. Schematic of reactor for FT reaction, 1-gas cylinders, 2-pressure regulators, 3-needle valves, 4-simple valves,  
           5-mass flow controllers,  6-digital pressure gauges, 7-pressure gauges, 8-one-way  valve, 9-mixing  chamber,  
          10-ball valve,  11-furnace,  12-reaction  zone,  13-temperature  controller, 14-resistant  temperature  detector,  
         15-exchanger, 16-liquid   trap,  17-back  pressure  regulator,  18-flow  meter, dewetter,  gas   chromatograph,  

             hydrogen generator. 
 
 
                                                  Table 1. The Results of BET Measurement for the Fresh  
                                                                 Calcined Co/Al2O3 Catalyst 
 

Specific surface area  

(m2 g-1) 

Pore volume 

(cm3 g-1) 

Pore size 

(nm) 

108.53 2.45 × 10-2 17.36 
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Fig. 2. XRD pattern of calcined Co/Al2O3 catalyst. 

 
 

 

Fig. 3. SEM images of the calcined sample. 
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peaks observed at 45 (400), 59 (511) and 65 (440) are 
correlated with a cubic spinel structure of Co3O4.  
      Scanning electron microscopy and selected-area patterns 
have  been  used   to  determine   the   orientation,  size,  and 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
nucleation sites of the calcined catalyst. Figure 3 clearly 
represents the presence and distributions of nano-sized 
particles on the surface of Co/Al2O3 sample.  
      Figure  4    shows    magnetic     hysteresis   loop  of  the 

 

Fig. 4. Magnetization diagrams determined at room temperature for the calcined Co/Al2O3 sample. 
 
 

 

Fig. 5. Illustration of chain growth and termination parameters in the Fischer-Tropsch synthesis [10]. 
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Co/Al2O3 calcined nanocrystalline before the test. As 
shown, the catalyst is a super paramagnetic compound and 
its saturation magnetization is about 4.2 emu g-1.  
 
The Effect of Magnetic Field on the Catalytic 
Performances During FT Reaction 
      The  final  FTS  products (Fig. 5) are influenced by both 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
kinds of catalyst samples and operating conditions. Thus, by 
applying external magnetic field, the carbon selectivity may 
be affected through structural and/or site/kinetic effects. 
      Figure 6 compares the results of the Co/Al2O3 catalytic 
performances with and without the effects of a magnetic 
field in the fixed bed reactor. This figure shows a good         
FT results in  the  presence  of  the  external  magnetic  field             

 

Fig. 6. The CO conversion (%) as a function of reaction temperature in FT reaction on Co/Al2O3 catalyst without and  
             with external magnetic field (1 atom, H2/CO = 2, 3500 h-1). 

 
 

 

Fig. 7. A comparison of the product selectivity obtained from FT reaction on Co/Al2O3 catalyst without and with  
                external magnetic field. 
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(0.015 T) at the given operational conditions following:        
1 atom, H2/CO = 2, and 3500 h-1.  
      The CO conversion values during conventional FT 
reaction have a rising trend with temperature up to 250 °C 
(from 58% at 200 °C reaches to 78% at 250 °C), and then 
they were decreased. This rising trend with temperature can 
be also observed for the magnetic FT reaction. However, 
here, the CO hydrogenations have significantly higher 
values in comparison with the conventional FT reaction.    
      In Figure 7, the selectivity to products (C1, C2, C3, C4 
and C5+) is illustrated for the 20 wt% of Co catalyst during 
FTS, as well as for the 20 wt% of Co catalyst in the 
presence of magnetic field at the same operational condition 
(250 °C, 1 atom, H2/CO = 2 and 3500 h-1).  
      The product selectivity for both FT process (without and 
with external magnetic field) are calculated according to the 
obtained CO conversation percentages at 250 °C in Fig. 5. 
As shown, with increasing the percentage of CO 
conversation in the presence of external magnetic field, the 
reactivity to methane reduces and the C3 selectivity 
increases. There is no very sensible change in the product 
selectivity to C5+ with applying the external magnetic field.  
      The influence of magnetic field on the deactivation rates 
of Co/Al2O3 catalyst was studied by investigating 75 h time 
on stream in FT reaction at 230 °C, 1 bar, H2/CO mole ratio 
of 2/1, with GHSV= 1500 h-1. The activity versus time-on-
stream plot is shown in Fig. 8. The shape curves of two 
diagrams are nearly similar for reactions. The deactivation 
kinetic rate can be followed as the equation below [11]: 
 

      
nCO

CO
dX kX

dt
                                                                (1)  

                                                                                                                                          
where n is the degree of reaction and k is an integral 
parameter and must be determined for both equations.  
As illustrated in Fig. 8, the dip of activity with time could 
be simulated with power law expressions as follows: 
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The formulas above indicate that the deactivation rate of 
Co/Al2O3 catalyst during the process without applying 
external magnetic field with power orders of 8.10 is higher 
than that of the process with external magnetic field with 
6.84. Consequently, a rapid deactivation rate was observed 
for the Co/Al2O3 catalyst during conventional FT reaction in 
75 h. 
 
Influence of Magnetic Fields over the Reaction 
Rate of FTS 
      The Langmuir-Hinshelwood-Hougen-Watson (LHHW) 
adsorption theory is a more interesting method for the non-
linear FT kinetic study based on cobalt catalysts [11]. The 
obtained experimental reaction rates are listed in Table 2. 
To find the best kinetic models, a number of kinetic 
expressions are accurately tested based on the obtained 
experimental data. As a result, a model based on the enolic 
mechanism [3] fits excellently with the experimental CO 
conversion value at a wide range of operational conditions 
including 200-250 °C, 1-10 bar, H2/CO ratio of 1/1-3/1 and 
4200 h-1. A schematic of enolic mechanism proposed for 
Fischer-Tropsch synthesis is presented in Fig. 9. 
To facilitate the model discrimination, we consider k (a 
kinetic parameter group) as the reaction rate constant and a 
(an equilibrium constant group) as the adsorption parameter. 
The experimental rate of CO consumption fits to the kinetic 
model below:   
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The test of the linearized form of the proposed kinetic 
expression with the experimental data is plotted in Fig. 10. 
The fitted rate model is also examined using a nonlinear 
regression based on the obtained experimental data for the 
catalyst during each process (without and with external 
magnetic field). The objective function is to minimize the 
sum of the square of residuals corresponding to a difference 
between the experimental and theoretical data. The 
coefficient of determination (R2) and the root-mean-square 
deviation (RMSD) have been reported as a measure of the 
goodness of fit: 
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Fig. 8. The effect of magnetic field on the deactivation process after 75 h in the FT reaction at 230 °C, 1 bar,  

                   H2:CO = 2:1, GHSV = 1500 h-1. 
 
 

 

Fig. 9. A proposed FTS route based on the enol mechanism. 
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The RMSD between the experimental and theoretical data 
is:  
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where exp

iCO,r  and cal
iCO,r  are the experimental and theoretical 

rates and Nexp clarifies the number of experimental data 
points with pure error variance ρ. To investigate the effect 
of  external  magnetic  field  on   the   kinetic   behavior,  the 

                Table 2. Comparing the FTS’ Reaction Rates in the Presence and Absence of Magnetic Field 
  

T 

(K) 

PCO 

(bar) 

PH2 

(bar) 

FCO 

(mol min-1) 

R1 

( mol g-1 min-1) 

R2 

(mol g-1 min-1) 

473.15 1.41 1.41 0.0025 0.0268 0.0301 

473.15 1.05 1.05 0.0018 0.0136 0.0158 

488.15 0.30 0.30 0.0005 0.0066 0.0009 

493.15 0.96 1.44 0.0016 0.0285 0.032 

503.15 1.20 1.80 0.0020 0.0285 0.0286 

523.15 0.48 0.72 0.0007 0.0106 0.0038 

473.15 0.82 1.64 0.0014 0.0266 0.0375 
                 R1: Rate of carbon  monoxide in FTS. R2: Rate  of  carbon  monoxide  in FTS  with  external 
                 magnetic field. 
 
 

 
Fig. 10. Graphical test of the linearized form of the proposed kinetic rate based on the experimental data of the  
             Co/Al2O3 catalyst. Blue dotes  indicate the process without magnetic field, and red  dotes  indicate the  

                 process with magnetic field. 
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 kinetic parameters are evaluated and presented in Table 3. 
The activation energies of the reaction are achieved based 
on the Arrhenius equation:  
 

      






 

RT
EkTk i

ii exp)(                                                        (11) 

 
where k is the rate constant.  
As shown in Table 3, the activation energies of the 
Co/Al2O3 catalyst without and with an external magnetic 
field are 102.33 and 96.45 kJ mol-1, respectively.  
      The rate constant (k) also increased with the external 
magnetic field. Consequently, the FT rate constant (k) 
increases significantly with applying the external magnetic 
field, and the reaction rate reduces. Therefore, it could be 
concluded that with applying the external magnetic field, 
the rate of reaction increases. 
 
CONCLUSIONS 
 
      In order to investigate the effect of the external magnetic 
field on the FT reaction results, the CoAl2O3 catalysts are 
prepared by the sol-gel method. The FT reactions are done 
in a fixed-bed reactor at a wide range of operational 
conditions for the catalysts without and with an external 
magnetic field. The magnetic measurement reveals that the 
saturation magnetization, Ms, of the Co/Al2O3 catalyst 
before FT test is more than 4 emu g-1. A kinetic model is 
developed for  both  catalytic  processes within a wide range  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
of operational conditions based on the enolic mechanism. 
Kinetic parameters such as kinetic constants (k) and 
activation energies (Ea) for both FT processes are calculated 
and the results are compared. The overall rate constant (k) 
increases and the apparent activation energy decreases with 
applying external magnetic field of 0.015 T. It is concluded 
that the reaction rate increases when an external magnetic 
field is used for FT reaction. In the case of product 
selectivity, it is observed that CH4 selectivity significantly 
reduces (12%) and the selectivity to the light hydrocarbons 
(C2-C4) increases (56%) by applying the magnetic field. In 
our future studies, a series of iron and cobalt-based catalysts 
with different magnetization degree will be examined to 
observe the effect of the external magnetic field on the 
catalytic behavior during Fischer-Tropsch synthesis.  
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APPENDIX 
 
Derivation Rate of Reaction 
      The reaction rate of the rate-determining step is: 
 

      FT 4 HOC Hr k                                                              (1) 

 
where  HOC   is  the  surface  fraction   occupied   with   the 

                               Table 3. The  Evaluated  Kinetic  Parameters  for  the  Co/Al2O3  Catalyst  (before  
                                                and after Applying External Magnetic Field)  based on  the Fitted Kinetic 
                                                Equation 
  

Value Parameter 

Without magnetic field With magnetic field 

Dimension 

R2 0.95 0.96 - 

RMSD 0.00007 0.00007 - 

k0 6.1 × 108 2.5 × 108 - 

Ea 102.33 96.45 kJ mol-1 
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formyl intermediate and H  is the surface fraction occupied 
with the dissociative adsorbed hydrogen. In this model, it is 
assumed that only surface of HOC occupies a significant 
fraction of the total number of sites. The fraction of vacant 
sites, θS, can be calculated from the following balance 
equation: 
 
      1HOCS                                                                    (2) 
 
The surface fractions of HOC and H can be calculated from 
the site balance, the preceding reaction steps which are at 
quasi-equilibrium: 
 

      COsSCO k 1
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where K1 is the equilibrium constant of CO adsorption step. 
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where K2 is the equilibrium constant of dissociated 
hydrogen adsorption step. 
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Substituting Eq. (8) into Eq. (2), the concentration of free 
active site can be expressed as: 
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With substituting of Eq. (9) into Eqs. (6) and (8), the 
expressions of [θH] and [θHCO] becomes: 
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By substituting the surface fraction of HOC and H in                 
Eq. (1), the final rate expression is obtained as follows: 
 

         
2 2

2 2

4 1 2 CO H CO H
FT 2 20.5 0.5 0.5
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where, k and a are kinetic constant and adsorption 
parameter, respectively. 
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