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Abstract Increase in greenhouse gases, has made scientists to substitute alternative fuels for fossil fuels. Nowadays,

converting biomass into liquid by Fischer–Tropsch synthesis is a major concern for alternative fuels (gasoline, diesel etc.).

Selectivity of Fischer–Tropsch hydrocarbon product (green fuel) is an important issue. In this study, the experimental data

has been obtained from three factors; temperature, H2/CO ratio and pressure in the fixed bed micro reactor. T = 543–618

(K), P = 3–10 (bar), H2/CO = 1–2 and space velocity = 4500 (1/h) were the reactor conditions. The results of product

modeling for methane (CH4), ethane (C2H6), ethylene (C2H4) and CO conversion with experimental data were compared.

The effective parameters and the interaction between them were investigated in the model. H2/CO ratio and pressure and

interaction between pressure and H2/CO in ethane selectivity model and CO conversion and interaction between tem-

perature and H2/CO ratio in methane selectivity model and ethylene gave the best results. To determine the optimal

conditions for light hydrocarbons, ANOVA and RSM were employed. Finally, products optimization was done and results

were concluded.

Keywords Selectivity model � Fischer–Tropsch synthesis � Green fuel � Optimization � Fixed bed micro reactor �
Alternative fuels

1 Introduction

From ancient time, energy has played an important role in

human life. The supply of transport fuel is one of the most

important issues that is at the forefront of attention. Con-

sidering that energy supply from fossil fuels cause serious

damage to the environment, scientists are seeking ways for

appropriate replacement (Tabrizi et al. 2015; Mishra et al.

2018). Agriculture and forestry residues, wood, municipal

waste and any material which contains carbon, can be

converted by various methods into useful products. Among

these methods, the most alternative method is gasification,

which through biomass can be converted into renewable

and non-renewable products like transport fuels with high

yields. Many communities are looking for clean and green

energy to develop and solve a lot of problems (Sansaniwal

et al. 2017; Cui et al. 2014; Knoope et al. 2013; Mi et al.

2015). Despite the waste, population growth and increase

in transportation demand are factors which are important in

the emission of greenhouse gases. To eliminate the waste,

there are ways such as burying which poses a lot of risks

for the environment, hence the method of gasification is

very useful for environmental purpose.

By gasification, the diesel of Fischer–Tropsch is pro-

duced via biomass to liquid process. Fischer–Tropsch
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synthesis is an industrial technology which by using syn-

thesis gas (that can be produced from gasification) pro-

duces liquid fuels such as gasoline, diesel etc. using a

catalyst (Rafati et al. 2017; Sørum et al. 2001; Kim et al.

2013; Atashi and Rezaeian, 2017; Atashi and Veiskarami

2018; Zhang et al. 2018). Using the Fischer–Tropsch

synthesis, a range of hydrocarbon products such as wax,

liquid fuels, olefins and oxygenated hydrocarbons can be

achieved by manipulating the process conditions and cat-

alyst system. One of the great challenges of Fischer–

Tropsch technology is manipulating the process conditions

in order to minimize methane and maximize C2–C4 olefins

(Botes et al. 2016). Certainly, the reaction performance of

Fischer–Tropsch synthesis depends on operating conditions

such as temperature, pressure, H2/CO feed ratio, and gas

hour space velocity etc. Increase in temperature causes the

products to shift to light hydrocarbons and C5
? products be

to decrease and also increase methane (Todic et al. 2016).

Cobalt catalyst produces hydrocarbon products only in a

certain range of temperature and pressure, while the iron

catalyst produces hydrocarbon in all ranges (Lari et al.

2017; Zhang et al. 2015). In commercial production,

cobalt, iron, nickel, ruthenium which have catalytic prop-

erties are used. Ruthenium and cobalt have high catalytic

activity and high heavy hydrocarbon selectivity and also,

high stability at low temperatures, in high H2/CO feed

ratio. But due to limited industrial applications (e.g. low

price), the cobalt catalyst is used for C5
? hydrocarbons

synthesis (Vosoughi et al. 2017). Cobalt catalyst has more

activity, stability and selectivity compared to iron catalyst

and also has less activity in water gas shift (WGS) reaction

(Muleja et al. 2017). Many studies have been carried out on

cobalt catalyst and to increase catalytic performance, dif-

ferent promoters have been investigated (Muleja et al.

2017; Sun et al. 2016). Taherzadeh believes that the dis-

tribution of hydrocarbon products is not only a function of

process conditions but also depends on the type of catalyst.

She also added that the activity and selectivity of bimetallic

catalyst are higher than a single catalyst (Taherzadeh Lari

et al. 2016). Nikparsa has investigated the reaction condi-

tions on Co–Ni/Al2O3 and has also studied the kinetic of

Fischer–Tropsch reaction (Nikparsaa et al. 2014). Xiaoping

has investigated the effect of cerium promoters and con-

cluded that the percentage of CO conversion and C5
?

selectivity is increased (Xiaoping et al. 2006). Several

studies were carried out on the effect of operating condi-

tions in Fischer–Tropsch reaction which is evaluated

qualitatively. Mandic et al. examined the process condition

on catalyst and methane selectivity in Fischer–Tropsch

reaction (Mandić et al. 2017). Krishnamoorthy et al.

investigated the selectivity and the effect of water on Fis-

cher–Tropsch synthesis which is studied qualitatively

(Krishnamoorthy et al. 2002). Iglasia evaluated the

selectivity of hydrocarbon products through the chain-

growth using cobalt catalyst (Iglesia 1997).

As already mentioned, most of the Fischer–Tropsch

product selectivity’s studies were assessed qualitatively

and few number of researchers have provided a model by

which selectivity of products can be obtained quantita-

tively. The aim of this paper is to obtain a model for Fis-

cher–Tropsch products and using this model to select the

effective parameter from temperature, pressure, H2/CO

feed ratio and giving more attention to it. Through statis-

tical models, the interaction between parameters was

examine and finally, the optimum conditions which are

very important for increase in the desirable product were

evaluated.

2 Materials and methods

2.1 Catalyst preparation

In this study, Co–Ni–Ce/Al2O3 catalyst was prepared by

incipient wetness impregnation method as follows: an

appropriate amount of Y-Al2O3 as support was calcined at

873.15 K in flowing air for 4 h. The solution was prepared

using Co(NO3)2�6H2O (99% Merck) and Ni(NO3)�H2O

(99% Merck) and Ce(NO3)2�6H2O (99% Merck). The

molar ratio of the salts used in the solution are equal to Co/

Ni/Ce: 80/20/1. Support is suddenly placed in the solution

for 1 h, then the filtered support is dried at 393.15 K for

6 h and calcined at 823.15 K for 10 h at the rate of 5 c/min.

2.2 Catalyst testing

Figure 1 shows the schematic diagram of the experimental

setup in which all reactions were carried out with 1 g of

catalyst in a fixed bed micro reactor. The flow channel

control panel adjusted the flow rates of syngas by mass

flow controller (MFC). The reactor was located in the

middle of the furnace and the homogenized feed ratio

passed the reactor bed. For the control of temperature and

pressure, a thermocouple and a back pressure regulator

were embedded, respectively. Before starting the reaction,

the catalyst was reduced at 673.15 K in atmospheric

pressure by hydrogen flow (30 ml/min) for 24 h. Then the

temperature was reduced and hydrogenation of CO was

done. The operating conditions rate are T = 543–618 K,

P = 3–10 bar, H2/CO ratio = 1–2 and gas hourly space

velocity = 4500 1/h. By using gas chromatography (Varian

3500 GC) equipment, the products were analyzed. In each

run after stability of operating conditions, the feed and

products were injected to the GC, separately. All results are

presented in Table 1.

400 H. Atashi et al.

123



Fig. 1 Experimental setup of fixed bed reactor (FBR) for Fischer–Tropsch synthesis: (1) gas cylinders, (2) pressure regulators, (3) mass flow

controller (MFC), (4) pressure gages, (5) mixing chamber, (6) ball valves, (7) tubular furnace, (8) temperature controller (TC), (9) catalyst bed,

(10) condenser, (11) liquid trap, (12) back pressure regulator (BPR), (13) dryer, (14) gas chromatograph, (15) hydrogen generator

Table 1 Empirical results of the responses under operational conditions (T = 543–618 K, P = 3–10 bar, H2/CO ratio = 1–2 and gas hourly

apace velocity = 4500 1/h)

Run T (K) P (bar) H2/CO CO conversion S(CH4) S(C2H6) S(C2H4)

1 580.5 3.00 1.5 6.8883 0.830034 0.064765 0.0720770

2 552.0 3.80 2.0 14.8725 0.893074 0.061026 0.0255745

3 552.0 3.80 1.0 25.0352 0.836832 0.038841 0.0202085

4 609.0 3.80 2.0 6.0797 0.823133 0.097039 0.0425314

5 609.0 3.80 1.0 16.1979 0.749207 0.074456 0.0469145

6 580.0 6.50 1.5 8.2054 0.753106 0.091644 0.0277190

7 580.0 6.50 2.0 2.6508 0.786047 0.070607 0.0088112

8 580.0 6.50 1.0 29.0488 0.728060 0.055051 0.0046060

9 618.0 6.50 1.5 0.2123 0.725290 0.111095 0.0386095

10 580.0 6.50 1.5 4.3100 0.732866 0.088102 0.0159805

11 543.0 6.50 1.5 8.2998 0.784459 0.097734 0.0120600

12 580.0 6.50 1.5 6.2502 0.753214 0.090904 0.0170950

13 609.0 9.16 2.0 1.3873 0.807831 0.091287 0.0058400

14 609.0 9.16 1.0 33.0340 0.751292 0.093274 0.0059065

15 553.0 9.00 1.0 30.3845 0.807706 0.105915 0.0041780

16 553.0 9.16 2.0 1.0625 0.840734 0.101169 0.0070070

17 580.0 10.00 1.5 6.6329 0.822489 0.097326 0.0262515
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The results are presented as CO conversion and hydro-

carbon selectivity as follows:

CO conversion ¼ COin � COout

COin

� 100 ð1Þ

Selectivity ¼ PiP
Pi

ð2Þ

Pi ¼ Ptxi ð3Þ

where Pi represents the partial pressure of hydrocarbon

products and
P

Pi is the total output of the carbon products

partial pressure (e.g. methane, ethane, and ethylene) and xi
is molar ratio of products which is obtained through Gas

Chromatography.

2.3 Response surface methodology

Selectivity of Fischer–Tropsch product depends on many

factors, such as temperature, pressure, H2/CO ratio and

space velocity etc. In this work, the effect of three

parameters (temperature, pressure, H2/CO ratio) were

investigated by Response Surface Methodology (RSM).

Response surface methodology is a statistical technique

used to achieve a mathematical model which describes the

main parameter and interactions that have the main effect

on the process. In RSM, the regression of second order

polynomial was employed. In this study, the model of

regression can be written as follows:

y ¼ a0 þ
Xk

i¼1

aixi þ
Xk

i¼1

aiix
2
i þ

XX

ij

aijxixj � e ð4Þ

where ‘y’ is the response, ‘a’ is the regression coefficient

and ‘x’ is variables (e.g. temperature, pressure and H2/CO

ratio) and ‘k’ shows the number of experiments (Zohdi-

Fasaei et al. 2017; Razmjooie et al. 2017). The model

regression accuracy can be obtained as shown in the fol-

lowing equations:

R2 ¼ 1 � SSres

SStot
ð5Þ

R2
adj ¼ 1 �MSres

MStot
ð6Þ

The amount of R2 and adjusted R2 must be close to 1. The

Pvalue is used to evaluate the regression coefficients. Usu-

ally, the amount of Pvalue under 0.05 shows that the

parameter has a significant effect on the response but Pvalue

is not a necessary condition. The other item which is the

same as Tvalue was used (Atashi et al. 2015). The test of

lack of fit is an important item in choosing the model. The

model with insignificant lack of fit is an appropriate model.

For all the responses, the analysis showed that quadratic

model is suitable. R2 and R2 adjusted for all models are

close to 1 and lack of fit is insignificant due to this reason

and the models are fitted well into the data. All statistical

coefficient according to ANOVA are presented in Table 2.

3 Results and discussion

The selectivity model which is the primary key in indus-

tries that are significant for optimization of process and

reactors via statistical method was studied. The RSM was

employed to improve the selectivity model of products.

The results have a good agreement between experimental

data and predicted model. The results are presented in

Table 3. Finally, the minimum amount of undesirable and

maximum amount of desirable products are concluded

from optimization process which are reported in Table 4.

All analysis and calculations were performed with Minitab

software.

3.1 Selectivity model of methane

Figure 2 illustrates the surface and contour plot of methane

selectivity that affects the operating conditions (e.g. tem-

perature, pressure and H2/CO ratio). As can be seen, the

methane selectivity decrease by increasing the temperature

at constant pressure and H2/CO ratio but this increase is

smooth at constant H2/CO ratio. The methane selectivity

increases by increasing the H2/CO ratio. As it is clear for

CH4 product, there is a minimum selectivity in the low H2/

CO ratio. As can be seen, at high temperature and low H2/

CO ratio, the amount of methane selectivity is reduced.

CH4 selectivity varies parabolically with pressure. By

increasing the pressure, the methane selectivity decreases

and then increases. Therefore, the minimum amount of

methane selectivity increases. The proposed selectivity

model is as follows:

S methaneð Þ ¼ 2:441 � 0:002281T � 0:1505P� 0:347N

þ 0:006733P2 þ 0:0654N2 þ 0:000103TP

þ 0:000400TN

ð7Þ

According to Eq. (7), H2/CO ratio has the most effect on

the selectivity of methane. Also, the interaction between

temperature and H2/CO ratio has an important effect. The

effect of temperature can be ignored in methane selectivity

because of low coefficient value.

3.2 Selectivity model for ethane

Figure 3 illustrates the surface and contour plot of ethane

selectivity. As can be seen, the effect of temperature,

pressure and H2/CO ratio are shown in Fig. 3. The
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selectivity of ethane increases with increase in pressure. By

increasing the H2/CO ratio, the selectivity of ethane

increases first and then decrease. As can be seen, at con-

stant temperature and high pressure, the maximum amount

of ethane was achieved. By increasing temperature,

selectivity of ethane decreases and then increases. The

ethane selectivity varies parabolically with temperature and

H2/CO ratio. The selectivity model of ethane can be pro-

posed as follows:

Table 2 Statistical analysis of variance for response surface quadratic model

Terms Product model for S(CH4) Product model for S(C2H4) Product model for S(C2H6) Product model for CO

conversion

SE

coefficient

Tvalue Pvalue SE

coefficient

Tvalue Pvalue SE

coefficient

Tvalue Pvalue SE

coefficient

Tvalue Pvalue

Model Significant Significant Significant Significant

Constant 0.00491 152.29 0.000 0.00215 10.62 0.000 0.00241 35.32 0.000 0.704 8.26 0.000

T (K) 0.00447 - 8.46 0.000 0.00195 4.59 0.001 0.00215 3.24 0.010 0.729 - 3.99 0.003

P (bar) 0.00445 - 2.42 0.039 0.00194 - 9.99 0.000 0.00218 8.74 0.000 0.724 0.57 0.581

H2/CO 0.00362 7.55 0.000 0.00158 0.43 0.674 0.00177 2.89 0.018 0.589 - 18.35 0.000

T * T – – – – – – 0.00402 5.61 0.000 – – –

P * P 0.00816 10.11 0.000 0.00356 7.11 0.000 – – – – – –

H2/CO * H2/

CO

0.00582 2.81 0.020 0.00254 - 6.87 0.000 0.00285 - 5.71 0.000 0.918 11.07 0.000

T * P 0.00706 1.92 0.087 0.00308 - 3.04 0.014 0.00346 - 6.07 0.000 1.15 3.80 0.004

T * H2/CO 0.00537 1.40 0.196 0.00234 - 0.82 0.431 – – – – – –

P * H2/CO – – – – – – 0.00261 - 3.33 0.009 0.867 - 7.72 0.000

Lack of fit Not significant Not significant Not significant Not significant

R2 96.82% 95.98% 95.54% 98.21

Adj R2 94.35% 92.85% 92.08% 97.13

Table 3 Selectivity model of products as well as predicted value by RSM

No. Responses (experimental) Responses (predicted by RSM)

CO conversion S(CH4) S(C2H6) S(C2H4) CO conversion S(CH4) S(C2H6) S(C2H4)

1 6.8883 0.830034 0.064765 0.072077 5.4016 0.841029 0.066159 0.0675157

2 14.8725 0.893074 0.061026 0.0255745 14.7844 0.879833 0.061406 0.0252064

3 25.0352 0.836832 0.038841 0.0202085 26.0890 0.836654 0.037769 0.0208952

4 6.0797 0.823133 0.097039 0.0425314 5.2441 0.817806 0.096853 0.0468797

5 16.1979 0.749207 0.074456 0.0469145 16.5487 0.751821 0.073215 0.0484437

6 8.2054 0.753106 0.091644 0.027719 5.8533 0.748313 0.085119 0.0226643

7 2.6508 0.786047 0.070607 0.0088112 5.2107 0.791854 0.073988 0.0059081

8 29.0488 0.72806 0.055051 0.004606 26.8371 0.737473 0.063743 0.0044830

9 0.2123 0.72529 0.111095 0.0386095 2.9061 0.709946 0.114914 0.0317460

10 4.31 0.732866 0.088102 0.0159805 5.8533 0.748313 0.085119 0.0226643

11 8.2998 0.784459 0.097734 0.01206 8.7231 0.785670 0.100692 0.0138216

12 6.2502 0.753214 0.090904 0.017095 5.8533 0.748313 0.085119 0.0226643

13 1.3873 0.807831 0.091287 0.00584 0.7126 0.815679 0.088278 0.0058159

14 33.034 0.751292 0.093274 0.0059065 32.5079 0.7496940 0.091227 0.0073799

15 30.3845 0.807706 0.105915 0.004178 31.7178 0.797455 0.101583 0.0006117

16 1.0625 0.840734 0.101169 0.007007 0.1009 0.845647 0.100605 0.0059541

17 6.6329 0.822489 0.097326 0.0262515 6.2081 0.819877 0.104449 0.0287162
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S ethaneð Þ ¼ 4:540 � 0:01742T þ 0:1058Pþ 0:2375N

þ 0:000016T2�0:0650N2�0:000160TP

�0:00496PN

ð8Þ

According to Eq. (8), H2/CO ratio has the most effect on

the model because its coefficient is the most and has pos-

itive effect. Also, the important interaction between

parameter belongs to pressure and H2/CO ratio.

3.3 Selectivity model for ethylene

Figure 4 illustrates the contour and surface plot of oper-

ating conditions effect on ethylene selectivity. As can be

seen, the ethylene selectivity increased with increase in

temperature but at high pressure, temperature has no effect

on the ethylene selectivity therefore, the effect of temper-

ature at high pressure can be neglected. By increasing H2/

CO ratio, the selectivity increases, so the maximum amount

of ethylene was achieved. The ethylene selectivity varies

parabolically with pressure. The maximum selectivity of

ethylene occurs at low pressure, but by increasing the

pressure, ethylene selectivity decreases and then increases.

The selectivity model of ethylene is given as follows:

S ethyleneð Þ ¼ � 0:511 þ 0:000858T þ 0:0090P

þ 0:2708N þ 0:002068P2�0:0699N2

�0:000071TP�0:000103TN

ð9Þ

As can be seen in Eq. (9), H2/CO ratio is the important

parameter in the model because it has the most effect on

the model. Also, an important interaction is T*H2/CO ratio

and because of its negative coefficient, it has negative

effect on the selectivity of ethylene.

3.4 The model for CO conversion

Figure 5 shows the effect of operating conditions such as

temperature, pressure and H2/CO ratio on CO conversion

model. The figures are in form of surface and contours. As

can be seen in Fig. 5, at constant pressure, temperature has

no effect on conversion but at constant H2/CO ratio, by

increasing the temperature, the conversion decreases. This

reduction at low pressure has great intensity, while at high

pressure, increase in temperature has no effect on conver-

sion. At high temperature and low H2/CO ratio, by

increasing the pressure, CO conversion increases. By

increasing the H2/CO ratio, the CO conversion decreases

and then increases.

The model for CO conversion can be presented as

follows:

X COð Þ ¼ 262:3�0:2938T�13:46P�118:8N þ 40:68N2

þ 0:03326TP�3:823PN

ð10Þ

In equation of CO conversion model, H2/CO ratio is the

most effective parameter in the model. It has negative

effect on the model. Also, the interaction between pressure

and H2/CO ratio has the most effect on the model.

3.5 Optimization

To increase the desired product and decrease the undesired

products, optimization is necessary. The RSM methodol-

ogy is an appropriate method for creating the connection

between inputs and outputs of process. Using RSM to

optimize outputs of process, the operating cost can be

reduced and plant profits can be increased. In this study, the

optimization of products are done in two ways. As can be

seen in Table 4, in three-objectives part, to increase the

selectivity of ethylene (olefin) and decrease the selectivity

of methane and ethane (paraffin), T = 600.49 K,

P = 3.07 bar and H2/CO = 1 should be adjusted. In three

single-objective part, to maximize the selectivity of ethy-

lene as an olefin, the temperature, pressure and H2/CO ratio

have been set at 618 K, 3 bar and 1.4848, respectively.

Also, to decrease the selectivity of methane, the

Table 4 Optimization results

Item T (K) P (bar) H2/CO Selectivity (%mol)

CH4 C2H4 C2H4

Single objective

Minimization of CH4 618 6.46465 1 0.69148

Maximization of C2H4 618 3 1.48485 0.08587

Minimization of C2H6 557.3939 3 1 0.02735

Three objectives

Minimization of CH4 and C2H6

Maximization of C2H4

600.490 3.0707 1 0.7953 0.0587 0.0578
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Fig. 2 Effect of temperature, pressure and H2/CO ratio on selectivity of methane: T = 580.5 K, P = 6.5 bar, H2/CO ratio = 1.5
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Fig. 3 Effect of temperature, pressure and H2/CO ratio on selectivity of ethane: T = 580.5 K, P = 6.5 bar, H2/CO ratio = 1.5
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Fig. 4 Effect of temperature, pressure and H2/CO ratio on selectivity of ethylene: T = 580.5 K, P = 6.5 bar, H2/CO ratio = 1.5
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Fig. 5 Effect of temperature, pressure and H2/CO ratio on CO conversion model: T = 580.5 K, P = 6.5 bar, H2/CO ratio = 1.5
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temperature, pressure and H2/CO ratio have been set at

618 K, 6.46 bar and 1, respectively. Figure 6 indicates the

optimization plot in three objectives.

4 Conclusion

This work can be viewed as a roadmap which not only

reduces undesirable products, but also increases the

selectivity of desirable products by manipulating the pro-

cess conditions. Generally, the fuels which are produced by

this method, are very suitable for environmental purpose.

RSM and ANOVA were employed to study the Fischer–

Tropsch synthesis product selectivity. The effect of tem-

perature, pressure and H2/CO ratio on product selectivity of

methane, ethane, ethylene and CO conversion model were

investigated in fixed bed micro reactor. The presented

mathematical models show that the response is affected by

parameters. By using statistical analysis, the model is

adequately significant. As shown in the ANOVA analysis

and Figures, to decrease methane selectivity, the temper-

ature must be high and H2/CO ratio must be low. However,

by increasing the temperature and decreasing the pressure,

the ethylene selectivity is increased. Also, by increasing the

temperature and decreasing the H2/CO ratio, the CO con-

version increases at high pressure. In optimization, the

maximum desirable product (ethylene) was achieved at

T = 618 K, P = 3 bar and H2/CO = 1.4848 while the

minimum amount of undesirable product (methane) was

achieved at T = 618 K, P = 6.4646 bar and H2/CO = 1.

Also, to increase ethylene as an olefin product and decrease

methane and ethane as a paraffin product in a coordinate

manner, the temperature, pressure and H2/CO ratio have

been set at 600.490 K, 3.0707 bar and 1, respectively. The

equation of selectivity models of methane and ethylene

shows that the interaction of H2/CO ratio and temperature

has the most effect on the model, while the interaction of

pressure and H2/CO in the model of CO conversion and

ethane selectivity has the important effect. In all models,

the main parameter is H2/CO ratio which has the most

effect on the model.
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