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Abstract Fischer–Tropsch synthesis (FTS) for the pro-

duction of olefins from syngas was investigated on FeCuK

impregnated on zeolite catalysts such as ZSM-5, Mordenite

and Beta-zeolite. ZSM-5 supported catalyst showed the

best activity among the three catalysts due to the high

reducibility of iron oxides. It also exhibited high olefin

selectivity compared to a catalyst prepared by physical

mixing of the two components, due to the presence of

moderate number of acid sites.

Keywords Fischer–Tropsch synthesis � Iron � Zeolites �
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1 Introduction

The Fischer–Tropsch synthesis (FTS) has been recognized

as an important alternate technology to petroleum refining in

the production of liquid fuels and chemicals from syngas

derived from coal, natural gas and other carbon-containing

materials [1]. Fe-based catalyst is often selected for the FTS,

over its competitor of Co-based catalyst, because of its WGS

activity to work in a wide range of H2/CO feed ratio [2, 3].

Further, iron is much less expensive than Co and has lower

methane selectivity. However, many promoters have been

used [4] to improve the CO hydrogenation functionality of

Fe-based catalysts. For example, Cu as a reduction promoter

helps decrease the reduction temperature of iron oxides. The

component of SiO2 as a structural promoter, helps increase

the surface area as well as the attrition resistance of the

catalysts that is particularly required for the slurry phase

reaction. K is added frequently as a chemical promoter for

providing a higher chain growth factor value, increasing the

olefin/paraffin ratio in the hydrocarbon product and

decreasing the catalyst deactivation rate. Supports such as

Al2O3, TiO2 and SiO2 have been used to stabilize the active

components as well.

The Fischer–Tropsch (FT) catalysts normally lead to a

typical non-selective Anderson–Schulz–Flory (ASF) prod-

uct distribution, limiting the selectivity of the required

fraction. In order to provide high product selectivity [5], the

usage of a bifunctional catalyst, consisting of a FT active

metal and an acidic zeolite, has been the focus of attention

recently. In this type of composite catalyst, the FT active

metal transforms the syngas into the primary straight chain

hydrocarbon product which, in turn, undergoes further

restructuring on the acid component (co-catalyst) to produce

a more branched and aromatic hydrocarbon products of

limited chain length. Sulphated zirconia was selected ini-

tially as a co-catalyst in the FTS for the production of C4

hydrocarbons [6]. However, due to carbon deposition and

sulphate reduction, it quickly deactivated even at a very low

level of CO conversion. Therefore, zeolite or metal/zeolite

has been preferred for the second catalytic function. The

composite catalysts can be prepared either by directly sup-

porting the FT active metals on zeolites, application of

zeolite as a membrane in the FT catalyst, synthesizing a

hybrid catalyst consisting of the FT catalyst and a zeolite or

metal/zeolite catalyst, or by using dual beds, one containing

the FT catalyst and the other a zeolite catalyst [7].

Mobil Oil workers initially conducted much work on the

iron/ZSM-5 bifunctional catalyst and found that the acid

catalyst deactivated very rapidly compared to the iron cat-

alyst and that it was not effective in the low temperature
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range (230–260 �C) where bifunctional catalysis is needed.

Sasol workers, on the other hand, operating their iron cata-

lyst at high temperature (330–350 �C) produced essentially

no products above C20 as the catalyst particles agglomerated

with the wax and finally found a difficulty in fluidization.

Studies at intermediate temperatures are scarce.

In contrast to the Co based catalysts, in the case of

iron based composite catalysts, most of the researchers

have preferred using a physical mixture of the iron

component and the zeolite to understand the influence of

nature of zeolite on the activity and product selectivity.

Studies of the impregnated catalysts are scarce [8–12],

particularly aiming at maximizing the light olefin yield.

In this presentation, we report the olefin synthesis from

syngas over the catalysts containing Fe–Cu–K supported

on different zeolites. These composite catalysts were

prepared by the conventional impregnation technique.

The objective of this work is to find the influence of the

pore structure and the acidity of the zeolites on its

performance in the FTS from syngas. The properties of

the catalysts are further substantiated by using the

characterization tools such as surface area measurement,

XRD, TPR and NH3-TPD.

2 Experimental

2.1 Catalyst Preparation

The Fe-based catalysts for FTS from syngas were prepared

by the conventional wet-impregnation of the proton-type

zeolites, namely ZSM-5 (Si/Al = 25, surface area =

425 m2/g), Mordenite (Si/Al = 6, surface area = 420 m2/g)

and Beta-zeolite (Si/Al = 12.5, surface area = 680 m2/g)

with the salts or the active component. Aqueous iron

nitrate, copper nitrate and potassium carbonate solutions, in

required composition, were mixed thoroughly. The

impregnation on the zeolites was carried out with contin-

uous stirring at 60 �C for 6 h. The samples were then dried

in a rotary evaporator before subjecting them for calcina-

tion at 500 �C in air for 5 h. The ratio of iron metal

component to that of the zeolite in the finished catalyst was

fixed at 20/100 by weight percentage and the Fe/Cu/K ratio

as 20/2/4 by weight.

2.2 Characterization

BET surface area and BJH pore size distribution of the

hybrid catalysts were determined by N2-physisorption

using Micromeritics ASAP 2400 apparatus at liquid-N2

temperature at -196 �C. The acidity of the catalysts was

measured by the temperature-programmed desorption of

ammonia (NH3-TPD). Before the analysis, about 0.10 g of

the sample was pretreated at 250 �C in a flow of helium for

2 h to remove the physisorbed water. After cooling to room

temperature, ammonia was introduced into the reactor at

100 �C for 1 h and the physisorbed ammonia was removed

in a helium flow at 100 �C for about 30 min. Subsequently,

the sample was heated from 100 �C to 800 �C, with a

ramping rate of 10 �C/min and kept at the same tempera-

ture for 30 min in a flow of helium gas. The effluent gas

was analyzed by an on-line gas chromatograph with a TCD

detector. The powder X-ray diffraction (XRD) patterns

were obtained with a Rigaku diffractometer using Cu-Ka

radiation to identify the phases of FeCuK/zeolite catalysts.

The temperature programmed reduction (TPR) experiments

were performed to determine the reducibility of the surface

oxides. Prior to the TPR experiments, the samples were

pretreated in a He flow up to 400 �C and kept for 2 h to

remove the adsorbed water and other contaminants fol-

lowed by cooling to 50 �C. The reducing gas containing

5% H2/Ar mixture was passed over the samples at a flow

rate of 30 mL/min, with the heating rate of 10 �C/min up to

800 �C and kept at that temperature for 30 min.

2.3 Activity Test

Catalytic activity test was carried out in a tubular fixed bed

reactor (O.D. = 12.7 mm) with a catalyst of 0.3 g. Prior to

the reaction, the catalyst was reduced at 450 �C for 12 h in

a flow of 5% H2 balanced with nitrogen. After reduction,

the synthesis gas (H2/CO = 2) was fed into the reactor.

The FTS reaction was carried out subsequently under the

following reaction conditions; T = 300 �C, P = 1.0 MPa

and SV = 2,000 mL/gcat h. Effluent gas from the reactor

was analyzed by an online gas chromatograph (YoungLin

Acme 6000 GC) employing GS-GASPRO capillary col-

umn connected with FID for the analysis of hydrocarbons

and Porapak Q/molecular sieve (5A) packed column con-

nected with TCD for the analysis of carbon oxides,

hydrogen, methane and internal standard gas (Ar).

3 Results and Discussion

3.1 Textural Properties of the Fresh Catalysts

Because of their molecular sieve as well as shape selective

character, zeolites have been used as supports, instead of

oxides, for several catalysts. Zeolites are particularly used

as acidic catalysts, as the concentration and the strength of

the acid sites are controllable [13], and to exploit their

regular pore structure. Thus, the three zeolites which differ

in their dimensionality and acidity, were selected to elu-

cidate the influence of these parameters on the activities

and selectivities of the composite catalysts on FTS.
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The three zeolites used have different pore structure and

surface properties. ZSM-5 is a medium-pore zeolite that

contains two intersecting channel systems. The elliptical

10-member ring (MR) openings controlling the channels

have an effective diameter of ca. 0.56 nm [14]. Mordenite

possesses 12-MR straight pore channel and a wide pore

entrance. Beta-zeolite has a tridirectional system of inter-

connected channels. The textural properties, like BET

surface area, pore volume and average pore diameter of the

catalysts prepared using these supports are summarized in

Table 1 and their pore size distribution patterns are shown

in Fig. 1. In the present study, the composite catalyst of

FeCuK/Beta-zeolite is found to contain mainly mesop-

ores around 30 nm with a maximum peak intensity for

dV/dlog(D), whereas the other two catalysts exhibit the

presence of micropores around 4 nm, after loading with

the active component. The decrease in the surface area of

the zeolites after impregnation and calcination are 38%,

85% and 45% in the case of ZSM-5, Mordenite and Beta-

zeolite supported catalysts, respectively. Broadly, these

values depict a fairly uniform distribution of the active

component (26 wt.%) inside the zeolite in the case of

ZSM-5, a substantial pore filling in the case of Mordenite

and a moderate distribution in the case of Beta-zeolite.

3.2 Temperature-programmed Analysis

(H2-TPR and NH3-TPD)

The effect of the nature of zeolite on the ease of reduction

was investigated by H2-TPR. Figure 2 shows the H2-TPR

profiles of the catalysts with different zeolites used as

supports. As most of the copper promoted iron-based cat-

alysts, the reduction process in H2 occurs in two distinct

stages. The first stage, occurring between 200 �C and

350 �C, corresponds to the combined reduction of Fe2O3 to

Fe3O4 and CuO to Cu. The second stage, at the high

temperature region of 350–800 �C, represents the reduction

of Fe3O4 to Fe metal. In the case of FeCuK/Beta-zeolite,

the first peak itself is split into two; the CuO reduction

appearing first as a discrete peak and the second one rep-

resenting the reduction of Fe2O3 to Fe3O4. The appearance

of a separate peak for CuO reduction implies a non-

homogeneous mixing of Cu and Fe species and hence Cu

could not promote efficiently the reduction of iron. Con-

sequently, there appears a large high temperature peak in

the case of Beta-zeolite supported catalyst. This argument

is in line with the observations of Wu et al. [15]. A well-

mixed system can be assumed in the case of ZSM-5 sup-

ported catalyst wherein the first peak has no shoulder and is

of higher intensity. As has been reported frequently, CuO

facilitates the reduction of a-Fe2O3 when the two phases

are well mixed, resulting in the corresponding peaks

appearing at much lower temperature [16]. The second

stage represents the transformation of Fe3O4 ? a-Fe. Shen

et al. [17] have used precipitated FeCuK in combination

with ZSM-5 zeolite for the preparation of gasoline and also

Table 1 Textural properties of FeCuK/zeolite catalysts

Notation BET surface

area (m2/g)

Pore

volume

(cm3/g)

Average pore

diameter (nm)

Si/Al

ratio

FeCuK/ZSM-5 265 (425)a 0.112 11.9 25

FeCuK/

Mordenite

64 (420) 0.059 14.8 6

FeCuK/

Beta-zeolite

372 (680) 0.550 17.4 12.5

a The values in the parentheses correspond to that of the support
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Fig. 1 Pore size distribution of the FeCuK/zeolite catalysts
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Fig. 2 H2-TPR profiles of the fresh FeCuK/zeolite catalysts
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found Cu promotion to decrease the iron reduction tem-

perature as well as the operation temperature and stabilize

the activity and selectivity.

The degree of reduction of the composite catalysts was

calculated from the hydrogen consumption values of TPR

runs. The reduction degree was expressed as the ratio of the

hydrogen consumed below 450 �C to the total hydrogen

consumed during the TPR of the fresh catalyst. The values

expressed as percentages are 39.6%, 36.2% and 31.3% for

FeCuK/ZSM-5, FeCuK/Mordenite and FeCuK/Beta-zeolite,

respectively. These results are in accordance with the apparent

degree of mixing of Cu and Fe species in the catalysts.

The NH3-TPD patterns of the FT catalysts are shown in

Fig. 3. A two- or three-stage desorption of NH3 is

observed. The desorption peaks observed at 350–550 �C

are attributed to strong acid sites, whereas those at 150–

300 �C to weak acid sites or physically adsorbed ammonia

[18]. Table 2 gives the number of acid sites expressed as

mmol NH3/g of catalyst. It can be observed that the number

of acid sites is the highest for FeCuK/Mordenite, in both

first and second (and third temperature) regions. Further,

the total number of acid sites varies in the order of FeCuK/

Mordenite [ FeCuK/Beta-zeolite [ FeCuK/ZSM-5. As a

coincidence, the acidity decreases proportionately with the

increase in Si/Al ratio of the zeolite supports, indicating

that the effect of impregnation is uniform in all the

supports.

3.3 FTS Activity of the Composite Catalysts

The catalytic performance of the FeCuK/zeolite catalysts

was measured at 300 �C, 1.0 MPa, 2,000 mL/gcat h and

H2/CO = 2. The activity of catalysts was tested for over

120 h. Figure 4 shows the variation in conversion with

time on stream (TOS) and the relative stability of the

catalysts, activity being expressed in terms of percentage

conversion of CO. The conversion of CO observed for

FeCuK/ZSM-5 and FeCuK/Beta-zeolite catalysts increases

slowly with time on stream, whereas that for FeCuK/

Mordenite catalyst rapidly reaches a maximum at the early

stages of the reaction and then decreases slowly with time

on stream. The activity of the catalysts (after a TOS of

120 h) varies in the order FeCuK/ZSM-5 [ FeCuK/

Mordenite [ FeCuK/Beta-zeolite. In the case of Mordenite

possessing a two-dimensional pore structure the activity

decreases with time on stream due to a possible increase in

coke formation. A considerable decrease in surface area

due to pore filling also supports this observation, as cata-

lysts with larger pores resist deactivation. In this respect

supports with a three-dimensional pore structure, (ZSM-5

and Beta-zeolite), seem to be beneficial.

Fe catalysts show high water-gas shift (WGS) activity,

and hence are of increasing interest for FTS than the Co-

based catalysts. A great number of studies [15] have focused

on the phase transformation and on identifying the catalyt-

ically active phases during the FT reaction over the iron

catalysts. Fe carbides, Fe3O4, Fe metal, or surface iron

phases on Fe3O4 have been proposed to be the active species

for FT reaction by different researchers [19]. The nature of
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Fig. 3 NH3-TPD profiles of the FeCuK/zeolite catalysts

Table 2 Surface acidity of FeCuK/zeolite catalysts measured by

NH3-TPD

Notation Acidic site (mmol NH3/g)

First Second (and third) Total

FeCuK/ZSM-5 0.096 0.170 0.266

FeCuK/Mordenite 0.364 0.755 1.119

FeCuK/Beta-zeolite 0.098 0.358 0.456
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Fig. 4 Activity variation of the FeCuK/zeolite catalysts with time on

stream
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the active site depends on the reaction conditions [20]. A lot

of discussion has gone into establishing the carbide as the

active species [21] as CO dissociation occurs on these sites.

Further, Sudsakorn et al. [22] have suggested formation of

similar nature of active sites even when the Fe catalysts are

activated differently (using H2, CO or syngas, respectively).

Literature reveals a direct evidence for a possible relation-

ship between the catalytic activity and the formation of iron

carbides [21]. In the present investigation, FeCuK/ZSM-5

has exhibited the highest activity (after 120 h of time on

stream) followed by Mordenite and Beta-zeolite supported

catalysts. This can be explained in terms of ease of reduction,

as seen by the TPR patterns given in Fig. 2. The higher the

reducibility of the iron species, the more the number of

carbide species that can be formed. FeCuK/ZSM-5, which

records the highest reducibility, shows the maximum con-

version followed by the Mordenite and the Beta-zeolite

based catalysts. In the case of physically mixed catalysts, the

advantage of the bifunctional catalyst has been explained in

terms of changing the adsorption–desorption equilibrium of

olefins on the iron phase [23]. However, the validity of this

assumption in the case of impregnated catalysts needs to be

examined.

In order to understand further, the reason for change in

the activity of the three zeolite supported catalysts, a

detailed XRD study was carried out on the catalysts.

Figure 5 displays the XRD patterns of the catalysts

before and after the reaction. The fresh catalysts have

exhibited well-defined characteristic peaks of the

respective zeolites. Apart from this, the major detectable

iron phase of the catalysts is hematite (a-Fe2O3), with the

characteristic peaks appearing at 2h values of 24.2�,

33.1�, 35.6�, 40.8�, 49.5�, 54.0�, 57.6�, 62.5� and 64.0�,

and agreeing with data reported in the JCPDS files. The

XRD patterns of the catalyst samples, collected after

around 120 h of reaction, show peaks of iron carbide and

metallic iron. Particularly, the broad peak at 44� is a

strong indication for the carbide formation, as also

reported by Ning et al. [24]. However, the sharpness of

the zeolite peaks disappeared and in their place some

very broad peaks have been observed. It appears that the

catalysts were disintegrated, at least partially, during the

reaction. This may be due to coagulation of iron moieties

prepared by impregnation, with a consequent increase in

cell volume than that of the original zeolite, as reported

by El Bahy et al. [25]. The situation is better in the case

of ZSM-5 supported system in the present case, wherein

some of the diffraction lines are clearly visible. Thus, the

degradation of the structure of the zeolites might have

led to formation of interacted species between iron and

alumina (or silica) further decreasing the reducibility of

iron in the case of Mordenite and Beta-zeolite supported

catalysts.

3.4 Comparison of the Product Distributions Obtained

on the Impregnated and Physically Mixed Catalysts

Table 3 displays the product distribution including the yield

of olefins in the range of C2–C4 hydrocarbons obtained on

the three catalysts. FeCuK/ZSM-5 shows the highest selec-

tivity (71.2%) towards the olefins. The Mordenite based

catalyst has the lowest percentage O/(O + P) of 42.5%.

FeCuK/Beta-zeolite shows the intermediate value. The

existence of stronger acid sites on Mordenite supported

catalyst (Table 2) can be the reason for suppressed olefin

formation. This observation is in accordance with that of
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Basu et al. [27]. Hammer et al. [28] have investigated the

role of ZSM-5, Mordenite and Beta-zeolites in combined

with Fe (promoted with Cu and K). They have identified the

product composition to be significantly different from that of

classical straight-chain FTS products. The products con-

tained more isomers, olefins and oxygenates due to the

different acidity of the zeolites. The acidic catalyst promotes

the formation of isomers and aromatics in the gasoline range

with a maximum chain length of C12 at the expense of olefins

[29], thus reducing the O/(O + P) ratio, as it has less number

of strong acid sites. The decrease in selectivity and yield of

olefins with increase in acidity, shown in Fig. 6 also reiter-

ates this observation. ZSM-5 seems to be a better support for

obtaining higher O/(O + P) ratio. ZSM-5 has also been a

particularly preferred zeolite support for bifunctional cata-

lysts, as it limits the growth of chain length to gasoline range

hydrocarbons in the case of methanol conversion [14].

It can be observed from Table 3 that the methane com-

position in the hydrocarbon fraction of the product is lower

in the case of ZSM-5 based catalyst than that of the other

catalysts. Methane formation occurs due to cracking of

hydrocarbons over acidic sites on the zeolites. The acidity of

the zeolites and the reaction conditions decide about the

extent of methane formation. Under similar reaction condi-

tions, the methane selectivity, as shown in Table 3,

decreased in the order FeCuK/Mordenite [ FeCuK/Beta-

zeolite [ FeCuK/ZSM-5. This is consistent with the

decrease in the acidity of the catalysts, as also reported in the

literature [30]. It can be seen from the TPR patterns that the

reducibility of iron oxides in ZSM-5 supported catalyst is

high and hence is expected to have less number of non-

carbidic sites. Therefore, its methane formation is expected

to be low. The ZSM-5 based catalyst has recorded a higher

selectivity to CO2 compared to that of the Beta-zeolite based

catalyst. In the FTS reaction, CO2 is a product of water gas

shift reaction and iron catalysts are known for their high

WGS shift activity as well. Therefore, when the catalyst is

active for CO hydrogenation it can be expected that WGS is

Table 3 CO hydrogenationa over FeCuK/zeolite catalysts

FeCuK/ZSM-5 FeCuK/Mordenite FeCuK/Beta-zeolite K/FeCuAl + ZSM-5

CO Conv. (%) 81.1 72.9 63.9 88.1

Selectivity (C mol%)

CO2 35.6 37.7 25.2 45.1

–HC–b 64.4 62.3 74.8 54.9

Hydrocarbon distribution (C mol%)

C1 19.6 32.2 31.5 19.5

C2= 4.2 1.9 3.7 0.7

C2 6.5 13.1 11.8 6.4

C3= 13.4 8.2 13.8 0.8

C3 2.9 8.2 5.7 7.5

C4= 12.7 8.7 11.7 9.5

C4 2.9 4.1 4.1 15.0

C5[ 37.8 23.6 17.7 40.6

Olefins in (C2–C4) (C mol%)

Selectivity: O/(O + P)c 71.2 42.5 57.6 27.7

% yieldd 13.8 6.6 11.3 4.7

a CO hydrogenation at H2/CO = 2, SV = 2,000 ml/g h, T = 300 �C and P = 1.0 MPa
b Hydrocarbon selectivity
c Olefin-to-paraffin ratio in the range of C2–C4 hydrocarbons
d CO mol% transformed to olefins in the range of C2–C4 hydrocarbons
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also favorable before reaching the equilibrium conversion

between CO and CO2.

Table 3 also discloses the activity and selectivity

obtained on a model catalyst, FeCuKAl + ZSM-5 zeolite

prepared by physical mixing of the metallic and acidic

components. The preparation method of precipitated

FeCuKAl and its FTS activity was investigated already in

our previous works by using the biomass-derived syngas

[31]. The role of alumina can be neglected as it is used as a

binder, not to influence much on the reducibility and acidic

properties of the catalyst. A comparison of the performance

of the impregnated catalyst FeCuK/ZSM-5 with that of the

above catalyst reveals that in spite of slightly lower CO

conversion, the impregnated catalyst offers better selec-

tivity towards the olefins. As can be seen from Fig. 4, the

impregnated and the physically mixed catalysts show var-

iation in their activity pattern. The conversion curve started

with a very low value and showed an increasing trend with

time on stream on the physically mixed catalysts. The

impregnated catalysts, on the other hand, showed higher

initial activity with variation with time on stream. This

difference in the activity patterns could be explained due to

the phenomenon of dispersion of the active component in

the case of impregnated catalysts. An additional evaluation

run conducted under the same conditions, on the FeCuKAl

bulk catalyst (without the support) revealed higher con-

version (90%), higher selectivity towards CO2 (36.6%) and

lower selectivity to methane (4.6%) but with much lower

yield of olefins when compared with that of FeCuK/ZSM-5

catalyst. Further detailed investigations are in progress to

explain clearly the difference in the performance of the

catalysts.

4 Conclusions

Among the three zeolites selected as supports to impreg-

nate FeCuK mixture on them, ZSM-5 seems to be the best

as it retains the physical structure and allows higher

reduction of iron species. Mordenite and Beta-zeolite lost

their structure during the reaction. The conversion of CO

on FeCuK/ZSM-5 is found to be the highest as more

number of carbide species could be formed. It also offers

higher olefin selectivity due to moderate acidity, not

allowing the olefins for further transformations. A com-

parison of the activity and selectivity of the impregnated

catalyst with that of the physically mixed catalyst shows

higher olefin selectivity, in spite of slightly lower activity.
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