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To:Journal Eureka
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Dear, Helen Klimashevska,

| have sent 2 documents that you requested to fulfill the the journal Eureka
submission requirements entitled : "Biofuel Production Over Fischer-Tropsch
Synthesis : Effect Of Fe-Co/Meso-Hzsm-5 Catalyst Weight On Product
Composition And Process Conversion” (1657-Article Text-4639-1-2-20210218)

Thank you.

With best regards,

Dr. Jimmy

Chemical Engineering Dept,

National Institute of Technology Malang
Indonesia
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To:roring jimmy

Wed, Feb 24, 2021 at 7:01 PM

Thank you for your reply, wait for an answer, please.

BT, 23 ¢esp. 2021 r. B 17:22, roring jimmy <j_roring@yahoo.com>:
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Masuma Mammadova
Editor-in-Chief
EUREKA: Physics and Engineering

23 February 2021

Dear Dr Mammadova,

Please find enclosed our manuscript entitled “B/OFUEL PRODUCTION OVER FISCHER-
TROPSCH SYNTHESIS : EFFECT OF Fe-Co/meso-HZSM-5 CATALYST WEIGHT ON PRODUCT
COMPOSITION AND PROCESS CONVERSION in EUREKA: Physics and Engineering.

Fischer-Tropsch Synthesis (FTS) using 10Fe-90Co/meso-HZSM-5 catalyst has been investigated. The
study emphasized the effect of catalyst weight on product composition and process conversion. The
combination of polimerization using metal catalyst (Fe-Co) and cracking (meso-HZSM-5) aimed at
producing saturated Cs-Czs hydrocarbons (gasoline, kerosene and diesel oil).

Ammonium ZSM-5 had been converted to HZSM-5 through calcination, desilication, impregnation
(10% loading, consisted of 10% Fe and 90% Co by weight), reduced in situ in the reactor with H gas.
The catalyst performance was observed in a continuous fixed bed reactor, flow rate of 25 mL/min
synthesis gas (30% CO, 60% Hz, 10% N2) at 250°C, 20 bar, with various catalyst weight (1, 1.2, 1.4, 1.6
gram). The reaction using 1 gram of 10Fe-90Co/meso-HZSM-5 catalyst gave the largest normal
selectivity of gasoline (19.15%) and kerosene (55.18%), while the largest normal diesel oil selectivity
(24.17%) was obtained from 1.4 gram of catalyst. The CO conversion per gram of catalyst showed
similar value (CO conversion of 26-28%) for all catalyst weight.

The data obtained from this study would be applied to develop efficiency of the Fischer-Tropsch
reaction condition. FTS had been used to produced alternative energy from coal, natural gas, and some
organic compound like carbohydrate or cellulose. Some countries, that limited fossil energy supply
would develop this technology for overcoming their high energy demand.

We confirm that this manuscript has not been published elsewhere and is not under consideration
by another journal. All authors have approved the manuscript and agree with submission to
EUREKA: Physics and Engineering.



The authors have no conflicts of interest to declare.

We would like to recommend the following researchers as potential reviewers for this paper:

1.  [Reviewer I name plus contact information|
2. [Reviewer 2 name plus contact information|
3.  [Reviewer 3 name plus contact information/

We ask that the following researchers are excluded as reviewers because of potential conflict of
interest:

1.  [Reviewer I name plus contact information|
2. [Reviewer 2 name plus contact information] [CAN BE DELETED IF NOT RELEVANT]

Please address all correspondence to:

Chemical Engineering Department, Institut Teknologi Nasional Malang
Jin. Bendungan Sigura-gura No. 2 Malang, East Java, Indonesia 65145
Ph. +62811363906, Fax. +62341553015

Corresponding author : j_roring@yahoo.com

We look forward to hearing from you at your earliest convenience.

Yours sincerely,

Jimmy, Dr.
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Good afternoon, dear authors.

The article was accepted for consideration of the possibility of publication
in the journal «<EUREKA: Physics and Engineering>» for N96. 2021
(release until 30.11.2021).

At the 4 - stage of editing, please take into account the reviewer
comments (article in the application, color notes are highlighted).

We ask you to right strictly in the option which is in the attachment (see
attachment).

We ask you not to delete the comments so that we can see all your edits.
All corrections by the author, please highlight in green.

WE REQUEST YOU THE EDITOR VARIANT OF THE ARTICLE
SEND 03.09.2021.

We work 24/7 and are ready to help you around the clock!

With best regards,

Director of the company Scientific Route OU
Helen Klimashevska
http://journal.eu-jr.eu/engineering

Attention! The author (team of authors) submitting the manuscript to
the editorial office of the journal «EUREKA: Physics and
Engineering» agrees with all requirements for registration, submission
of the manuscript of the article, and payment and be responsible in case
of violation of these requirements.
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To:Journal Eureka
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Director of the company Scientific Route OU
Helen Klimashevska
http://journal.eu-jr.eu/engineering

| have sent the revised article strictly according to the reviewer's comments. Please
tell me that any further revision about our article.
Thank you.

Best regards,
Jimmy

Chemical Engineering Dept
National Institute of Technology, Malang
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To:j_roring@yahoo.com,aroesyadi@yahoo.com,reaktorkimia@gmail.com,fkurniawansyah@
yahoo.com

Sun, Sep 5, 2021 at 2:49 AM

Good afternoon, dear authors.

The article was accepted for consideration of the possibility of publication
in the journal «kEUREKA: Physics and Engineering>» for N°6. 2021
(release until 30.11.2021).

At the 5 - stage of editing, please take into account the reviewer
comments (article in the application, color notes are highlighted).

We ask you to right strictly in the option which is in the attachment (see
attachment).

We ask you not to delete the comments so that we can see all your edits.
All corrections by the author, please highlight in green.

WE REQUEST YOU THE EDITOR VARIANT OF THE ARTICLE
SEND 09.09.2021.
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Eureka
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Dear :

Director of the company Scientific Route OU

Helen Klimashevska

http://journal.eu-jr.eu/engineering

| have sent the revised article strictly according to the second reviewer's comments.
Please tell me that any further revision about our article.
Thank you.

Best regards,
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Abstract

Fischer-Tropsch Synthesis (FTS) using Fe-Co/meso-HZSM-5 catalyst has
been investigated. The impregnated iron and cobalt on HZSM-5 could be used as
bifunction catalyst which combined polimerizing synthesis gas and long
hydrocarbon cracking for making biofuel (saturated Cs-C,s hydrocarbons as
gasoline, kerosene and diesel oil). The study emphasized the effect of catalyst
weight on product composition and process conversion. The HZSM-5, had been
converted from ammonium ZSM-5 through calcination, and then desilicated with
NaOH solution. The Co(NO3),.6H,0 and Fe(NO3)3.9H,0 were used as precursor
for incipient wetness impregnation (IWI) on amorphous meso-HZSM-5. The
catalyst consisted of 10 % Fe [ill 90 % Co by weight, called 10Fe-90Co/meso-
HZSM-5. All catalysts were reduced in situ in the continuous reactor with flowing
hydrogen at 25 mL/min, 1 bar, 400°C for 10 hours. The catalyst performance was
observed in the same continuous fixed bed reactor at 25 mL/min synthesis gas
(30 % CO, 60 % H,, 10 % Ny), 250°C, 20 bar for 96 hours. Various catalyst
weight (1, 1.2, 1.4, 1.6 gram) were applied in FTS. The desilicated HZSM-5
properties (BET analysis) were 6.1-29.9 nm mesoporous diameter, 0.3496 cc/g
average mesoporous volume, 526.035 cc/g pore surface area, and the EDX
analysis gave 22.1059 Si/Al ratio and 16.11 % loading (by weight) on meso-
HZSM-5. The reduced catalyst showed the XRD spectra of Fe (66°), Fe-Co alloy
(44.50°) and Co30, (36.80°). The reaction using 1 gram of 10Fe-90Co/meso-
HZSM-5 catalyst produced the largest composition and conversion. The 1 gram
catalyst gave the largest normal selectivity of gasoline (19.15 %) and kerosene
(55.18 %). While the largest normal diesel oil selectivity (24.17 %) was obtained
from 1.4 gram of catalyst. The CO conversion per gram of catalyst showed similar
value (CO conversion of 26-28 %) for all catalyst weight.

Keywords: biofuel, HZSM-5, desilication, mesopore, catalyst, iron, cobalt,
weight, conversion, Fischer-Tropsch

1. Introduction

Zeolites are used in the process of separation, adsorption, and catalytic (i.e.
cracking and other hydrotreating process). Homogeneous micropores, high
thermal stability, acidity, and unique ability to stabilize metallic species were
several their unique properties [1]. The mesoporous structure provides greater
space for metal catalysts to occupy more support pores. The mesopore can be
obtained from micropore over desilication treatment. The alkali (NaOH) solution
was used as desilication agent. Nitric acid solution was used to transform the
mesoporous HZSM-5 into amorphous structure, which could improve the
adhesion of the metal catalyst on the mesoporous HZSM-5 support [2—5]. The
KOH solution induced greater mesoporous volumes, but it damaged on zeolite
crystal structure. The NaOH solutions was able to increased mesopore surface
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area and mesopore volume of NaOH-desilicated HZSM-5. The Fe-Co alloys were
observed with less oxide of iron (Fe,O3) as well cobalt (Co304) in the produced
catalysts [6].

The Fischer-Tropsch synthesis (FTS) is an exothermic and irreversible
polymerization reaction that converts a mixture of hydrogen (H,) and carbon
monoxide (CO) into linear hydrocarbons as liquid fuel. FTS always produces
various products such as olefins, paraffins and oxygenated compounds (alcohols,
aldehydes, acids and ketones). Water was the main product of the FT reaction.
Water Gas Shift (WGS) activity occured significantly in the use of Fe catalyst,
but this reaction could be ignored in reactions using Co or Ru catalysts. Iron and
cobalt as [JOIMCHZANON catalyst were used at FTS. The impregnated iron and
cobalt on HZSM-5 could be used as bifunction catalyst which combined
PONMBEZME synthesis gas and long chain hydrocarbon cracking for making
biofuel [7-11]. The FTS prefelled to use cobalt because of some advantages,
instead of iron catalyst. Iron catalyst was added in little amount to improve the
cobalt catalyst performance (improve olefin selectivity, reduce methane
selectivity, reduce temperature and pressure sensitivity to product distribution and
reduce the catalyst price) [12, 13].

The combination of the Fischer-Tropsch (FT) reaction and cracking was
conducted by combining Fe-Co alloy (Fischer-Tropsch reaction catalyst) and
HZSM-5 zeolite (cracking catalyst). The merging of the FTS and cracking was
able to produce biofuel product directly [7]. The Fe/HZSM-5 catalyst was able to
produce 24.2 % of Cs_j9 hydrocarbon as biofuel fraction [14]. The Co/HZSM-5
catalyst produced 48 % of Cs.;; [3]. The use of Fe and Co catalysts together
(bimetallic) could increase catalytic activity compared to the use single metal
catalyst (monometallic). The combination of Fe and Co catalysts (bimetal
catalysts) with conventional TiO,, Al,O3 and Si0, supports had been investigated.
They could increase the biofuel reaction conversion and fraction compared to the
use of Fe and Co catalysts separately [15—-17]. The variables that influenced
product distribution were temperature, feed gas composition, pressure, catalyst
type and promoter. The synthesis gas composition influenced the product
selectivity. The lower the CO partial pressure, the lower the surface coverage of
CH, speetes radicals?, the lower the chain growth chance and the higher the
chance of CH, speeies desorption. The higher the H, partial pressure, increases
the chance of speetes termination being paraffin. Increasing H,/CO ratio would
increase the selectivity of short-chain and more saturated hydrocarbons [18-20].

The study emphasized the effect of Fe-Co/mesoHZSMS5 catalyst weight on
product composition and conversion. The data obtained from this study will be
used to develop efficiency of the Fischer-Tropsch reaction condition.

2. Methods
Materials used in this experiment were zeolite ZSM-5 in ammonium form
(CBV 8014, Amberlyst International), Fe(NO3);.9H,0 (Merck), Co(NOs3),.6H,O



(Merck), NaOH p.a. (Merck), nitric ammonium p.a. (Merck), nitric acid (Merck),
Hydrogen gas (PT. Samator Gas Industry, Surabaya, Indonesia), synthesis gas
(30% CO, 60% H,, 10 % N,), glass beads 2 mm (Marienfeld), glass wool,
aquadest. The equipment used were the tubular furnace, quartz furnace crucible,
hotplate magnetic stirrer, vacuum filter, air compressor, hot air oven, syringe,
digital scales and standard glassware for catalyst synthesis. The continuous fixed-
bed Fischer-Tropsch reactor (Fig. 1), hot trap, cold trap, bubble soap meter,
vacutainer (vacuum bottle/container) were used for FTS.



Reduction process :
Reactor = 400°C, 1 bar

Fischer-Tropsch Reaction :
Reactor = 250°C, 20 bar
Hot trap = 30-40°C, 20 bar
Cold Trap = 1-10°C, 1 bar

32
L S —
L_\ Al 30'{ T
21 Light 29 | Bubble
Heavy hydrocarbon | soap
hydrocarbon (CsC7)  Residual gas |
(C7-Ca9) o] sampling

Caption :

1. Hydrogen gas (H,)

2. Pressure regulator for H,

3. Synthesis gas (30% CO, 60% H,,
10% N,)

4. Pressure regulator for synthesis gas catalyst

12. Electric Heater
13. Glass beads

15. Glass beads
16. Glass wool
17. Catalyst bowl

5. Pressure gauge

6. Check valve

7. Micro metering valve

8. Fischer-Tropsch reactor

9. Temperature probe sensor (type K)
10. Thermo well

19. Hot trap

11. Heat Isolator (rockwool)

14. 10Fe-90Co/mesoHZSM-5

20. Needle valve I (Swagelok)
21. Needle valve II (Swagelok)
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22. Ball valve I (Swagelok)

23. Pressure Regulator (modified)
24. Pressure gauge for reactor outlet
25. Pressure gauge for condenser
26. Condenser (cold trap)

27. Separator for liquid and gas
product

28. Bubble gas indicator

18. Temperature panel controller 29. Ball valve II (Sankyo)

30. Ball valve III (Sankyo)
31. Needle valve III (Swagelok)
32. Bubble soap meter

Fig. 1. The reactor unit of continuous Fischer-Tropsch synthesis for 10Fe-
90Co/meso-HZSM-5 catalyst using synthesis gas (30 % CO, 60 % H,, 10 % N»),
25 mL/min, 250°C, 20 bar, 96 hours on various catalyst weight variation (1; 1.2;

1.4; 1.6 gram)

The 10Fe-90Co/meso-HZSM-5 catalyst was prepared from ammonium salt
of ZSM-5 over calcination, desilication, dispersion, acid treatment [6]. The




solution of Co(NOs3),.6H,O and Fe(NO3)3.9H,O were used as precursor for
incipient wetness impregnation (IWI) process on amorphous meso-HZSM-5.
Loading metal catalyst was 10 %. The catalyst consisted of 10 % Fe (by weight)
B8l 20 % Co (by weight). The impregnated HZSM-5 was kept in desiccator at
room temperature for 24 hours, dried in oven at 120°C for 12 hours and then
calcined at 550°C for 2 hours.

The catalyst performance was observed in a continuous fixed bed reactor
(Fig. 1) using 10Fe-90Co/meso-HZSM-5 catalyst, 25 mL/min synthesis gas
(30 % CO, 60 % H,, 10 % N,) at 250°C, 20 bar. Various catalyst weight (1; 1.2;
1.4; 1.6 gram) were used in the Fischer-Tropsch reaction. The catalyst was mixed
with glass beads as much as 6 times of the catalyst weight. The mixture of catalyst
and glass beads was inserted into the catalyst bowl which was held with glass
wool at the bottom and top of the catalyst to prevent the spilling out of the catalyst
during process [21, 22]. All catalysts were reduced in situ in the reactor with H;
gas flowing at 25 mL/min, 1 bar, 400°C for 10 hours. At the end of the reduction
procedure, the reactor was cooled to 250°C and the hydrogen gas flow was
stopped, then it was replaced by the synthesis gas flow. The modified pressure
regulator was installed after the reactor to maintain 20 bar pressure. The flow rate
was calibrated using bubble soap meter at 25 mL/min at the operating pressure
and temperature. Some hydrocarbon fractions condensed through hot trap at 30—
40°C and 20 bar. The low boiling point hydrocarbon fraction would be condensed
in a cold trap (1-10°C, 1 bar). The reaction was carried out for 96 hours with gas
sampling every 24 hours and liquid sampling at the end of the whole reaction.
Gas samples were taken using a 10 mL syringe and injected into 10 mL vacuum
bottle (vacutainer).

Brunauer—-Emmett—Teller (BET) [23, 24], X-ray Diffraction (XRD) and
Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray
spectroscopy (EDX) analysis were used for catalyst characterization. Gas
Chromatography Mass Spectrum (GCMS) was used to measure hydrocarbon
composition in the liquid product. Gas Chromatography with Thermal
Conductivity Detector (GC-TCD) was used to measure the releasing gas. Please
add the exact type / label /model of equipment that was used.

3. Result and discussion

3. 1. Characterization of Catalyst Fe-Co/meso-HZSM-5

Ammonium ZSM-5 (Si/Al = 40) was converted to microporous HZSM-5
through calcination process in the tube furnace reactor. The formation of
mesoporous structures was obtained through the desilication process in which
silicon was partly-removed from zeolite framework using NaOH as desilication
agent. The desilicated HZSM-5 properties obtained from BET analysis were 6.1—
29.9 nm mesoporous diameter, 0.3496 cc/g average mesoporous volume, 526.035
cc/g pore surface area, and from EDX analysis gave 22.1059 Si/Al ratio.

The Fe and Co catalysts loading was 16.11 % weight on mesoporous



HZSM-5. The loading of catalyst was calculated from EDX analyzing. The
impregnated mesoporous HZSM-5 was reduced to obtain metal catalyst on the
active surface. The XRD analysis was used to observe the reduction results. The
diffraction angle position of the metal peaks refered to the spectral Tavasoli’s
database [25]. The spectra of Fe (66°), Fe-Co alloy (44.50°) and Co0304 (36.80°)
were shown in Fig. 2.

HZSM-5

Co;0,
Fe-Co Fe

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Difraction Angle (20)

Fig. 2. The XRD Spectra for Fe-Co/HZSM-5 catalyst consisted of 10 %Fe
and 90 %Co after reduction (with H, gas flowing at 25 mL/min, 1 bar, 400°C for
10 hours)

Please add the description for low-angle double peaks

3. 2. Effect of catalyst weight to product composition

The FTS reaction produced two layers liquid product, each of which has a
pungent odor. The two layer liquid product were taken from hot trap chamber
(30-40 °C). Both of layers had similar viscosity. The upper layer ass clear yellow,
while the lower layer was colorless. From GCMS analysis, the upper layer
contained alkanes (paraffin) and less alkene (olefin). Carboxylic acids, alcohols,
esters and aromatic compounds was found in the lower layer products]. The
increasing catalyst weight gave the higher alkane selectivity. One gram of catalyst
obtained 85.04 % alkanes and 7.56 % alkenes. The alkane composition rose to
96.33 % on 1.2 grams of catalyst and increased again to 99.96 % on 1.4 and 1.6
grams of catalyst. Straight chain hydrocarbon selectivity was quite large (57—
72 %). The 1.6 gram catalyst gave the greatest selectivity (72.03 %) when
compared to 57.14 % on 1 gram catalyst. The more catalysts used, the greater
active surface involved in the reaction so that the catalyst's performance was
better. The reactants contained double H;, than CO (H,/CO ratio =2). The greater



active surface area increased the concentration of hydrogen free radicals, so the
reaction mechanism lead to the formation of paraffins and carboxylic acids.

The combination of polymerization using metal catalyst (Fe-Co) and
cracking (meso-HZSM-5) in the FTS intended to produce saturated Cs-Cig
hydrocarbons (gasoline, kerosene and diesel oil). The product distribution based
on the hydrocarbon chain length in the both layers could be seen in Fig. 3, 4. The
upper layer was dominated by alkane hydrocarbons with C;-C,s hydrocarbon
chain length (Fig. 3). The use of 1 and 1.2 gram catalysts produced C;-Cyg
hydrocarbon while the more catalyst weight produced less C,-Co2s hydrocarbon
(below 1.7 %). The 1 and 1.2 gram catalyst might form Cx-Cys in such a small
amount, so that GCMS could not detect this traces. Increasing catalyst weight
would rise the reaction chance on the catalyst active surface so that the more
product was obtained (higher conversion) and the presence of Cy-Cys
hydrocarbon could be measured using GCMS. The FT reaction using 10Fe-
90Co/meso-HZSM-5 catalyst at 250°C and 1 bar produced gasoline, kerosene
and diesel oil. Kerosene was the largest product (55.18-61.68 %), was obtained
from the catalyst weight of 1-1.6 gram. The largest gasoline fraction (19.15 %)
was obtained from 1 gram of catalyst and decreased with increasing catalyst
weight. The diesel oil fraction increased with the catalyst weight. The largest
solar fraction (19.34 %) was obtained from 1.6 gram of catalyst. The greater the
catalyst weight, the greater the diesel fuel produced and the smaller the gasoline
produced.

]
tn

1 gram 1.2 gram 1.4 gram 1.6 gram

2
o

Komposisi Cn Alkane (%)
= o

o

0
[~ [o.0] (=) o — (o] [ag] =T v O ~ [=.0] N o — (] (o8] =T v
o oo L L O L L L L L LU L O
Cn Alkane

Fig. 3. Distribution of upper layer liquid products from Fischer-Tropsch
reaction with catalyst 10Fe-90Co/meso-HZSM-5, loading 10 %, synthesis gas
(30 % CO, 60 % H;, 10 % N»), 25 mL/min, 250°C, 20 bar , 96 hours at various
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catalyst weight variation (1; 1.2; 1.4; 1.6 gram)

The lower layer showed the FTS side reaction, that produced alcohol,
carboxylic acid, ester, aromatic and cycloalkane compounds (Fig.4). The
carboxylic acid were formed at any weight variation. The alcohol were formed in
large amount at 1.2 and 1.4 gram catalyst. This condition could be used to
alternative alcohol production from synthesis gas with this catalyst.
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Fig. 4. Distribution of lower layer liquid products from Fischer-Tropsch
reaction with catalyst 10Fe-90Co/meso-HZSM-5, loading 10 %, synthesis gas
(30 % CO, 60 % H;, 10 % N3), 25 mL/min, 250°C, 20 bar , 96 hours at various
catalyst weight variation (1; 1.2; 1.4; 1.6 gram)

The more 10Fe-90Co/meso-HZSM-5 catalyst, which used in the FT
reaction, would have the greater active surface area. They might increase the
reaction chances that increased CO conversion (Fig. 5). The larger active surfaces
would increase CO dissociation which initiated the polymerization process. The




CO conversion on 1 gram of catalyst was 27.33 % which increased to 42.46 %
on the use of 1.6 grams of catalyst.

100%
90%
80%
70%
60%
50% 42.46%

38.34%
40% 34.48% 0
27.33%

CO Conversion

30%

20%

10%

0%
0.8 1.0 1.2 1.4 1.6 1.8

Weight of 10Fe-90Co/mesoHZSM-5 catalyst
(gram)

Fig. 5. The CO conversion from the Fischer-Tropsch reaction with catalyst
10Fe-90Co/meso-HZSM-5, loading 10 %, synthesis gas (30 % CO, 60 % Ho,
10 % N3), 25 mL/min, 250°C, 20 bar, 96 hours on various catalyst weight
variation (1; 1.2; 1.4; 1.6 gram). As far you have less than 4 pairs of X and Y data
it is recommended to use a histogram

The residual gas consisted of CO, H,, CO, and CH4 were measured by GC-
TCD (Fig. 6). The decreasing CO fraction in the residual gas showed that CO
consumption increased with more catalysts being used. The formation of a
relatively small CO, indicated that the WGS reaction was not dominant in the
condition and catalyst used. The greater Co catalyst (90 %) in the bimetal Fe-Co
did not push WGS reaction. But with increasing catalyst weight, the Fe weight
was also larger, so that more CO, gas formation (1-2 % ) was obtained in the use
of catalysts 1.2-1.6 gram. However, the larger Co in the Fe-Co would drive the
methane formation. The analysis showed that methane was formed in all catalyst
weight insignificantly. In the 1 gram of catalyst, only 1 % methane was formed,
while the use of more catalysts produced 5-6 % methane. The bimetal
combination on supported mesoporous HZSM-5 reduced methane formation



significantly compared to previous studies [3, 17, 26], which produced 7.9-21 %
methane
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Fig. 6. The residual gas composition from the Fischer-Tropsch reaction with
catalyst 10Fe-90Co/meso-HZSM-5, loading 10 %, synthesis gas (30 % CO, 60 %
H2, 10 % N3), 25 mL/min, 250°C, 20 bar, 96 hours on various catalyst weight
variations (1; 1.2; 1.4; 1.6 gram)

3. 3. Normalization of Selectivity and Conversion Conversion

Normalization of liquid products selectivity and reaction conversion to
catalyst weight was conducted to determine the efficiency and effectiveness of
the catalysts use. The product selectivity and conversion were normalized by the
catalyst weight that was varied in this study. This normalization data could be
used to take better decision in the catalyst efficiency and effectiveness before
commercializing.

Normalization of biofuel selectivity (gasoline, kerosene and diesel) to the
10Fe-90Co/meso-HZSM-5 catalyst weight in the FT reaction of 250°C, 20 bar
using synthesis gas (30 % CO, 60 % H, 10 % N,) for 96 hours was shown in Fig.
7. The 1 gram catalyst weight gave the largest normal selectivity to gasoline
(19.15 %) and kerosene (55.18 %). While the largest normal diesel oil selectivity
(24.17 %) was obtained from the use of 1.4 gram of catalyst weight.
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Fig. 7. Normalization of biofuel selectivity (gasoline, kerosene and diesel)
to the 10Fe-90Co/meso-HZSM-5 catalyst weight in the 250°C, 20 bar Fischer-
Tropsch reaction of using synthesis gas (30 % CO, 60 % H,, 10 % N,) for 96
hours

Normalization of CO reaction conversion to the 10Fe-90Co/meso-HZSM-5
catalyst weight in the 250°C, 20 bar FT reaction using synthesis gas (30 % CO,
60 % H,, 10 % N,) for 96 hours was shown in Fig. 8. The resulting normal
conversion showed similar value for all catalyst in the range of 0.26-0.28. All
catalyst weight variation showed similar normal conversion over 96 hours, so the
use of 1 gram of catalyst was more economically beneficial. These results were
in line with the normal selectivity of gasoline and kerosene products that reached
the highest value on the use of 1 gram of catalyst.
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Fig. 8. Normalization of CO conversion to the 10Fe-90Co /meso-HZSM-5
catalyst weight variation in the 250°C, 20 bar Fischer-Tropsch reaction using
synthesis gas (30 % CO, 60 % H,, 10 % N;) for 96 hours. As far you have less
than 4 pairs of X and Y data it is recommended to use a histogram

4. Conclusion

The desilicated HZSM-5 properties (BET analysis) were 6.1-29.9 nm
mesoporous diameter, 0.3496 cc/g average mesoporous volume, 526.035 cc/g
pore surface area, and the EDX analysis gave 22.1059 Si/Al ratio and 16.11 %
loading (by weight) on meso-HZSM-5. The reduced catalyst showed the XRD
spectra of Fe (66°), Fe-Co alloy (44.50°) and Co0304 (36.80°).

The Fischer-Tropsch reaction using 1 gram of 10Fe-90Co/meso-HZSM-5
catalyst and synthesis gas (30 % CO, 60 % H,, 10 % N,) at 250°C, 20 bar, 96
hours in the continuous fixed-bed reactor, showed the largest composition and
conversion. The combination of polymerization using metal catalyst (Fe-Co) and
cracking (meso-HZSM-5) was intended to produce saturated Cs-Cys
hydrocarbons (gasoline, kerosene and diesel oil). The 1 gram catalyst weight gave
the largest normal selectivity to gasoline (19.15 %) and kerosene (55.18 %).
While the largest normal diesel oil selectivity (24.17 %) was obtained from 1.4
gram of catalyst. The CO conversion per gram of catalyst showed similar value
(26-28 %) for all catalyst weight.
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This article contains results that may be of interest to both science and practice.
However, one important point should be noted. It refers to the Discussion section.
It is necessary to add such information:

— what limitations are inherent in this study?

— what direction should the study be developed?
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Abstract

Fischer-Tropsch Synthesis (FTS) using Fe-Co/meso-HZSM-5 catalyst has
been investigated. The impregnated iron and cobalt on HZSM-5 could be used as
bifunction catalyst which combined polimerizing synthesis gas and long
hydrocarbon cracking for making biofuel (saturated Cs-Cys hydrocarbons as
gasoline, kerosene and diesel oil). The study emphasized the effect of catalyst
weight on product composition and process conversion. The HZSM-5, had been
converted from ammonium ZSM-5 through calcination, and then desilicated with
NaOH solution. The Co(NO3),.6H,0 and Fe(NO3)3.9H,0 were used as precursor
for incipient wetness impregnation (IWI) on amorphous meso-HZSM-5. The
catalyst consisted of 10 % Fe and 90 % Co by weight, called 10Fe-90Co/meso-
HZSM-5. All catalysts were reduced in situ in the continuous reactor with flowing
hydrogen at 25 mL/min, 1 bar, 400°C for 10 hours. The catalyst performance was
observed in the same continuous fixed bed reactor at 25 mL/min synthesis gas
(30 % CO, 60 % H, 10 % Ny), 250°C, 20 bar for 96 hours. Various catalyst
weight (1, 1.2, 1.4, 1.6 gram) were applied in FTS. The desilicated HZSM-5
properties (BET analysis) were 6.1-29.9 nm mesoporous diameter, 0.3496 cc/g
average mesoporous volume, 526.035 cc/g pore surface area, and the EDX
analysis gave 22.1059 Si/Al ratio and 16.11 % loading (by weight) on meso-
HZSM-5. The reduced catalyst showed the XRD spectra of Fe (66°), Fe-Co alloy
(44.50°) and Co030,4 (36.80°). The reaction using 1 gram of 10Fe-90Co/meso-
HZSM-5 catalyst produced the largest composition and conversion. The 1 gram
catalyst gave the largest normal selectivity of gasoline (19.15 %) and kerosene
(55.18 %). While the largest normal diesel oil selectivity (24.17 %) was obtained
from 1.4 gram of catalyst. The CO conversion per gram of catalyst showed similar
value (CO conversion of 26-28 %) for all catalyst weight.

Keywords: biofuel, HZSM-5, desilication, mesopore, catalyst, iron, cobalt,
weight, conversion, Fischer-Tropsch

1. Introduction

Zeolites are used in the process of separation, adsorption, and catalytic (i.e.
cracking and other hydrotreating process). Homogeneous micropores, high
thermal stability, acidity, and unique ability to stabilize metallic species were
several their unique properties [1]. The mesoporous structure provides greater
space for metal catalysts to occupy more support pores. The mesopore can be
obtained from micropore over desilication treatment. The alkali (NaOH) solution
was used as desilication agent. Nitric acid solution was used to transform the
mesoporous HZSM-5 into amorphous structure, which could improve the
adhesion of the metal catalyst on the mesoporous HZSM-5 support [2—5]. The
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KOH solution induced greater mesoporous volumes, but it damaged on zeolite
crystal structure. The NaOH solutions was able to increased mesopore surface
area and mesopore volume of NaOH-desilicated HZSM-5. The Fe-Co alloys were
observed with less oxide of iron (Fe,O3) as well cobalt (Co304) in the produced
catalysts [6].

The Fischer-Tropsch synthesis (FTS) is an exothermic and irreversible
polymerization reaction that converts a mixture of hydrogen (H,) and carbon
monoxide (CO) into linear hydrocarbons as liquid fuel. FTS always produces
various products such as olefins, paraffins and oxygenated compounds (alcohols,
aldehydes, acids and ketones). Water was the main product of the FT reaction.
Water Gas Shift (WGS) activity occured significantly in the use of Fe catalyst,
but this reaction could be ignored in reactions using Co or Ru catalysts. Iron and
cobalt as polymerization catalyst were used at FTS. The impregnated iron and
cobalt on HZSM-5 could be used as bifunction catalyst which combined
polymerizing synthesis gas and long chain hydrocarbon cracking for making
biofuel [7-11]. The FTS preferred prefered to use cobalt because of some
advantages, instead of iron catalyst. Iron catalyst was added in little amount to
improve the cobalt catalyst performance (improve olefin selectivity, reduce
methane selectivity, reduce temperature and pressure sensitivity to product
distribution and reduce the catalyst price) [12, 13].

The combination of the Fischer-Tropsch (FT) reaction and cracking was
conducted by combining Fe-Co alloy (Fischer-Tropsch reaction catalyst) and
HZSM-5 zeolite (cracking catalyst). The merging of the FTS and cracking was
able to produce biofuel product directly [7]. The Fe/HZSM-5 catalyst was able to
produce 24.2 % of Cs.19 hydrocarbon as biofuel fraction [14]. The Co/HZSM-5
catalyst produced 48 % of Cs.;; [3]. The use of Fe and Co catalysts together
(bimetallic) could increase catalytic activity compared to the use single metal
catalyst (monometallic). The combination of Fe and Co catalysts (bimetal
catalysts) with conventional TiO,, Al,O3 and Si0O, supports had been investigated.
They could increase the biofuel reaction conversion and fraction compared to the
use of Fe and Co catalysts separately [15—-17]. The variables that influenced
product distribution were temperature, feed gas composition, pressure, catalyst
type and promoter. The synthesis gas composition influenced the product
selectivity. The lower the CO partial pressure, the lower the surface coverage of
CH; radicals, the lower the chain growth chance and the higher the chance of CH,
radicals desorption. The higher the H; partial pressure, increases the chance of
radicals termination being paraffin. Increasing H,/CO ratio would increase the
selectivity of short-chain and more saturated hydrocarbons [18-20].

The study emphasized the effect of Fe-Co/mesoHZSMS5 catalyst weight on
product composition and conversion. The data obtained from this study will be
used to develop efficiency of the Fischer-Tropsch reaction condition.

2. Methods



Materials used in this experiment were zeolite ZSM-5 in ammonium form
(CBV 8014, Amberlyst International), Fe(NO3)3;.9H,0O (Merck), Co(NOs3),.6H,O
(Merck), NaOH p.a. (Merck), nitric ammonium p.a. (Merck), nitric acid (Merck),
Hydrogen gas (PT. Samator Gas Industry, Surabaya, Indonesia), synthesis gas
(30 % CO, 60 % H,, 10 % N,), glass beads 2 mm (Marienfeld), glass wool,
aquadest. The equipment used were the tubular furnace, quartz furnace crucible,
hotplate magnetic stirrer, vacuum filter, air compressor, hot air oven, syringe,
digital scales and standard glassware for catalyst synthesis. The continuous fixed-
bed Fischer-Tropsch reactor (Fig. 1), hot trap, cold trap, bubble soap meter,
vacutainer (vacuum bottle/container) were used for FTS.



Reduction process :
Reactor = 400°C, 1 bar

Fischer-Tropsch Reaction :
Reactor = 250°C, 20 bar
Hot trap = 30-40°C, 20 bar
Cold Trap = 1-10°C, 1 bar
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Caption :

1. Hydrogen gas (H,)

2. Pressure regulator for H,

3. Synthesis gas (30% CO, 60% H,,
10% N,)

4. Pressure regulator for synthesis gas catalyst

12. Electric Heater
13. Glass beads

15. Glass beads
16. Glass wool
17. Catalyst bowl

5. Pressure gauge

6. Check valve

7. Micro metering valve

8. Fischer-Tropsch reactor

9. Temperature probe sensor (type K)
10. Thermo well

19. Hot trap

11. Heat Isolator (rockwool)

14. 10Fe-90Co/mesoHZSM-5

20. Needle valve I (Swagelok)
21. Needle valve II (Swagelok)
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22. Ball valve I (Swagelok)

23. Pressure Regulator (modified)
24. Pressure gauge for reactor outlet
25. Pressure gauge for condenser
26. Condenser (cold trap)

27. Separator for liquid and gas
product

28. Bubble gas indicator

18. Temperature panel controller 29. Ball valve II (Sankyo)

30. Ball valve III (Sankyo)
31. Needle valve III (Swagelok)
32. Bubble soap meter

Fig. 1. The reactor unit of continuous Fischer-Tropsch synthesis for 10Fe-
90Co/meso-HZSM-5 catalyst using synthesis gas (30 % CO, 60 % H,, 10 % N»),
25 mL/min, 250°C, 20 bar, 96 hours on various catalyst weight variation (1; 1.2;

1.4; 1.6 gram)

The 10Fe-90Co/meso-HZSM-5 catalyst was prepared from ammonium salt
of ZSM-5 over calcination, desilication, dispersion, acid treatment [6]. The




solution of Co(NOs3),.6H,O and Fe(NO3)3.9H,O were used as precursor for
incipient wetness impregnation (IWI) process on amorphous meso-HZSM-5.
Loading metal catalyst was 10 %. The catalyst consisted of 10 % Fe (by weight)
and 90 % Co (by weight). The impregnated HZSM-5 was kept in desiccator at
room temperature for 24 hours, dried in oven at 120°C for 12 hours and then
calcined at 550°C for 2 hours.

The catalyst performance was observed in a continuous fixed bed reactor
(Fig. 1) using 10Fe-90Co/meso-HZSM-5 catalyst, 25 mL/min synthesis gas
(30 % CO, 60 % H,, 10 % N,) at 250°C, 20 bar. Various catalyst weight (1; 1.2;
1.4; 1.6 gram) were used in the Fischer-Tropsch reaction. The catalyst was mixed
with glass beads as much as 6 times of the catalyst weight. The mixture of catalyst
and glass beads was inserted into the catalyst bowl which was held with glass
wool at the bottom and top of the catalyst to prevent the spilling out of the catalyst
during process [21, 22]. All catalysts were reduced in situ in the reactor with H;
gas flowing at 25 mL/min, 1 bar, 400°C for 10 hours. At the end of the reduction
procedure, the reactor was cooled to 250°C and the hydrogen gas flow was
stopped, then it was replaced by the synthesis gas flow. The modified pressure
regulator was installed after the reactor to maintain 20 bar pressure. The flow rate
was calibrated using bubble soap meter at 25 mL/min at the operating pressure
and temperature. Some hydrocarbon fractions condensed through hot trap at 30—
40°C and 20 bar. The low boiling point hydrocarbon fraction would be condensed
in a cold trap (1-10°C, 1 bar). The reaction was carried out for 96 hours with gas
sampling every 24 hours and liquid sampling at the end of the whole reaction.
Gas samples were taken using a 10 mL syringe and injected into 10 mL vacuum
bottle (vacutainer).

3. Result and discussion

3. 1. Characterization of Catalyst Fe-Co/meso-HZSM-5

Ammonium ZSM-5 (Si/Al = 40) was converted to microporous HZSM-5
through calcination process in the tube furnace reactor. The formation of
mesoporous structures was obtained through the desilication process in which
silicon was partly-removed from zeolite framework using NaOH as desilication
agent. The desilicated HZSM-5 properties obtained from BET analysis were 6.1
29.9 nm mesoporous diameter, 0.3496 cc/g average mesoporous volume, 526.035
cc/g pore surface area, and from EDX analysis gave 22.1059 Si/Al ratio.

The Fe and Co catalysts loading was 16.11 % weight on mesoporous
HZSM-5. The loading of catalyst was calculated from EDX analyzing. The
impregnated mesoporous HZSM-5 was reduced to obtain metal catalyst on the
active surface. The XRD analysis was used to observe the reduction results. The
diffraction angle position of the metal peaks refered to the spectral Tavasoli’s
database [25]. The spectra of Fe (66°), Fe-Co alloy (44.50°) and Co304 (36.80°)
were shown in Fig. 2.
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Fig. 2. The XRD Spectra for Fe-Co/HZSM-5 catalyst consisted of 10 %Fe
and 90 %Co after reduction (with H, gas flowing at 25 mL/min, 1 bar, 400°C for
10 hours)

3. 2. Effect of catalyst weight to product composition

The FTS reaction produced two layers liquid product, each of which has a
pungent odor. The two layer liquid product were taken from hot trap chamber
(30-40 °C). Both of layers had similar viscosity. The upper layer ass clear yellow,
while the lower layer was colorless. From GCMS analysis, the upper layer
contained alkanes (paraffin) and less alkene (olefin). Carboxylic acids, alcohols,
esters and aromatic compounds was found in the lower layer products. The
Increasing catalyst weight gave the higher alkane selectivity. One gram of catalyst
obtained 85.04 % alkanes and 7.56 % alkenes. The alkane composition rose to
96.33 % on 1.2 grams of catalyst and increased again to 99.96 % on 1.4 and 1.6
grams of catalyst. Straight chain hydrocarbon selectivity was quite large (57—
72 %). The 1.6 gram catalyst gave the greatest selectivity (72.03 %) when
compared to 57.14 % on 1 gram catalyst. The more catalysts used, the greater
active surface involved in the reaction so that the catalyst's performance was
better. The reactants contained double H, than CO (H,/CO ratio =2). The greater
active surface area increased the concentration of hydrogen free radicals, so the
reaction mechanism lead to the formation of paraffins and carboxylic acids.

The combination of polymerization using metal catalyst (Fe-Co) and
cracking (meso-HZSM-5) in the FTS intended to produce saturated Cs-Cyg
hydrocarbons (gasoline, kerosene and diesel oil). The product distribution based
on the hydrocarbon chain length in the both layers could be seen in Fig. 3, 4. The
upper layer was dominated by alkane hydrocarbons with C7-Cy hydrocarbon



chain length (Fig. 3). The use of 1 and 1.2 gram catalysts produced C7-Cyg
hydrocarbon while the more catalyst weight produced less Co-C,s hydrocarbon
(below 1.7 %). The 1 and 1.2 gram catalyst might form Cy-Cys in such a small
amount, so that GCMS could not detect this traces. Increasing catalyst weight
would rise the reaction chance on the catalyst active surface so that the more
product was obtained (higher conversion) and the presence of Cy-Cys
hydrocarbon could be measured using GCMS. The FT reaction using 10Fe-
90Co/meso-HZSM-5 catalyst at 250°C and 1 bar produced gasoline, kerosene
and diesel oil. Kerosene was the largest product (55.18-61.68 %), was obtained
from the catalyst weight of 1-1.6 gram. The largest gasoline fraction (19.15 %)
was obtained from 1 gram of catalyst and decreased with increasing catalyst
weight. The diesel oil fraction increased with the catalyst weight. The largest
solar fraction (19.34 %) was obtained from 1.6 gram of catalyst. The greater the
catalyst weight, the greater the diesel fuel produced and the smaller the gasoline
produced.
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Fig. 3. Distribution of upper layer liquid products from Fischer-Tropsch
reaction with catalyst 10Fe-90Co/meso-HZSM-5, loading 10 %, synthesis gas
(30 % CO, 60 % H,, 10 % N), 25 mL/min, 250°C, 20 bar , 96 hours at various
catalyst weight variation (1; 1.2; 1.4; 1.6 gram)

The lower layer showed the FTS side reaction, that produced alcohol,
carboxylic acid, ester, aromatic and cycloalkane compounds (Fig.4). The
carboxylic acid were formed at any weight variation. The alcohol were formed in
large amount at 1.2 and 1.4 gram catalyst. This condition could be used to
alternative alcohol production from synthesis gas with this catalyst.

C26



=5 —
o 00
(=) (0]
=20} =0}
100 .l =
&) &)
< <
90 . 2
— = =
< 80 g — £
o = < o =
o O e “ @)
w -
Q S o
2, 5 =
= 60 ¥ & '3
S S o <
- il o.2
g 50 & -—1'—"
3 < 5 0 e ?
240 ) — =RAC o
= OQ.—'m ~
E 2 I e LR
Z 30 o0 > £ Z20EBg 4« i
. @ 7 = R <
5 o <+ m = o
2 0% ¢ Sl 27 S 8 E 2 83 _g
52 <SP GE E oSplLe & SHllE E =S/ 8%
Sl Ha P} 2 g ) g  de g
10 8§35 2 s g 0 g -1 B
sl zm © SR FE & S8F &<
-~ O &5 =4 E ] 2
<< o = = I =<| &g
0 |
1 gram 1.2 gram 1.4 gram 1.6 gram
Weight of 10Fe-90Co/mesoHZSM-5 catalyst

Cycloalkane, 0.00

Fig. 4. Distribution of lower layer liquid products from Fischer-Tropsch
reaction with catalyst 10Fe-90Co/meso-HZSM-5, loading 10 %, synthesis gas
(30 % CO, 60 % H,, 10 % N), 25 mL/min, 250°C, 20 bar , 96 hours at various
catalyst weight variation (1; 1.2; 1.4; 1.6 gram)

The more 10Fe-90Co/meso-HZSM-5 catalyst, which used in the FT
reaction, would have the greater active surface area. They might increase the
reaction chances that increased CO conversion (Fig. 5). The larger active surfaces
would increase CO dissociation which initiated the polymerization process. The
CO conversion on 1 gram of catalyst was 27.33 % which increased to 42.46 %
on the use of 1.6 grams of catalyst.
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Fig. 5. The CO conversion from the Fischer-Tropsch reaction with catalyst
10Fe-90Co/meso-HZSM-5, loading 10 %, synthesis gas (30 % CO, 60 % H,,
10 % Ny), 25 mL/min, 250°C, 20 bar, 96 hours on various catalyst weight
variation (1; 1.2; 1.4; 1.6 gram)

The residual gas consisted of CO, H,, CO, and CH4 were measured by GC-
TCD (Fig. 6). The decreasing CO fraction in the residual gas showed that CO
consumption increased with more catalysts being used. The formation of a
relatively small CO, indicated that the WGS reaction was not dominant in the
condition and catalyst used. The greater Co catalyst (90 %) in the bimetal Fe-Co
did not push WGS reaction. But with increasing catalyst weight, the Fe weight
was also larger, so that more CO, gas formation (1-2 % ) was obtained in the use
of catalysts 1.2-1.6 gram. However, the larger Co in the Fe-Co would drive the
methane formation. The analysis showed that methane was formed in all catalyst
weight insignificantly. In the 1 gram of catalyst, only 1 % methane was formed,
while the use of more catalysts produced 5-6 % methane. The bimetal
combination on supported mesoporous HZSM-5 reduced methane formation
significantly compared to previous studies [3, 17, 26], which produced 7.9-21 %
methane



=X
(=)
<
70% 0 X S
- S <
cl o
o I = IS -
0, o~ Ne) & =X
8 60% § 9 I
3% 2] a = N P .
2.50% | s £ =T T & 4 &
g S S S - X o < “ 5
= 0 cn C}N S — 2 ™ s o E
O 40% S %0 2 AN g ST 2
7} ,_: ’ O vy - -~
B S N — ; 2 o o
S 300 | = ST = i SHe B S .
= 900 X = CRIS2E OF =% ol 20
z 20% \9\\3% 338 NeRNe i <t
o 83 =3 =y 5 .
o e = 5 o
10% SAE i S Og od Sfe
=
0o Slele) ©o O ©
0
0.0 1.0 1.2 1.4 1.6

Weight of 10Fe-90Co/mesoHZSM-5 (gram)

Fig. 6. The residual gas composition from the Fischer-Tropsch reaction with
catalyst 10Fe-90Co/meso-HZSM-5, loading 10 %, synthesis gas (30 % CO, 60 %
H2, 10 % N3), 25 mL/min, 250°C, 20 bar, 96 hours on various catalyst weight
variations (1; 1.2; 1.4; 1.6 gram)

3. 3. Normalization of Selectivity and Conversion Conversion

Normalization of liquid products selectivity and reaction conversion to
catalyst weight was conducted to determine the efficiency and effectiveness of
the catalysts use. The product selectivity and conversion were normalized by the
catalyst weight that was varied in this study. This normalization data could be
used to take better decision in the catalyst efficiency and effectiveness before
commercializing.

Normalization of biofuel selectivity (gasoline, kerosene and diesel) to the
10Fe-90Co/meso-HZSM-5 catalyst weight in the FT reaction of 250°C, 20 bar
using synthesis gas (30 % CO, 60 % H,, 10 % N,) for 96 hours was shown in Fig.
7. The 1 gram catalyst weight gave the largest normal selectivity to gasoline
(19.15 %) and kerosene (55.18 %). While the largest normal diesel oil selectivity
(24.17 %) was obtained from the use of 1.4 gram of catalyst weight.
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Fig. 7. Normalization of biofuel selectivity (gasoline, kerosene and diesel)
to the 10Fe-90Co/meso-HZSM-5 catalyst weight in the 250°C, 20 bar Fischer-

Tropsch reaction of using synthesis gas (30 % CO, 60 % H,, 10 % N,) for 96
hours

Normalization of CO reaction conversion to the 10Fe-90Co/meso-HZSM-5
catalyst weight in the 250°C, 20 bar FT reaction using synthesis gas (30 % CO,
60 % H,, 10 % N») for 96 hours was shown in Fig. 8. The resulting normal
conversion showed similar value for all catalyst in the range of 0.26-0.28. All
catalyst weight variation showed similar normal conversion over 96 hours, so the
use of 1 gram of catalyst was more economically beneficial. These results were
in line with the normal selectivity of gasoline and kerosene products that reached
the highest value on the use of 1 gram of catalyst.
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4. Conclusion

The desilicated HZSM-5 properties (BET analysis) were 6.1-29.9 nm
mesoporous diameter, 0.3496 cc/g average mesoporous volume, 526.035 cc/g
pore surface area, and the EDX analysis gave 22.1059 Si/Al ratio and 16.11 %
loading (by weight) on meso-HZSM-5. The reduced catalyst showed the XRD
spectra of Fe (66°), Fe-Co alloy (44.50°) and Co304 (36.80°).

The Fischer-Tropsch reaction using 1 gram of 10Fe-90Co/meso-HZSM-5
catalyst and synthesis gas (30 % CO, 60 % H,, 10 % N,) at 250°C, 20 bar, 96
hours in the continuous fixed-bed reactor, showed the largest composition and
conversion. The combination of polymerization using metal catalyst (Fe-Co) and
cracking (meso-HZSM-5) was intended to produce saturated Cs-Cys
hydrocarbons (gasoline, kerosene and diesel oil). The 1 gram catalyst weight gave
the largest normal selectivity to gasoline (19.15 %) and kerosene (55.18 %).
While the largest normal diesel oil selectivity (24.17 %) was obtained from 1.4
gram of catalyst. The CO conversion per gram of catalyst showed similar value
(2628 %) for all catalyst weight.
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Abstract

Fischer-Tropsch Synthesis (FTS) using Fe-Co/meso-HZSM-5 catalyst has
been investigated. The impregnated iron and cobalt on HZSM-5 could be used as
bifunction catalyst which combined polimerizing synthesis gas and long
hydrocarbon cracking for making biofuel (saturated Cs—C,s hydrocarbons as
gasoline, kerosene and diesel oil). The study emphasized the effect of catalyst
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weight on product composition and process conversion. The HZSM-5, had been
converted from ammonium ZSM-5 through calcination, and then desilicated with
NaOH solution. The Co(NO3),.6H,0 and Fe(NO3)3.9H,0 were used as precursor
for incipient wetness impregnation (IWI1) on amorphous meso-HZSM-5. The
catalyst consisted of 10 % Fe and 90 % Co by weight, called 10Fe-90Co/meso-
HZSM-5. All catalysts were reduced in situ in the continuous reactor with flowing
hydrogen at 25 mL/min, 1 bar, 400 °C for 10 hours. The catalyst performance
was observed in the same continuous fixed bed reactor at 25 mL/min synthesis
gas (30 % CO, 60 % H;, 10 % N), 250 °C, 20 bar for 96 hours. Various catalyst
weight (1, 1.2, 1.4, 1.6 gram) were applied in FTS. The desilicated HZSM-5
properties (BET analysis) were 6.1-29.9 nm mesoporous diameter, 0.3496 cc/g
average mesoporous volume, 526.035 cc/g pore surface area, and the EDX
analysis gave 22.1059 Si/Al ratio and 16.11 % loading (by weight) on meso-
HZSM-5. The reduced catalyst showed the XRD spectra of Fe (66°), Fe-Co alloy
(44.50°) and Co304 (36.80°). The reaction using 1 gram of 10Fe-90Co/meso-
HZSM-5 catalyst produced the largest composition and conversion. The 1 gram
catalyst gave the largest normal selectivity of gasoline (19.15 %) and kerosene
(55.18 %). While the largest normal diesel oil selectivity (24.17 %) was obtained
from 1.4 gram of catalyst. The CO conversion per gram of catalyst showed
similar value (CO conversion of 26-28 %) for all catalyst weight.

Keywords: biofuel, HZSM-5, desilication, mesopore, catalyst, iron, cobalt,
weight, conversion, Fischer-Tropsch.

1. Introduction

Zeolites are used in the process of separation, adsorption, and catalytic (i.e.
cracking and other hydrotreating process). Homogeneous micropores, high
thermal stability, acidity, and unique ability to stabilize metallic species were
several their unique properties [1]. The mesoporous structure provides greater
space for metal catalysts to occupy more support pores. The mesopore can be
obtained from micropore over desilication treatment. The alkali (NaOH) solution
was used as desilication agent. Nitric acid solution was used to transform the
mesoporous HZSM-5 into amorphous structure, which could improve the
adhesion of the metal catalyst on the mesoporous HZSM-5 support [2—5]. The
KOH solution induced greater mesoporous volumes, but it damaged on zeolite
crystal structure. The NaOH solutions were able to increased mesopore surface
area and mesopore volume of NaOH-desilicated HZSM-5. The Fe-Co alloys were
observed with less oxide of iron (Fe,O3) as well cobalt (Co304) in the produced
catalysts [6].

The Fischer-Tropsch synthesis (FTS) is an exothermic and irreversible
polymerization reaction that converts a mixture of hydrogen (H,) and carbon
monoxide (CO) into linear hydrocarbons as liquid fuel. FTS always produces
various products such as olefins, paraffins and oxygenated compounds (alcohols,
aldehydes, acids and ketones). Water was the main product of the FT reaction.



Water Gas Shift (WGS) activity occured significantly in the use of Fe catalyst,
but this reaction could be ignored in reactions using Co or Ru catalysts. Iron and
cobalt as polymerization catalyst were used at FTS. The impregnated iron and
cobalt on HZSM-5 could be used as bifunction catalyst which combined
polymerizing synthesis gas and long chain hydrocarbon cracking for making
biofuel [7-11]. The FTS preferred to use cobalt because of some advantages,
instead of iron catalyst. Iron catalyst was added in little amount to improve the
cobalt catalyst performance (improve olefin selectivity, reduce methane
selectivity, reduce temperature and pressure sensitivity to product distribution and
reduce the catalyst price) [12, 13].

The combination of the Fischer-Tropsch (FT) reaction and cracking was
conducted by combining Fe-Co alloy (Fischer-Tropsch reaction catalyst) and
HZSM-5 zeolite (cracking catalyst). The merging of the FTS and cracking was
able to produce biofuel product directly [7]. The Fe/HZSM-5 catalyst was able to
produce 24.2 % of Cs_19 hydrocarbon as biofuel fraction [14]. The Co/HZSM-5
catalyst produced 48 % of Cs_;; [3]. The use of Fe and Co catalysts together
(bimetallic) could increase catalytic activity compared to the use single metal
catalyst (monometallic). The combination of Fe and Co catalysts (bimetal
catalysts) with conventional TiO,, Al,O3 and Si0O, supports had been investigated.
They could increase the biofuel reaction conversion and fraction compared to the
use of Fe and Co catalysts separately [15—17]. The variables that influenced
product distribution were temperature, feed gas composition, pressure, catalyst
type and promoter. The synthesis gas composition influenced the product
selectivity. The lower the CO partial pressure, the lower the surface coverage of
CH; radicals, the lower the chain growth chance and the higher the chance of CH,
radicals desorption. The higher the H; partial pressure, increases the chance of
radicals termination being paraffin. Increasing H,/CO ratio would increase the
selectivity of short-chain and more saturated hydrocarbons [18-20].

The study emphasized the effect of Fe-Co/mesoHZSMS catalyst weight on
product composition and conversion. The data obtained from this study will be
used to develop efficiency of the Fischer-Tropsch reaction condition.

2. Methods

Materials used in this experiment were zeolite ZSM-5 in ammonium form
(CBV 8014, Amberlyst International), Fe(NO3);-9H,0 (Merck), Co(NOs3),-:6H,O
(Merck), NaOH p.a. (Merck), nitric ammonium p.a. (Merck), nitric acid (Merck),
Hydrogen gas (PT. Samator Gas Industry, Surabaya, Indonesia), synthesis gas
(30% CO, 60 % H,, 10 % N,), glass beads 2 mm (Marienfeld), glass wool,
aquadest. The equipment used were the tubular furnace, quartz furnace crucible,
hotplate magnetic stirrer, vacuum filter, air compressor, hot air oven, syringe,
digital scales and standard glassware for catalyst synthesis. The continuous fixed-
bed Fischer-Tropsch reactor (Fig. 1), hot trap, cold trap, bubble soap meter,
vacutainer (vacuum bottle/container) were used for FTS.
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Fig. 1. The reactor unit of continuous Fischer-Tropsch synthesis for 10Fe-
90Co/ meso-HZSM-5 catalyst using synthesis gas (30% CO, 60% H,, 10% N,),
25 mL/min, 250 °C, 20 bar, 96 hours on various catalyst weight variation (1; 1.2;
1.4; 1.6 gram)

The 10Fe-90Co/meso-HZSM-5 catalyst was prepared from ammonium salt
of ZSM-5 over calcination, desilication, dispersion, acid treatment [6]. The
solution of Co(NO3),.6H,O and Fe(NO3)3;.9H,O were used as precursor for
incipient wetness impregnation (IWI) process on amorphous meso-HZSM-5.
Loading metal catalyst was 10 %. The catalyst consisted of 10 % Fe (by weight)
and 90 % Co (by weight). The impregnated HZSM-5 was kept in desiccator at
room temperature for 24 hours, dried in oven at 120 °C for 12 hours and then
calcined at 550 °C for 2 hours.

The catalyst performance was observed in a continuous fixed bed reactor
(Fig. 1) using 10Fe-90Co/meso-HZSM-5 catalyst, 25 mL/min synthesis gas
(30 % CO, 60 % H,, 10 % N,) at 250 °C, 20 bar. Various catalyst weight (1; 1.2;
1.4; 1.6 gram) were used in the Fischer-Tropsch reaction. The catalyst was mixed
with glass beads as much as 6 times of the catalyst weight. The mixture of catalyst
and glass beads was inserted into the catalyst bowl which was held with glass
wool at the bottom and top of the catalyst to prevent the spilling out of the catalyst
during process [21, 22]. All catalysts were reduced in situ in the reactor with H,
gas flowing at 25 mL/min, 1 bar, 400 °C for 10 hours. At the end of the reduction
procedure, the reactor was cooled to 250 °C and the hydrogen gas flow was
stopped, then it was replaced by the synthesis gas flow. The modified pressure
regulator was installed after the reactor to maintain 20 bar pressure. The flow rate
was calibrated using bubble soap meter at 25 mL/min at the operating pressure
and temperature. Some hydrocarbon fractions condensed through hot trap at 30—
40 °C and 20 bar. The low boiling point hydrocarbon fraction would be
condensed in a cold trap (1-10 °C, 1 bar). The reaction was carried out for
96 hours with gas sampling every 24 hours and liquid sampling at the end of the
whole reaction. Gas samples were taken using a 10 mL syringe and injected into



10 mL vacuum bottle (vacutainer).

3. Result and discussion

3. 1. Characterization of Catalyst Fe-Co/meso-HZSM-5

Ammonium ZSM-5 (Si/Al=40) was converted to microporous HZSM-5
through calcination process in the tube furnace reactor. The formation of
mesoporous structures was obtained through the desilication process in which
silicon was partly-removed from zeolite framework using NaOH as desilication
agent. The desilicated HZSM-5 properties obtained from BET analysis were 6.1—
29.9 nm mesoporous diameter, 0.3496 cc/g average mesoporous volume,
526.035 cc/g pore surface area, and from EDX analysis gave 22.1059 Si/Al ratio.

The Fe and Co catalysts loading was 16.11 % weight on mesoporous
HZSM-5. The loading of catalyst was calculated from EDX analyzing. The
impregnated mesoporous HZSM-5 was reduced to obtain metal catalyst on the
active surface. The XRD analysis was used to observe the reduction results. The
diffraction angle position of the metal peaks referred to the spectral Tavasoli’s
database [25]. The spectra of Fe (66°), Fe-Co alloy (44.50°) and Co0304 (36.80°)
were shown in Fig. 2.

HZSM-5

HZSM-5 C0,0,

Fe-Co Fe

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Difraction Angle (20)

Fig. 2. The XRD Spectra for Fe-Co/HZSM-5 catalyst consisted of 10 %Fe
and 90 %Co after reduction (with H, gas flowing at 25 mL/min, 1 bar, 400 °C for
10 hours)

3. 2. Effect of catalyst weight to product composition

The FTS reaction produced two layers liquid product, each of which has a
pungent odor. The two layer liquid products were taken from hot trap chamber
(3040 °C). Both of layers had similar viscosity. The upper layer ass clear yellow,



while the lower layer was colorless. From GCMS analysis, the upper layer
contained alkanes (paraffin) and less alkene (olefin). Carboxylic acids, alcohols,
esters and aromatic compounds were found in the lower layer products. The
increasing catalyst weight gave the higher alkane selectivity. One gram of
catalyst obtained 85.04 % alkanes and 7.56 % alkenes. The alkane composition
rose to 96.33 % on 1.2 grams of catalyst and increased again to 99.96 % on 1.4
and 1.6 grams of catalyst. Straight chain hydrocarbon selectivity was quite large
(57-72 %). The 1.6 gram catalyst gave the greatest selectivity (72.03 %) when
compared to 57.14 % on 1 gram catalyst. The more catalysts used, the greater
active surface involved in the reaction so that the catalyst's performance was
better. The reactants contained double H, than CO (H,/CO ratio=2). The greater
active surface area increased the concentration of hydrogen free radicals, so the
reaction mechanism lead to the formation of paraffins and carboxylic acids.

The combination of polymerization using metal catalyst (Fe-Co) and
cracking (meso-HZSM-5) in the FTS intended to produce saturated Cs—Cig
hydrocarbons (gasoline, kerosene and diesel oil). The product distribution based
on the hydrocarbon chain length in the both layers could be seen in Fig. 3, 4. The
upper layer was dominated by alkane hydrocarbons with C;—Cy hydrocarbon
chain length (Fig. 3). The use of 1 and 1.2 gram catalysts produced C;—Cig
hydrocarbon while the more catalyst weight produced less C,0—Cys hydrocarbon
(below 1.7 %). The 1 and 1.2 gram catalyst might form C,,—Cjs in such a small
amount, so that GCMS could not detect this traces. Increasing catalyst weight
would rise the reaction chance on the catalyst active surface so that the more
product was obtained (higher conversion) and the presence of Cy—Csys
hydrocarbon could be measured using GCMS. The FT reaction using 10Fe-
90Co/meso-HZSM-5 catalyst at 250 °C and 1 bar produced gasoline, kerosene
and diesel oil. Kerosene was the largest product (55.18-61.68 %), was obtained
from the catalyst weight of 1-1.6 gram. The largest gasoline fraction (19.15 %)
was obtained from 1 gram of catalyst and decreased with increasing catalyst
weight. The diesel oil fraction increased with the catalyst weight. The largest
solar fraction (19.34 %) was obtained from 1.6 gram of catalyst. The greater the
catalyst weight, the greater the diesel fuel produced and the smaller the gasoline
produced.
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The lower layer showed the FTS side reaction, that produced alcohol,
carboxylic acid, ester, aromatic and cycloalkane compounds (Fig.4). The
carboxylic acid was formed at any weight variation. The alcohol was formed in
large amount at 1.2 and 1.4 gram catalyst. This condition could be used to
alternative alcohol production from synthesis gas with this catalyst.



< —
N ©
()] AN
00) [e)
100 = =
< <
90 o
= >
o
80 )
5 = &
g 70 e 3
8 s =]
£ 60 < 2
o %é 0.2
S 50 o X 0 1=
o < o k| LO X
o o) . AN Oq_m
@) - OT _Tm K
o) © N @ PN :
= & g §goNT @ ©
o 0o o = -2 5
= 30 5 © B = < 28 2 2
- o - S - © ] o
(5] o= O o o o o we o G
2 20 o mw& ¢ <255 T 2 S T S5 os
S o=l & g 8 o = > O g & © . Ow
- 3 2 T ol | 88 O g S &35 OF
10 §§ 8% 2 5| &5 5 S §%5 52
<< "f & = < < I << gy
O |
1 gram 1.2 gram 1.4 gram 1.6 gram
Weight of 10Fe-90Co/mesoHZSM-5 catalyst

Cycloalkane, 0.00

The Figure is of poor quality.

The more 10Fe-90Co/meso-HZSM-5 catalyst, which used in the FT
reaction, would have the greater active surface area. They might increase the
reaction chances that increased CO conversion (Fig. 5). The larger active surfaces
would increase CO dissociation which initiated the polymerization process. The
CO conversion on 1 gram of catalyst was 27.33 % which increased to 42.46 %
on the use of 1.6 grams of catalyst.
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Fig. 5. The CO conversion from the Fischer-Tropsch reaction with catalyst
10Fe-90Co/meso-HZSM-5, loading 10 %, synthesis gas (30 % CO, 60 % Ho,
10 % N3), 25 mL/min, 250 °C, 20 bar, 96 hours on various catalyst weight
variation (1; 1.2; 1.4; 1.6 gram)

The residual gas consisted of CO, H,, CO, and CH4 were measured by GC-
TCD (Fig. 6). The decreasing CO fraction in the residual gas showed that CO
consumption increased with more catalysts being used. The formation of a
relatively small CO, indicated that the WGS reaction was not dominant in the
condition and catalyst used. The greater Co catalyst (90 %) in the bimetal Fe-Co
did not push WGS reaction. But with increasing catalyst weight, the Fe weight
was also larger, so that more CO; gas formation (1-2 % ) was obtained in the use
of catalysts 1.2—1.6 gram. However, the larger Co in the Fe-Co would drive the
methane formation. The analysis showed that methane was formed in all catalyst
weight insignificantly. In the 1 gram of catalyst, only 1 % methane was formed,
while the use of more catalysts produced 5-6 % methane. The bimetal
combination on supported mesoporous HZSM-5 reduced methane formation
significantly compared to previous studies [3, 17, 26], which produced 7.9-21 %
methane
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3. 3. Normalization of Selectivity and Conversion

Normalization of liquid products selectivity and reaction conversion to
catalyst weight was conducted to determine the efficiency and effectiveness of
the catalysts use. The product selectivity and conversion were normalized by the
catalyst weight that was varied in this study. This normalization data could be
used to take better decision in the catalyst efficiency and effectiveness before
commercializing.

Normalization of biofuel selectivity (gasoline, kerosene and diesel) to the
10Fe-90Co/meso-HZSM-5 catalyst weight in the FT reaction of 250 °C, 20 bar
using synthesis gas (30 % CO, 60 % Ha, 10 % N;) for 96 hours was shown in
Fig. 7. The 1 gram catalyst weight gave the largest normal selectivity to gasoline
(19.15 %) and kerosene (55.18 %). While the largest normal diesel oil selectivity
(24.17 %) was obtained from the use of 1.4 gram of catalyst weight.




100 o

— — =
g % > = S
E 80 x Pty o .,
s 3 S ~ i
= 10 ) fQ I~ o 5 >
w0 03 SN T < s
S amt ¢ = e 3 2
> 50 F'_ ‘:i - = Q 'e) § =
) @ N © O = - & O
o 40 £ = ~NE D S 25 S X T A
2 30 2% g s 38 <2 Ny 8O
; < D> ) .E '5 ) < (@) (9p) [} ) ™
= O B O = o o - c -
o 20 = & 2 3 = & = o
3 10 2 U] Q 2 = @ =

5 . 5 0] O O O

0 — |
1 gram 1,2 gram 1,4 gram 1,6 gram
Weight of 10Fe-90Co/mesoHZSM-5 catalyst

The Figure 1s of poor quality.

Normalization of CO reaction conversion to the 10Fe-90Co/meso-HZSM-5
catalyst weight in the 250 °C, 20 bar FT reaction using synthesis gas (30 % CO,
60 % H», 10 % N3) for 96 hours was shown in Fig. 8. The resulting normal
conversion showed similar value for all catalyst in the range of 0.26-0.28. All
catalyst weight variation showed similar normal conversion over 96 hours, so the
use of 1 gram of catalyst was more economically beneficial. These results were
in line with the normal selectivity of gasoline and kerosene products that reached
the highest value on the use of 1 gram of catalyst.

This research has several limitations. A very expensive synthesis gas as raw
material make biofuel price can’t compete with the fossil fuel. The separated
hydrogen, carbonmonoxide and nitrogen with each rate controller could be used
to reduce raw material price. Coal or biomass that have the lowest price raw
material, could be interesting for the next research. The catalyst development
need further research to improve the reaction conversion in simple reactor and
mild operation condition (temperature, pressure and time). Continuously data will
give better reaction kinetics analysis for gaining best condition. The residual gas
analysis as conversion indicator need to be measured continuously with
integrated GC-TCD, instead of separately one. Gas sensor with Arduino program



could be use as alternative to collect large data every seconds or minutes. The
carbon monoxide sensor (MQ-7), carbon dioxide sensor (MG-811) and methane
sensor (MQ-4) should be developed and integrated with Fischer-Tropsch reactor
system.
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Fig. 8. Normalization of CO conversion to the 10Fe-90Co /meso-HZSM-5
catalyst weight variation in the 250 °C, 20 bar Fischer-Tropsch reaction using
synthesis gas (30 % CO, 60 % Ha, 10 % N») for 96 hours

4. Conclusion

The desilicated HZSM-5 properties (BET analysis) were 6.1-29.9 nm
mesoporous diameter, 0.3496 cc/g average mesoporous volume, 526.035 cc/g
pore surface area, and the EDX analysis gave 22.1059 Si/Al ratio and 16.11 %
loading (by weight) on meso-HZSM-5. The reduced catalyst showed the XRD
spectra of Fe (66°), Fe-Co alloy (44.50°) and Co304 (36.80°).

The Fischer-Tropsch reaction using 1 gram of 10Fe-90Co/meso-HZSM-5
catalyst and synthesis gas (30 % CO, 60 % H,, 10 % N,) at 250 °C, 20 bar,
96 hours in the continuous fixed-bed reactor, showed the largest composition and
conversion. The combination of polymerization using metal catalyst (Fe-Co) and
cracking (meso-HZSM-5) was intended to produce saturated Cs—Cjs
hydrocarbons (gasoline, kerosene and diesel oil). The 1 gram catalyst weight gave
the largest normal selectivity to gasoline (19.15 %) and kerosene (55.18 %).
While the largest normal diesel oil selectivity (24.17 %) was obtained from
1.4 gram of catalyst. The CO conversion per gram of catalyst showed similar
value (2628 %) for all catalyst weight.
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Abstract

Fischer-Tropsch Synthesis (FTS) using Fe-Co/meso-HZSM-5 catalyst has been investigated. The impregnated iron and
cobalt on HZSM-5 could be used as bifunction catalyst which combined polimerizing synthesis gas and long hydrocarbon crack-
ing for making biofuel (saturated C;—C»s hydrocarbons as gasoline, kerosene and diesel oil). The study emphasized the effect
of catalyst weight on product composition and process conversion. The HZSM-5, had been converted from ammonium ZSM-3
through caleination, and then desilicated with NaOH solution. The Co(NO;):-6H:0 and Fe(NO3)3-9H:0 were used as precursor
for incipient wetness impregnation (IWI) on amorphous meso-HZSM-5. The catalyst consisted of 10 % Fe and 90 % Co by weight.
called 10Fe-90C o/meso-HZSM-5. All catalysts were reduced in situ in the continuous reactor with flowing hydrogen at 25 mI /min_
1 bar, 400 *C for 10 hours. The catalyst performance was observed in the same continuous fixed bed reactor at 23 mL/min syn-
thesis gas (30 % CO, 60 % Hs, 10 % Na), 250 °C, 20 bar for 96 hours. Various catalyst weight (1, 1.2, 1.4, 1.6 gram) were applied
in FTS. The desilicated HZSM-5 properties (BET analysis) were 6.1-29.9 nm mesoporous diameter, 0.3496 cc/g average meso-
porous volume, 526.035 cc/g pore surface area. and the EDX analysis gave 22.1039 54/Al ratio and 16.11 % loading (by weight)
on meso-HZSM-5. The reduced catalyst showed the XRD spectra of Fe (66%), Fe-Co alloy (44.50%) and Co:04 (36.80%). The
reaction using 1 gram of 10Fe-90Co/meso-HZSM-5 catalyst produced the largest composition and conversion. The 1 gram cata-
lyst gave the largest normal selectivity of gasoline (19.15 %) and kerosene (35.18 %). While the largest normal diesel oil selectivi-
ty (24.17 %) was obtained from 1.4 gram of catalyst. The CO conversion per gram of catalyst showed similar value (CO conversion
of 2628 %) for all catalyst weight.

Keywords: biofuel, HZSM-3, desilication, mesopore. catalyst, iron. cobalt, weight, conversion, Fischer-Tropsch.

DOIT: 10.21303/2461-4262.2021.001657

1. Introduction

Zeolites are used 1n the process of separation. adsorption, and catalytic (1. e. cracking and
other hydrotreating process). Homogeneous micropores, high thermal stability, acidity, and unique
ability to stabilize metallic species were several their unique properties [1]. The mesoporous struc-
ture provides greater space for metal catalysts to occupy more support pores. The mesopore can
be obtained from micropore over desilication treatment. The alkali (NaOH) solution was used
as desilication agent. Nitric acid solution was used to transform the mesoporous HZSM-5 into
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amorphous structure, which could improve the adhesion of the metal catalyst on the mesoporous
HZSM-5 support [2-5]. The KOH solution induced greater mesoporous volumes, but it damaged
on zeolite crystal structure. The NaOH solutions were able to increased mesopore surface area and
mesopoere volume of NaOH-desilicated HZSM-5. The Fe-Co alloys were observed with less oxide
of iron (Fe,0;) as well cobalt (Co;0;) in the produced catalysts [6].

The Fischer-Tropsch synthesis (FTS) 1s an exothermic and irreversible polymerization reac-
tion that converts a mixture of hydrogen (H,) and carbon monoxide (CO) into linear hydrocarbons
as liquid fuel. FTS always produces various products such as olefins, paraffins and oxygenated
compounds (alcohols, aldehydes. acids and ketones). Water was the main product of the FT reaction.
Water Gas Shift (WGS) activity occured significantly in the use of Fe catalyst, but this reaction
could be ignored in reactions using Co or Ru catalysts. Iron and cobalt as polymerization catalyst
were used at FTS. The impregnated 1ron and cobalt on HZSM-5 could be used as bifunction cata-
lyst which combined polymerizing synthesis gas and long chain hydrocarbon cracking for making
biofuel [3, 7-10]. The FTS preferred to use cobalt because of some advantages, instead of 1ron
catalyst. Iron catalyst was added in little amount to improve the cobalt catalyst performance (im-
prove olefin selectivity, reduce methane selectivity, reduce temperature and pressure sensitivity to
product distribution and reduce the catalyst price) [11, 12].

The combination of the Fischer-Tropsch (FT) reaction and cracking was conducted by com-
bining Fe-Co alloy (Fischer-Tropsch reaction catalyst) and HZSM-5 zeolite (cracking catalyst). The
merging of the FTS and cracking was able to produce biofuel product directly [7]. The Fe/HZSM-5
catalyst was able to produce 24.2 % of Cs_jo hydrocarbon as biofuel fraction [8]. The Co/HZSM-5
catalyst produced 48 % of Cs_j; [3]. The use of Fe and Co catalysts together (bimetallic) could 1n-
crease catalytic activity compared to the use single metal catalyst (monometallic). The combination
of Fe and Co catalysts (bimetal catalysts) with conventional Ti0,, Al,O; and S10, supports had
been investigated. They could increase the biofuel reaction conversion and fraction compared to
the use of Fe and Co catalysts separately [13—15]. The variables that influenced product distribu-
tion were temperature, feed gas composition, pressure, catalyst type and promoter. The synthesis
gas composition influenced the product selectrvity. The lower the CO partial pressure, the lower
the surface coverage of CH, radicals, the lower the chain growth chance and the higher the chance
of CH, radicals desorption. The higher the H, partial pressure, increases the chance of radicals
termination being paraffin. Increasing H,/CO ratio would increase the selectivity of short-chain
and more saturated hydrocarbons [16-18].

The study emphasized the effect of Fe-Co/mesoHZSMS5 catalyst weight on product compo-
sition and conversion. The data obtained from this study will be used to develop efficiency of the
Fischer-Tropsch reaction condition.

2. Methods

Materials used 1n this experiment were zeolite ZSM-5 1 ammonium form (CBV 8014,
Amberlyst International), Fe(NO;);-9H,0 (Merck), Co(NO;):-6H,0 (Merck), NaOH p.a. (Merck),
nitric ammonium pa. (Merck), nitric acid (Merck), Hydrogen gas (PT. Samator Gas In-
dustry, Surabaya, Indonesia), synthesis gas (30% CO, 60% H,, 10% N,), glass beads
2 mm (Marienfeld), glass wool. aquadest. The equipment used were the tubular furnace. quartz fur-
nace crucible. hotplate magnetic stirrer. vacuum filter, air compressor. hot air oven. syringe, digi-
tal scales and standard glassware for catalyst synthesis. The continuous fixed-bed Fischer-Tropsch
reactor (Fig. 1), hot trap. cold trap, bubble soap meter. vacutamer (vacuum bottle/container)
were used for FTS.

The 10Fe-90Co/meso-HZSM-5 catalyst was prepared from ammonmm salt of ZSM-5
over calcination, desilication, dispersion. acid treatment [6]. The solution of Co(NO;),-6H,0 and
Fe(NO;);-9H,0 were used as precursor for incipient wetness impregnation (IWI) process on
amorphous meso-HZSM-5. Loading metal catalyst was 10 %. The catalyst consisted of 10 %
Fe (by weight) and 90 % Co (by weight). The impregnated HZSM-5 was kept in desiccator at
room temperature for 24 hours, dried 1 oven at 120 °C for 12 hours and then calcined at 550 °C
for 2 hours.
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Fischer-Tropsch Reaction @
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Caption : '
1. Hydrogen gas (Ha) 17. Catalyst bowl
2. Pressure regulator for H 18. Temperature pancl controller
3. Synthesis gas (30% CO, 60% Ha, 10 Ni) 19. Hot trap
4. Pressure regulator for synthesis gas 20. Needle valve I (Swageloky
5. Pressure gauge 21. Needle valve I1 (Swagelok)
6. Check valve 22. Ball valve I {Swagelok)
7. Micro metering valve 23, Pressure Regulator (modified)
8. Fischer-Tropsch reactor 24, Pressure gauge for reactor outlet
9. Temperature probe sensor (type K) 25, Pressure gauge for condenser
10. Therma well 26. Condenser (cold trap)
11. Heat Isolator (rockwoal) 27. Separator for liguid and gas product
12. Electric Heater 28. Bubhble gas indicator
13, Glass beads 29, Ball valve II (Sankyo)
14. 10Fe-9%Co/mesoHZSM-5 catalyst 30. Ball valve I11 (Sankyo)
15. Glass beads 31. Needle valve L1 {Swagelok)
16. Glass wool 32, Bubble soap meter

Fig. 1. The reactor unit of continuous Fischer-Tropsch synthesis for 10Fe-90Co/meso-HZSM-5
catalyst using synthesis gas (30 % CO, 60 % H,. 10 % N,). 25 mL/min_ 250 °C. 20 bar,
96 hours on various catalyst weight vaniation (1; 1.2; 1.4; 1.6 gram)

The catalyst performance was observed 1n a continuous fixed bed reactor (Fig. 1) using
10Fe-90Co/meso-HZSM-5 catalyst, 25 mL/min synthesis gas (30 % CO, 60 % H,, 10% N;) at
250 °C, 20 bar. Various catalyst weight (1; 1.2; 1.4; 1.6 gram) were used in the Fischer-Tropsch reac-
tion. The catalyst was mixed with glass beads as much as 6 times of the catalyst weight. The mixture
of catalyst and glass beads was inserted into the catalyst bowl which was held with glass wool at the
bottom and top of the catalyst to prevent the spilling out of the catalyst during process [19-22]. All
catalysts were reduced in situ in the reactor with H; gas flowing at 25 mL/min, 1 bar, 400 °C for
10 hours. At the end of the reduction procedure, the reactor was cooled to 250 °C and the hydrogen
gas flow was stopped, then 1t was replaced by the synthesis gas flow. The modified pressure regu-
lator was installed after the reactor to maintain 20 bar pressure. The flow rate was calibrated using
bubble soap meter at 25 mL/mun at the operating pressure and temperature. Some hydrocarbon frac-
tions condensed through hot trap at 30—40 °C and 20 bar. The low boiling point hydrocarbon frac-
tion would be condensed 1n a cold trap (1-10 °C. 1 bar). The reaction was carried out for 96 hours
with gas sampling every 24 hours and liquid sampling at the end of the whole reaction. Gas samples
were taken using a 10 mL syringe and injected into 10 mL vacuum bottle (vacutainer).
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3. Result and discussion

3. 1. Characterization of Catalyst Fe-Co/meso-HZSM-5

Ammonium ZSM-5 (Si/Al =40) was converted to microporous HZSM-5 through calcina-
tion process in the tube furnace reactor. The formation of mesoporous structures was obtained
through the desilication process in which silicon was partly-removed from zeolite framework us-
ing NaOH as desilication agent. The desilicated HZSM-5 properties obtained from BET analysis
were 6.1-29.9 nm mesoporous diameter. 0.3496 ccfg average mesoporous volume, 526.035 cclg
pore surface area, and from EDX analysis gave 22.1059 Si/Al ratio.

The Fe and Co catalysts loading was 16.11 % weight on mesoporous HZSM-5. The loading of
catalyst was calculated from EDX analyzing. The impregnated mesoporous HZSM-5 was reduced to
obtain metal catalyst on the active surface. The XRD analysis was used to observe the reduction re-
sults. The diffraction angle position of the metal peaks referred to the spectral Tavasoli’s database [23].
The spectra of Fe (66°), Fe-Co alloy (44.50°) and Co;0, (36.80°) were shown in Fig. 2.

HZSM-5

HEZSMS Co,0,

Fe-Co Fe

0 3 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Difraction Angle (26)

Fig. 2. The XRD Spectra for Fe-Co/HZSM-5 catalyst consisted of 10 % Fe and 90 % Co
after reduction (with H; gas flowing at 25 mL/min, 1 bar, 400 °C for 10 hours)

3. 2. Effect of catalyst weight to product composition

The FTS reaction produced two layers liquid product, each of which has a pungent odor.
The two layer liquid products were taken from hot trap chamber (30-40 °C). Both of layers had
similar viscosity. The upper layer ass clear yellow, while the lower layer was colorless. From GCMS
analysis, the upper layer contained alkanes (paraffin) and less alkene (olefin). Carboxylic acids,
alcohols, esters and aromatic compounds were found in the lower layer products. The increasing
catalyst weight gave the higher alkane selectivity. One gram of catalyst obtained 85.04 % alkanes
and 7.56 % alkenes. The alkane composition rose to 96.33 % on 1.2 grams of catalyst and increased
again to 99.96 % on 1.4 and 1.6 grams of catalyst. Straight chain hydrocarbon selectivity was quite
large (57-72 %). The 1.6 gram catalyst gave the greatest selectrvity (72.03 %) when compared
to 57.14 % on 1 gram catalyst. The more catalysts used, the greater active surface involved in the
reaction so that the catalyst’s performance was better. The reactants contained double H; than
CO (Hz/CO ratio = 2). The greater active surface area increased the concentration of hydrogen free
radicals, so the reaction mechanism lead to the formation of paraffins and carboxylic acids.

The combination of polymerization using metal catalyst (Fe-Co) and cracking (meso-
HZSM-5) 1n the FTS intended to produce saturated Cs—C;; hydrocarbons (gasoline, kerosene and
diesel o1l). The product distribution based on the hydrocarbon chain length 1n the both layers could
be seen in Fig. 3, 4. The upper layer was dominated by alkane hydrocarbons with C;—Css hydrocar-
bon chain length (Fig. 3). The use of 1 and 1.2 gram catalysts produced C7—Cp hydrocarbon while
the more catalyst weight produced less C,p—C,;5 hydrocarbon (below 1.7 %). The 1 and 1.2 gram
catalyst might form C5p—C,; in such a small amount. so that GCMS could not detect this traces.
Increasing catalyst weight would r1se the reaction chance on the catalyst active surface so that the
more product was obtained (higher conversion) and the presence of C;p—Css hydrocarbon could be
measured using GCMS. The FT reaction using 10Fe-90Co/meso-HZSM-5 catalyst at 250 °C and
1 bar produced gasoline, kerosene and diesel o1l. Kerosene was the largest product (55.18—61.68 %%),
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was obtained from the catalyst weight of 1-1.6 gram. The largest gasoline fraction (19.15 %) was
obtained from 1 gram of catalyst and decreased with increasing catalyst weight. The diesel oil
fraction increased with the catalyst weight. The largest solar fraction (19.34 %) was obtained from
1.6 gram of catalyst. The greater the catalyst weight, the greater the diesel fuel produced and the

smaller the gasoline produced.
25
= mlpram W12 gram w14 pram »1.6 gram
=20
2
gls
§10
5
=
< 3
5]
0||| |||||I|||I|.|_
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Fig. 3. Dustribution of upper layer liquid products from Fischer-Tropsch reaction with
catalyst 10Fe-90Co/meso-HZSM-5. loading 10 %, synthesis gas (30 % CO, 60 % Ha, 10 % N,),
25 mL/mun, 250 °C, 20 bar, 96 hours at various catalyst weight variation (1; 1.2; 1.4; 1.6 gram)

The lower layer showed the FTS side reaction, that produced alcohol, carboxylic acid, ester, aro-
matic and cycloalkane compounds (Fig. 4). The carboxylic acid was formed at any weight variation.
The alcohol was formed in large amount at 1.2 and 1.4 gram catalyst. This condition could be used
to alternative alcohol production from synthesis gas with this catalyst.
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Fig. 4. Distribution of lower layer liquid products from Fischer-Tropsch reaction with
catalyst 10Fe-90Co/meso-HZSM-5. loading 10 %, synthesis gas (30 % CO, 60 % H,. 10 % N,).
25 mL/min, 250 °C, 20 bar, 96 hours at various catalyst weight variation (1; 1.2; 1.4; 1.6 gram)

The more 10Fe-90Co/meso-HZSM-5 catalyst. which used in the FT reaction, would have
the greater active surface area. They might increase the reaction chances that increased CO con-
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version (Fig. 5). The larger active surfaces would increase CO dissociation which initiated the
polymerization process. The CO conversion on 1 gram of catalyst was 2733 % which increased to
42 .46 % on the use of 1.6 grams of catalyst.

100%
90%
20%
T0%
60%
50%
0% 14z o3

300, | 27.33%
20%
10% I I
0%
10 12 14 16

Weight of 10Fe-90Co/mesoHZSM-5 catalyst (gram)

42.46%

CO Conversion

Fig. 5. The CO conversion from the Fischer-Tropsch reaction with
catalyst 10Fe-90Co/meso-HZSM-5. loading 10 %, synthesis gas (30 % CO, 60 % Ha, 10 % N,),
25 mL/mun, 250 °C, 20 bar, 96 hours on various catalyst weight vanation (1; 1.2; 1.4; 1.6 gram)

The residual gas consisted of CO, H,, CO, and CH, were measured by GC-TCD (Fig. 6).
The decreasing CO fraction in the residual gas showed that CO consumption increased with more
catalysts being used. The formation of a relatively small CO; indicated that the WiGS reaction was
not dominant in the condition and catalyst used. The greater Co catalyst (90 %) i the bimetal
Fe-Co did not push WGS reaction. But with increasing catalyst weight, the Fe weight was also
larger, so that more CO; gas formation (1-2 %) was obtained in the use of catalysts 1.2-1.6 gram.
However, the larger Co in the Fe-Co would drive the methane formation. The analysis showed
that methane was formed 1n all catalyst weight insignificantly. In the 1 gram of catalyst, only 1 %
methane was formed, while the use of more catalysts produced 5—6 % methane. The bimetal com-
bination on supported mesoporous HZSM-5 reduced methane formation significantly compared
to previous studies [3, 15, 24], which produced 7.9-21 % methane.
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Fig. 6. The residual gas composition from the Fischer-Tropsch reaction with
catalyst 10Fe-90Co/meso-HZSM-5. loading 10 %, synthesis gas (30 % CO, 60 % H,. 10 % N,).
25 mL/min, 250 °C, 20 bar, 96 hours on various catalyst weight varations (1; 1.2; 1.4; 1.6 gram)

8

Chemical Engineering



Original Research Article:

(2021), «EUREKA: Physics and Engineering»
full paper

Number 6

3. 3. Normalization of Selectivity and Conversion

Normalization of liquid products selectivity and reaction conversion to catalyst weight was con-
ducted to determine the efficiency and effectiveness of the catalysts use. The product selectivity and
conversion were normalized by the catalyst weight that was varied 1n this study. This normalization data
could be used to take better decision in the catalyst efficiency and effectiveness before commercializing.

Normalization of biofuel selectivity (gasoline, kerosene and diesel) to the 10Fe-90Co/me-
so-HZSM-5 catalyst weight in the FT reaction of 250 °C, 20 bar using synthesis gas (30 % CO,
60 % H». 10 % N,) for 96 hours was shown in Fig. 7. The 1 gram catalyst weight gave the largest
normal selectivity to gasoline (19.15 %) and kerosene (55.18 %5). While the largest normal diesel oil
selectivity (24.17 %) was obtained from the use of 1.4 gram of catalyst weight.

Normalization of CO reaction conversion to the 10Fe-20Co/meso-HZSM-5 catalyst weight
in the 250 °C, 20 bar FT reaction using synthesis gas (30 % CO. 60 % H,, 10 % N,) for 96 hours
was shown in Fig. 8. The resulting normal conversion showed similar value for all catalyst in the
range of 0.26—0.28. All catalyst weight variation showed similar normal conversion over 96 hours,
so the use of 1 gram of catalyst was more economically beneficial. These results were in line with

the normal selectivity of gasoline and kerosene products that reached the highest value on the use
of 1 gram of catalyst.
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Fig. 7. Normalization of biofuel selectivity (gasoline, kerosene and diesel) to the
10Fe-90Co/meso-HZSM-5 catalyst weight in the 250 °C, 20 bar Fischer-Tropsch reaction of using
synthesis gas (30 % CO, 60 % H,, 10 % N;) for 96 hours
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Fig. 8. Normalization of CO conversion to the 10Fe-90Co /meso-HZSM-5 catalyst weight
variation 1n the 250 °C, 20 bar Fischer-Tropsch reaction using synthesis gas (30 % CO.
60 % H,. 10 % N,) for 96 hours

This research has several limitations. A very expensive synthesis gas as raw material make
biofuel price can’t compete with the fossil fuel The separated hydrogen, carbonmonoxide and
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nitrogen with each rate controller could be used to reduce raw material price. Coal or biomass that
have the lowest price raw material, could be interesting for the next research. The catalyst develop-
ment need further research to improve the reaction conversion in simple reactor and mild operation
condition (temperature, pressure and time). Continuously data will give better reaction kinetics
analysis for gaining best condition. The residual gas analysis as conversion indicator need to be
measured continuously with integrated GC-TCD, instead of separately one. Gas sensor with Ardu-
ino program could be use as alternative to collect large data every seconds or minutes. The carbon
monoxide sensor (MQ-7). carbon dioxide sensor (MG-811) and methane sensor (MQ-4) should be
developed and integrated with Fischer-Tropsch reactor system.

4. Conclusion

The desilicated HZSM-5 properties (BET analysis) were 6.1-29.9 nm mesoporous diameter,
0.3496 cc/g average mesoporous volume, 526.035 cc/g pore surface area, and the EDX analysis
gave 22.1059 Sy/Al ratio and 16.11 % loading (by weight) on meso-HZSM-5. The reduced catalyst
showed the XRD spectra of Fe (66°), Fe-Co alloy (44.50°) and Co;04 (36.80°).

The Fischer-Tropsch reaction using 1 gram of 10Fe-90Co/meso-HZSM-5 catalyst and syn-
thests gas (30 % CO, 60 % H;, 10 % N;) at 250 °C, 20 bar, 96 hours in the continuous fixed-bed
reactor, showed the largest composition and conversion. The combination of polymerization using
metal catalyst (Fe-Co) and cracking (meso-HZSM-5) was intended to produce saturated Cs—C,; hy-
drocarbons (gasoline, kerosene and diesel oil). The 1 gram catalyst weight gave the largest normal
selectivity to gasoline (19.15 %) and kerosene (55.18 %2). Whale the largest normal diesel o1l selec-
tavity (24.17 %) was obtained from 1.4 gram of catalyst. The CO conversion per gram of catalyst
showed simalar value (26-28 %) for all catalyst weight.
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