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Abstract- The abundant municipal solid waste (MSW) and coconut shells can be overcome with gasification technology. The
type of catalyst can affect the gasification process significantly. The purposes of this study were to prepare nickel-impregnated
activated carbon catalysts and utilize them in the co-gasification of MSW and coconut shells. First, carbon was prepared
through pyrolysis of coconut shells at 450°C. Then, the carbon was activated using KOH and neutralized with 1M HCI.
Furthermore, it was calcinated at various temperatures of 550, 650, and 750°C. The resulting activated carbon was
impregnated using nickel (Ni(NOs),:6H,0) at various stirring temperatures (50 and 90°C) with or without a holding time (for
24 hours after stirring). Characterization of catalysts was conducted using BET, XRD, SEM-EDS, and gas chromatography
tests. The results showed that the best calcination temperature was 650°C, resulting in activated carbon with the highest BET
surface area of 1253 m?/g and iodine absorption capacity of 984 mg/g. Furthermore, the optimum conditions in the
impregnation process were a stirring temperature of 50°C with a holding time of 24 hours, resulting in the best nickel-
impregnated activated carbon catalyst (with code ACNi50D). XRD test showed that crystals of Ni and NiO elements were well
visible in the ACNi50D catalyst. SEM-EDS test showed that there was a good distribution of Nickel (Ni), Oxygen (O), and
Carbon (C) elements in the ACNiSOD catalyst. In the co-gasification process test, the ACNiSOD catalyst resulted in syngas
with higher H, content (58%) compared to the other catalysts.

Keywords Activated Carbon, Catalyst, Gasification, Nickel, Syngas.

1. Introduction government regulation number 22 of 2017, the Indonesian
government has a target to increase new and renewable

Over the last few decades, the demand for renewable energy (NRE) consumption to at least 23% of total energy in
energy has continued to increase because of the increasingly 2025 and at least 31% of total energy in 2050, but nowday in
depleted and limited availability of fossil energy. Through 2022 only 15% [1]. Therefore, nowadays, research on new
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and renewable energy production is very important in
Indonesia

Renewable energy can be generated through a
gasification process. This process is attractive because it can
convert waste into clean energy. It is better than conventional
combustion methods which result in high pollutant emissions
(such as CO,, SOy, and NOy) [2],[3]. Gasification is the
process of converting carbon into syngas thermochemically
through a partial oxidation reaction with gasifying agents
such as steam, air, CO,, oxygen, or a combination of them
[4]1,[5],[6]. Biomass and coal gasification reactions generally
occur at high temperatures (550—1600°C) [7], [8]. The
largest gas fractions in syngas are N,, CO, H,, and CO,.
Meanwhile, the gasification process also results in other
products, namely tar and char [9]-[13].

In the gasification process, tar can be converted into
lighter gases through thermal cracking at a specific residence
period at high temperatures. An increase in temperature
increases the tar amount. The maximum biomass tar amount
is reached at around 773 K. However, at temperatures above
873 K, tar cracking occurs, so the tar is converted to non-
condensable gas, thereby increasing the gas energy content
[14].

Catalysts can speed up the reaction rate and aid tar
cracking and catalytic reforming in the gasification process
[15]-[23]. Catalyst types can be categorized into two, namely
synthetic and natural catalysts. Synthetic catalysts are more
widely used in industry but they are very expensive. On the
other hand, natural catalysts have a cheaper price [24]-[27].
One of the natural catalysts is activated carbon. Activated
carbon has a wider surface area and higher porosity than non-
activated carbon. The surface area of non-activated carbon is
below 300 m?%g [28], [29], while that of biomass-based
activated carbon is above 300 m%g [30], [31], then that of
commercial activated carbon is above 400 m?%g
[32]1,[33],[34]. However, currently, the utilization of
biomass-based activated carbon as a catalyst material in
gasification is not widely used.

Carbon activation can be done via 2 methods. The first
method is chemical activation with alkali metal hydroxides,
carbonate salts, chlorides, sulfates, and alkaline earth
phosphates [35], [36], [37], inorganic acids such as H,SOs,
and H3POy [38], [39], [40], [41] and inorganic alkalis such as
KOH and NaOH [42], [31], [34]. The second method is
physical activation, which is the process of breaking the
carbon chain of organic compounds through heating at a
temperature of 500-900°C [31]. The chemical activation
method is more attractive than the other methods because it
produces activated carbon with a larger surface area
[311,[43].

In the chemical activation process, there is a calcination
stage. The calcination process can increase the thermal
resistance of the material [44]. Generally, calcination is
employed to create thermodynamically stable mixed metal
oxides by thermally reacting simple metal oxide powders
[45]. Calcination temperature is one of the affecting factors,
that greatly affects the amounts and physicochemical
characteristics of bulk density and surface area of activated

carbon [30]. An increase in calcination temperature can
increase the development of micropore structures, but at a
temperature of 800°C, micropores will collapse and turn into
mesopores [46]. An important characteristic of activated
carbon is surface area. The surface area is directly
proportional to the level of adsorption on organic compounds
[47]. Therefore, research to determine the optimum
calcination temperature in preparing biomass-based activated
carbon catalysts needs to be carried out with temperature
variations below 800°C.

The performance of activated carbon as a catalyst can be
improved through the impregnation process. Impregnation is
the process of filling a porous absorbent material with a
liquid or viscous product. A previous study by
Sitthikhankaew et al. reported that the impregnation of
activated carbon using KOH alkaline media at room
temperature can enhance the ability of the activated carbon to
adsorb H,S [34]. Furthermore, Septiawati et al. studied the
impregnation of activated carbon with nickel (II) chloride
and the utilization of the modified catalyst to convert
benzene into cyclohexane [48].

Precious metal catalysts (such as Pt, Ru, Rh, Ir, and Pd)
can be used as impregnating agents. The precious metals Rh
and Pt show the highest catalytic activity, but these metals
have small reservations and are expensive [49], [50].
Meanwhile, nickel catalysts are known to have high
efficiency in breaking down hydrocarbon bonds and
decomposing tar. In addition, nickel has a cheaper price and
greater regeneration availability than precious metals [51], so
nickel is considered an impregnated agent in this study.

Temperature and stirring time are affecting factors in the
catalyst impregnation process. Several previous studies
carried out impregnation using nickel metal (from
Ni(NO3),-6H20) in several buffer media such as zeolite
(natural or synthetic), CaO, and ALOs; with stirring
temperatures and times of 60-80°C and 1-24 hours,
respectively [51], [52], [53]. However, the impregnation of
biomass-based activated carbon using Ni(NOs),-6H,O is still
limited.

Based on the information above, the current study aimed
to investigate the impact of calcination temperature in the
activation stage as well as stirring temperature and holding
time (after stirring) in the impregnation stage on the
characteristics of the nickel-impregnated activated carbon
catalysts. Then, the resulting catalysts were used in the co-
gasification process of mixed biomass of municipal solid
waste (MSW) and coconut shells to produce syngas. MSW
and coconut shells are abundant in Indonesia country.
Indonesia is the largest coconut producer in the world, spread
across a series of islands in the Indian and Pacific oceans
with a 17 million metric ton production capacity [54].
Coconut shells can serve as biomass feedstock which is
capable of producing high heating value of fuel and fixed
carbon [55].

The co-gasification of MSW and biomass has the
potential to be a more promising technology, its ability to
deliver increased electrical efficiency, maintain stable
operation of gasification plants, and ensure a more reliable
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supply of raw materials., stable operation of gasification
plants, and ensure a more reliable supply of raw materials
[56].

2. Materials and Methods
2.1. Materials

MSW was collected from Serang City, Banten Province,
Indonesia. Coconut shells were obtained from traditional
markets located in Serang City, Banten Province, Indonesia.
Chemicals of KOH and HC1 were obtained from Merck, and
Ni(NO3),:6H,O was obtained from PT. Smart Lab Indonesia.

2.2.  Preparation of Catalyst
2.2.1. Preparation of activated carbon

Coconut shells were crushed, ground, and sifted to get
biomass with 40 mesh size. Then they were heated using an
induction heating furnace at 450°C for 2 hours. Then, the
resulting carbon was crushed, ground, and sifted to get
carbon with 18 mesh size. Next, the carbon as much as 50 g
was soaked in a concentrated potassium hydroxide (KOH)
solution with a mass ratio of carbon:KOH of 1:4 g/g, then
stirred for 1 hour at room conditions. After that, the mixture
was stored in a closed container for 24 hours. Then, 1M HCI
solution was used to wash the carbon until it reached pH 7.
Next, the carbon at 110°C for 12 hours using an oven.
Furthermore, the carbon is calcined at various temperatures
of 550, 650, and 750°C for 1 hour. The resulting activated
carbons were labeled AC550, AC650, and AC750,
respectively.

2.2.2. Preparation of nickel-impregnated activated carbon

The best-activated carbon produced in section 2.2.1 was
then used in this section. First, about 33.76 g Ni(NO3),-:6H,O
was added to 100 mL of water. It was mixed using a
magnetic stirrer for 30 minutes until homogeneous. Next, 50
g of activated carbon was added to the solution. After that, it
was stirred for 2 hours at various temperatures of 50 and
90°C. Then, the mixture was stored in a closed container for
24 hours (holding time). After that, the catalyst was dried at
120°C for 8 hours. Next, calcination was carried out at
700°C for 2 hours [57]. Experiment details in this section are
shown in Table 1.

Table 1. Experiments on making Nickel-Impregnated
Activated Carbon

Code Stirring Stirring time +
temperature (°C) holding time
ACNi50 50 2 hours
ACNi50D | 50 2 hours + 24 hours
ACNi9% | 90 2 hours
ACNi90D | 90 2 hours + 24 hours

2.3. Characterization of Catalyst

The Brunauer-Emmett-Teller (BET) test was carried
out using the BET Surface Area Quantachrome Nova 4200e
instrument to determine the surface area of catalysts (the
activated carbon and the nickel-impregnated activated
carbon). The Barret-Joyner-Halenda (BJH) method was
employed to study the distribution of pore size of the
catalysts. The iodine adsorption test was conducted to
measure the capability of activated carbon to adsorb iodine.
The X-ray diffraction (XRD) test was run using the
D2Phaser XRD instrument from Bruker to study the
structure and composition of the nickel-impregnated
activated carbon catalysts. XRD testing was carried out at 20
with intensity in the range of 10° — 90°. The microstructure
of the nickel-impregnated activated carbon catalysts was
assessed using the Phenom ProX Scanning Electron
Microscope (SEM) instrument fitted with the Energy
Dispersive X-ray Spectroscopy (EDS) capability.

2.4. Gasification

The gasification process was run using a fixed bed
reactor with an induction heater and a programmed
temperature controller. The reactor tube consists of 2 parts
(the bottom and the top). The biomass was placed in the
bottom part and the nickel-impregnated activated carbon
catalyst was placed in the top part. The biomass consisted of
MSW and coconut shells. The coconut shells were obtained
from traditional markets in the city of Serang, Banten
Province, Indonesia. They were crushed to get a size of about
5x5 mm. Meanwhile, MSW was obtained from Serang City,
Banten Province, Indonesia with a fixed composition and
then dried at 120°C for 8 hours before being mixed with the
coconut shells. The MSW and coconut shells were mixed
with a mass ratio of 1:1 g/g.

The biomass was put in the bottom part of the tube and
the catalyst was put in the top part of the tube and supported
by K wool Ceramic Fiber material (High-Temperature
Insulating Material up to 1260°C). The catalyst-to-biomass
ratio was 1:5 g/g. The reactor was electrically heated with
three K-type thermocouples monitoring the temperatures of
the furnace, actual biomass, and actual catalyst, respectively.
After the gasification reaction temperature was stable, the
steam was fed to the gasification zone with a ratio of
steam:biomass of 1.3. The integration of the water-gas shift
(WGS) reaction was identified to transform CO into H, and
CO; [58]. The co-gasification temperature was adjusted to
700°CThe catalyst in the decomposition process enables the
reaction to occur within a relatively moderate temperature
range of 600 to 900 [59]. Activated carbon can be applied
across a in a wide temperature range, around 250 to 800 °C
[60]. Therefore, this study used a gasification temperature of
700°C. Figure 1 shows the detailed experimental setup for
the co-gasification process.

The gas (H,, CO, CHis, CO) resulting from the
gasification process was collected and analyzed using a Gas
chromatography instrument (Agilent GC 7820A) to
determine its content. The instrument consisted of an
Ultimetal HayesepQ T 80/100 mesh column used to measure
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the concentrations of H,, CO, and CHs4 and an Ultimetal
Hayesep T 80/100 column wused to determine the
concentrations of CO; and C1-C4 hydrocarbons. The helium
gas was used as a carrier gas.

]
® 1
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1. Evaporator 6. GC-MS
2. Reactor 7. Panel control
3. Catalyst 8. Thermocouple
4. Biomass 9. Tar

5. Condenser

Fig. 1. Experimental setup for co-gasification experiment.

3. Results and Discussion
3.1 Physicochemical Properties of Activated Carbon

3.1.1.  Surface area, pore volume, pore diameter, and

iodine adsorption capacity

In preparing the activated carbon, the calcination
temperatures were varied to 550, 650, and 750°C. The
resulting activated carbon was characterized. The surface
area, pore volume, pore diameter, and iodine adsorption
capacity of the resulting activated carbon are shown in Table
2.

Table 2. Physicochemical properties of the activated carbon

Code Surface Pore Pore Iodine
area volume | diameter | adsorption
(m?%g) (cc/g) (nm) capacity
(mg/g)
ACS550 890 0.27 4.1 792
AC650 1253 0.56 4.6 984
AC750 1017 0.43 5.3 926

An increase in calcination temperature from 550 to
650°C increased the surface area from 890 to 1253 m?%g.
However, further increasing the calcination temperature from
650 to 750°C decreased the surface area from 1253 to 1017
m*/g. An increase in surface area is correlated with an
increase in pore volume and iodine adsorption capacity (up
to 24%).

At temperatures above 650°C, oxidation activity might
begin to occur and change the micropore structures into
mesopore structures [61]. Hence, the activated catalyst
generated at a calcination temperature of 750°C might have
higher mesopore and lower micropore amounts than that at a
calcination temperature of 650°C. The iodine adsorption
capability is attributed to the large numbers of micropores
present, giving capillary action which results in high
adsorption power. According to Khalil [62], at temperatures
above 700°C, KOH can encourage oxidation so activated
carbon production decreases. Activated Carbon with a large
pore diameter size and surface area can provide a good place
for adsorbents or impregnating agents [63].

3.1.2. XRD analysis

The diffraction patterns of activated carbons are
presented in Figure 2. Based on Figure 2, activated carbons
have very irregular microcrystalline structures where the
graphite microcrystals are randomly oriented.

The poor crystallinity of all activated carbons produced
at different calcination temperatures results in nearly no
diffraction peaks being found. Some peaks are found
randomly and asymmetrically. This shows that there are no
other compounds that can be traced by X-rays. In Figure 2,
the highest peak is found in the 20 range of 24-26°. The
finding of this study is consistent with that of a previous
study reporting that diffraction peaks of a graphite sample
are quite broad and are found in the 20 range of 15-30° [64]

10 20 30 40 50 60 70 80 20
AC?SO T T T T T

A,

2 Tetha
Fig. 2. XRD diffraction patterns of activated carbons.

3.2 Physicochemical Properties of Nickel-Impregnated
Activated Carbon
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3.2.1. Surface area, pore volume, and pore diameter

The physicochemical properties of nickel-impregnated
activated carbon catalysts are shown in Table 3. The catalysts
with a stirring temperature of 90°C (ACNi90 and ACNi90D)
had a lower surface area than the catalyst with a stirring
temperature of 50°C (ACNi50 and ACNi50D). The ACNi90
had the lowest surface area (146.5 m?/g) and the ACNi90D
had a surface area of 237.4 m*/g. Furthermore, the ACNi50
had a surface area of 462.5 m?/g, while the ACNi90D had a
surface area of 584.6 m%g. It showed that an increase in
stirring temperature from 50 to 90°C decreased the surface
area of the catalysts. Then, the existing holding time for 24
hours increased the surface area of the catalysts.

Furthermore, in general, increasing the stirring
temperature from 50 to 90°C decreased the pore volume
(Table 3). The ACNi50D catalyst had a higher pore volume
than the ACNi50 catalyst, namely 0.61 and 0.52 cm’/g,
respectively. This phenomenon showed that a holding time
of 24 hours can increase the pore volume of the catalyst.

Table 3. Physicochemical properties of the nickel-
impregnated activated catalysts

Surface area Pore volume Pore

(m?%g) (cm®/g) diameter
(nm)
ACNI50 462.5 0.52 15.71
ACNi50D 584.6 0.61 13.86
ACNi90 146.5 0.54 24.43
ACNi90D 237.4 0.47 18.24

3.2.2. XRD analysis

Moreover, the stirring temperature from 50 to 90°C
increased pore diameter (Table 3). The ACNi90 catalyst had
a higher pore diameter, namely 24.43 nm, compared to the
ACNIi50 catalyst, namely 15.71 nm. Then, holding time for
24 hours decreased pore diameter. However, the pore
diameter of all catalysts was still within a reasonable
tolerance. In this impregnation treatment, the pore diameter
size was in the range of 10-30 nm, which was a very
favorable size for the adsorbents [65].

The crystal phase in nickel-impregnated activated
carbon catalysts was identified through XRD analysis and
the results can be seen in Figure 3. From Figure 3, the peak
at around 26.62° in the ACNi50 and ACNiS0D samples is
identified as the reflection plane of carbon element [31],
[66]. However, in the ACNi90 and ACNi90D samples, the
peak at this angle is not clearly visible. The ACNi90 and
ACNI90D catalysts had a relatively larger pore diameter (see
Table 3), so their active carbon lattice might be filled with
nickel. The small pore diameter with wide distribution
reduces the migration of solutes during material
impregnation [67].

Nickel is a metal with a face-centered-cubic (FCC)
crystal structure. According to the literature, the planes
(111), (200), and (220) in the face-centered-cubic (FCC)

structure of nickel metal (JCPDS 87-0712) are responsible
for the intense diffraction peaks at approximately 44.5°,
51.8° and 76.4° [68], [69]. In this study, diffraction peaks for
Ni can be identified at 20 angles of 44.52°, 51.77° and 76.32°
in the ACNi50D, ACNi90 and ACNi90D catalysts,
respectively. Based on the literature, the diffraction peaks at
around 37.14°, 43.19°, and 62.87° are attributed to the (111),
(200), and (220) planes of the face-centered cubic phase of
NiO (JCPDS 04-0835) [68], [70].
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Fig. 3. XRD diffraction patterns of nickel-impregnated
activated carbon catalysts.

In this study, the NiO diffraction peaks were visible in
the ACNi50 catalyst, but the Ni diffraction peaks in the
ACNI50 catalyst were weak. In ACNi50, the presence of Ni
crystals was not identified, this was possible because the Ni
in the catalyst had reacted with oxygen to form NiO [71]. In
the ACNi90 and ACNi90D, there were diffraction peaks for
the elements Ni and NiO. The Ni diffraction peaks in the
ACNIi50 and ACNi50D catalysts appeared weaker and lower
than those in the ACNi90 and ACNi90D catalysts. This
shows that increasing the temperature can increase the crystal
structure of Ni (see Figure 3) but decrease the surface area
(see Table 3). In the ACNi50D catalyst, the Ni peak appears
very clearly and the NiO appears very weak at around 37.5°
and 62.34°. This shows that in this catalyst, NiO was
weakened and reduced well.

3.3. Syngas Production

The co-gasification process with mixed biomass of
MSW and coconut shells with a mass ratio of 50:50 was
carried out using various catalysts (ACNi50, ACNi50D,
ACNi90, and ACNi90D). The composition of the resulting
syngas is shown in Figure 4. The NiAC50D catalyst resulted
in syngas with the highest energy content because the syngas
contained the highest hydrogen content, namely 58% (Figure
4). This was because the NiAC50D catalyst had a higher
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surface area than other catalysts (Table 3). In steam
reforming, with metal-based catalysts, steam reacts with
methane to form CO and H» under the temperature of 700 to
1100°C [72].

Pure Biomass

ACNiIS0D

ACNi 90

ACNi 50D

ACNi 60

100
Gas Yealds (%)

Fig. 4. Composition of syngas resulting from gasification
using nickel-impregnated activated carbon catalysts.

The nickel-impregnated activated carbon catalysts have
a crystal structure of Ni and NiO which synergize with each
other, thereby resulting in a good catalytic ability. Based on
Figure 4, comprehensively, the nickel-impregnated activated
carbon catalysts produced syngas with H,, CO, CH4, and
CO; contents in the range of 42-58%, 28-36%, 6-12%, and 5-
18%. On the other hand, gasification without a catalyst (pure

20k

10k

o

o]

biomass) resulted in syngas H», CO, CHs, and CO, content of
36%, 36%, 5%, and 23%, respectively. It shows that
gasification without a catalyst resulted in lower H, and CHs4
contents and higher CO and CO; contents than that with the
catalysts. It means that the use of nickel-impregnated
activated carbon catalysts had a positive effect on the quality
of syngas products. In this study, the production of H, is
notably dominant compared to other types of gases. This is
considered a positive aspect, given that the current
production cost of H, is known to be relatively high [73].

3.4. SEM-EDS Mapping Analysis

Based on sub-section 3.3, the best catalyst was
ACNi50D. Therefore, the morphology of the ACNiS0D
catalyst was analyzed using SEM. Figure 5 shows the SEM-
EDS Mapping analysis results. Based on Figure 5, the
ACNI50D catalyst has a fairly good crystal structure. The
elements of Nickel (Ni) and oxygen (O) are evenly visible
(Figure 5). Based on the XRD test results (Figure 3), the
ACNi50D catalyst has more prominent NiO contents
compared to other catalysts. In this catalyst, carbon also
appears evenly distributed (see Figure 5) as support for
Ni/NiO. This is also supported by the XRD test results which
show very clear carbon diffraction in this catalyst. Thus, the
ACNi50D catalyst contained a good combination of
activated carbon and Ni/NiO, so it had good performance in
the gasification process in producing syngas with the highest
H; content (Figure 4).

v

.l

L]

(©)

Fig. 5. SEM-EDS Mapping of ACNi50D catalyst: (a) SEM result, (b) EDS result, (c) Mapping result. Remarks = C is carbon,

K = potassium, O =

Oxygen, Ni = Nickel.
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4. Conclusion

The production of activated carbon from coconut shells
was conducted at various calcination temperatures of 550,
650, and 750°C. The results showed that the calcination
temperature of 650°C was the best because it produced a
catalyst with the highest surface area with good iodine
adsorption. Then, the best-activated carbon was impregnated
using nickel with variations of stirring temperatures of 50
and 90°C with or without holding time for 24 hours. The best
nickel-impregnated activated carbon catalyst was the
ACNI50D catalyst obtained at a stirring temperature of 50°C
with a holding time of 24 hours. According to the XRD
analysis, the catalyst contained crystal structures of Ni and
NiO well visible. The gasification process using the
ACNiI50D catalyst produced syngas with the highest H»
content, namely 58%. In the ACNi50D catalyst, activated
carbon elements can be seen with an amorphous structure.
Based on SEM-EDS analysis, the Nickel (Ni), Oxygen (O),
and Carbon (C) were evenly distributed in the catalyst. The
ACNi50D catalyst had the highest surface area, namely
584.6 m*/g, which can be used as a supported medium for Ni
and NiO metal catalysts and an ion exchange medium.
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