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Abstract: Fine activated carbon (FAC) is prepared from rubber fruit shells (RFS) using two chemical
activating agents (ZnCl, and KOH) and three impregnation ratios (1:3, 1:4, and 1:5). The Brunauer—
Emmett-Teller (BET) results show that for a constant impregnation ratio, the ZnCl, activating
agent yields a higher specific surface area than the KOH agent. In particular, for the maximum
impregnation ratio of 1:5, the FAC prepared using ZnCl, has a BET surface area of 456 m?/g, a
nitrogen absorption capacity of 150.38 cm3/g, and an average pore size of 3.44 nm. Moreover, the
FAC structure consists of 70.1% mesopores and has a carbon content of 80.05 at.%. Overall, the results
confirm that RFS, activated using an appropriate quantity of ZnCl,, provides a cheap, abundant, and
highly promising precursor material for the preparation of activated carbon with high carbon content
and good adsorption properties

Keywords: rubber fruit shell activated carbon; BET surface area; mesopores

1. Introduction

Nowadays, activated carbon is used in many industrial applications, including gas
storage/adsorption [1,2], wastewater treatment [3-5], catalyst support [6], air purifica-
tion [7], and supercapacitors [8,9]. In recent years, biomass has attracted significant atten-
tion for the preparation of activated carbon [10], due to its renewable nature, low price,
minimal environmental impact, and abundant supply [11]. Many different biomass materi-
als have been proposed, including coconut shell [12], cashew shells [13], rice husks [14,15],
durian skin [16], sugarcane trash and corn crops [17-19], potato starch [20], and banana
skin [21] However, these materials typically have low carbon content, high volume-to-
weight ratio, and high ash content [22]. Accordingly, studies on developing alternative,
low-cost carbon sources continue to attract significant attention from researchers.

According to the Republic of Indonesia Ministry of Agriculture [23], Indonesia has an
estimated 3.671.387 ha of rubber plantations. On average, a rubber plantation produces
around 1000 kg/ha/yr of rubber seed or fruit [24]; equivalent to roughly 3.6 million tons
of rubber fruit shells (RFSs) per year. While rubber seeds can be used to produce rubber
seed oil [25], the majority of the shells are left as plantation waste, and hence pose a major
environmental concern. Accordingly, in this study, we explore the feasibility of using RFS
as a precursor material for the preparation of fine activated carbon (FAC).

The preparation of activated carbon generally involves two steps, namely pyrolysis (or
precursor carbonization) and activation [25]. The activation step may be performed using
either physical or chemical methods [25]. Chemical methods use many different activators,
including alkali (e.g., KOH and NaOH), acidic (e.g., H3PO4 and H,SO,), and chemical
compound salt (e.g., AlCl3 and ZnCl,) [26]. Among these agents, KOH and ZnCl, are two
of the most commonly used agents, since their chemical activation can produce the highest
surface area and yield values [26,27]. Generally speaking, the activation performance of
chemical agents is strongly dependent on the temperature at which the activation process
is performed. For example, the optimal temperatures for KOH and ZnCl, are around
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800 °C [28-31] and 500 °C [32-34], respectively. However, while KOH and ZnCl, are
commonly used in the preparation of activated carbon nowadays, the literature contains
little information on their use in preparing FAC with RFS as a precursor.

Accordingly, in the present study, we prepare activated carbon using RFS as raw
material and KOH and ZnCl; as activating agents. In performing the activation process,
the temperature is set at 800 °C for the KOH agent and 500 °C for ZnCl,. For both
activating agents, the activation process is performed using three different impregnation
ratios, namely 1:3, 1:4, and 1:5. Following the activation experiments, the properties of the
various RFSFACs (i.e., the element composition, specific surface area, pore size distribution,
and structure) are systematically explored to determine the optimal activation agent and
processing conditions for large-scale preparation of FAC utilizing RFS as a low-cost, green
carbon source.

2. Materials and Methods
2.1. Material Preparation

The RFSs were obtained from Bangka Island (Indonesia). First, 150 g of RFS was im-
mersed in 10% H,SOy solution for 4 h, washed in distilled water to remove soil impurities,
and then dried in an oven at 60 °C for 24 h. The dried precursor was placed in a heating box
and carbonized at 450 °C for 1 h in nitrogen (flow rate 20 mL/min). Finally, the carbonized
RFSs were crushed and sieved using a 200 mesh /74 um sieve size.

Three grams of REFS powder were mixed with an activating agent (ZnCl, or KOH
solution) with impregnation ratios of 1:3, 1:4, and 1:5, respectively (see Table 1). The ZnCl,
solution had a composition of 10% ZnCl, (w/v) aqueous solution [35], while the KOH
solution had a composition of 50% (w/v) aqueous solution [36]. Both slurries were mixed
at 1000 rpm for 1.5 h to obtain a homogeneous slurry, and then were dried in an oven
at 110 °C overnight. In the ZnCl, activation process, the dried slurry was simply heated
at 500 °C for 1 h [32-34,37]. By contrast, in the KOH activation process, first, the slurry
was heated at 450 °C for 0.5 h, and then at 800 °C for a further 2 h [28-31,38]. For both
activation processes, the obtained RFSFAC was washed with 1M HCI and distilled water
repeatedly in order to remove any activation agent residuals, and then was dried in an
oven at 110 °C for 24 h.

Table 1. Chemical activation process parameters.

Sample Impregnation Ratio (wt.%)  Chemical Solution Temperature (°C)

RFSFC - - -
RFSFAC1 1:3 KOH 800
RFSFAC2 1:4 KOH 800
RFSFAC3 1:5 KOH 800
RFSFAC4 1:3 ZnCl, 500
RFSFACS 1:4 ZnCl, 500
RFSFAC6 1:5 ZnCl, 500

2.2. Characterization

The proximate analysis was comprised of the mass percentages of moisture, volatile
matter, fixed carbon, and ash of the various RFSFACs that were performed using thermo-
gravimetric analysis (TGA) [39]. For each RFSFAC, 10 mg of sample was heated from room
temperature to 120 °C at a rate of 50 °C/min and held at 120 °C for 3 min. Then, the sample
was heated to 950 °C at a rate of 100 °C/min before being cooled to 450 °C at a rate of
—100 °C/min. To prevent oxidation, the heating and cooling processes were performed
under nitrogen gas. However, when the temperature reached 450 °C, the protective gas
was changed to air and the sample was reheated to 800 °C at a rate of 100 °C/min. Then, it
was held at this temperature for 3 min to achieve isothermal conditions, thereby, marking
the end of the process. The thermal decomposition behavior of the RFSFACs was likewise
investigated by TGA. Briefly, 10 mg of the sample was heated from room temperature to
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950 °C at a rate of 10 °C/min under a nitrogen gas flow rate of 20 mL/min. Then, the re-
sulting weight loss curves were replotted using Origin®8 software (OriginLab Corporation,
Northampton, England).

The pore volumes and specific surface areas of the RESFAC products were determined
using an accelerated surface area and porosimetry system (ASAP 2020) using 0.2~0.3 g of
sample, an automatic degas process, nitrogen working gas, a —196 °C analysis bath temper-
ature, a 10 s equilibration interval, and a 22 °C ambient temperature. The specific surface
areas of the products were obtained using the Brunauer—-Emmett-Teller (BET) method.
Finally, the pore volume was calculated using the Barrett-Joyner-Halenda (BJH) algorithm.

The surface structures and element compositions of the various RFSFAC products
were additionally examined using X-ray diffraction and a field emission scanning electron
microscope (JEOL JSM-6701F, JEOL Ltd., Tokyo, Japan) integrated with an energy disper-
sive X-ray spectrometry system (INCA, Vs. 4.14, Oxford Instruments KK, Tokyo, Japan).

3. Results
3.1. Characterization of RESFACs

Table 2 presents the proximate analysis results for the various RFESFAC products.
As shown, the moisture content of the KOH-activated products increases from 16.76 to
23.51 wt.% as the impregnation ratio increases from 1:3 to 1:5. Similarly, the moisture
content of the ZnCl-activated products increases from 13.31 to 14.98 wt.%. Meanwhile,
the fixed carbon content increases from 16.26 to 23.84 wt.% for the KOH products and
23.26 to 38.09 wt.% for the ZnCl, products. The greater moisture content of the RFSFAC
products under a greater impregnation ratio implies that a stronger activator concentration
is beneficial for increasing the surface area of the activated carbon, and hence for increasing
the hygroscopic properties of the product [40]. Meanwhile, the higher fixed carbon content
of the activated RFSFACs with a greater impregnation ratio reflects a corresponding reduc-
tion in the volatile and ash content of the products. In particular, the volatile content of
the KOH-activated products reduces from 56.38 to 42.24 wt.% as the impregnation ratio
increases from 1:3 to 1:5, while that of the ZnCl,-activated products reduces from 48.24
to 33.44 wt.%. The reduction in the volatile content arises since the activators degrade
the surface structure of the activated carbon, and thus facilitate the easier removal of the
volatile substances [41]. There is also a slight reduction in the ash level with an increasing
activator concentration, i.e., from 10.59 to 10.41 wt.% for the KOH-activated products and
15.19 to 13.50 wt.% for the ZnCl, products. It is speculated that the reduction in the ash
content is the result of a reaction between the activator and the minerals contained in the
RFS raw material. It is noted that this inference is consistent with the findings of a previous
study [41] which showed that the ash content produced during pyrolysis depends on both
the amount and the composition of the mineral salts in the raw material.

Referring to the EDS analysis results presented in Table 2, it can be observed that
the KOH-derived RFSFAC has a carbon content from 72.29 to 78.40 at.%. By contrast, the
ZnCly-derived FAC has a higher carbon content from 65.94 to 81.83 at.%. In other words,
while both RFSFACs have a high carbon content, ZnCl, yields an improved activation
effect. The EDS analysis results additionally show that the RFESFACs activated using KOH
contain relatively large amounts of potassium, while those activated using ZnCl, have
relatively large contents of chlorine and zinc.

Figure 1 shows the thermal decomposition behaviors of the carbonized RFSFC charcoal
and RFSFAC products, respectively. For the RESFC product, the mass remains approxi-
mately constant until 400 °C, and then rapidly decreases, almost to zero at a temperature of
650 °C. The rapid weight loss at temperatures from 400 to 650 °C is associated mainly with
the formation of ash as a result of devolatilization. Comparing the weight loss behaviors of
the activated RFSFAC products, it can be obsserved that the products activated using KOH
(i.e., RFSFAC1~3) decompose more rapidly than those activated using ZnCl, (RFSFAC4~6).
For the RFSFC activated with KOH, the mass loss can be explained as follows: A significant
mass loss occurs at around 150 °C as a result of dehydration and moisture evaporation [42].
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Then, the mass loss is around 70% of the total weight percentage at a temperature of around
450 °C. The weight loss is primarily attributed to the decomposition of activating agencies.
J. Zhang et al. [42] explained that when the temperature is around 200 °C, KHCOj3 is rapidly
decomposed to H,O and CO;, leading to increased weight loss. At higher temperatures
(e.g., from 700 to 900 °C), the mass continues to reduce due to the release of carbon oxide
and potassium sublimation [43]. The following equation may describe the reaction on a

carbon surface (Cs) using KOH activation [44,45]:

2KOH — KO + H,O (dehydration) @D
C¢ + HO — H; + CO (water-gas reaction) 2)
CO + H,O — H; + CO, (water-gas shift reaction) 3)
K70 + CO, — K,CO3 (carbonate formation) 4)
Table 2. Proximate analysis results and elemental contents before and after the activation process with different activating
agents and impregnation ratios.
KOH ZnCl,
Proximate Analysis (Weight %) RFSFC Powder RFSFAC
1 2 3 4 5 6
Moisture 0.43 16.76 20.61 23.51 13.31 13.76 14.98
Volatile matter 97.06 56.38 47.37 42.24 48.24 34.90 33.44
Fixed carbon 1.05 16.26 21.25 23.84 23.26 36.97 38.09
Ash 1.46 10.59 10.77 10.41 15.19 14.38 13.50
Elemental Contents (Atomic %)
Carbon 7411 72.29 77.63 78.40 65.94 81.83 80.05
Oxygen 11.06 27.65 19.92 18.73 23.77 12.67 17.42
Nitrogen 13.66 - - - - - -
Silicon 0.16 0.05 0.61 0.37 0.93 0.03 0.10
Potassium 0.86 - 1.84 25 0.08 0.02 0.07
Chlorine - - - - 4.41 3.45 1.25
Zinc - - - - 4.86 2.00 1.11
110
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Figure 1. Thermal decomposition analysis results for RESFAC products prepared using different

activating agents and impregnation ratios.
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During the activation process, K;CO3 was formed, and the carbon was simultaneously
reduced to K, K,O, and CO,, and a porous carbon surface was also developed. The metal
of K was created at a temperature above 700 °C during activation of the K,O. The potential
reaction could be as follows [45,46]:

KO + Hy — 2K + H,O (reduction by hydrogen) 5)
K0 + C¢ — 2K + CO (reduction by carbon) (6)
K,COj3 +2C — 2K + 3CO (reduction by carbon) 7)

Because the boiling point of K is 780 °C [44] and the activation process was carried
out at 800 °C, there is a significant loss of potassium metal in the activated carbon. The
XRD patterns, presented in Figure 2a, show that the activated RFSFAC products prepared
using KOH have an amorphous carbon structure. The presence of broad peaks at around
26.69° and 43.24° indicates that the carbon layer planes are aligned [47].

Intensity (a.u)

—— RF5FAC 3 (R 1:5)

MWMW
P

Intensity (a.u)

——RFSFAC 1 (R 1:3) ® ZnCl, —— RFSFAC 4 (R 1:3}
=C ——RFSFAC 2 (R 1:4) A4 InO —— RFSFAC 5 (R 1:4)
=

—— RFSFAC 6 (R 1:5)

= C

20 25 30 35 40 45 50 20 25 30 35 40 45 50
2-Theta (degree) 2-Theta (degree)
(a) (b)

Figure 2. XRD patterns of RFSFAC products prepared using different impregnation ratios and activating agents. (a) KOH;

(b) ZnCl,.

Referring to the TGA results in Figure 1, it can be observed that the ZnCl,-activated
samples (RFSFAC4-6) experience a weight loss of around 80% by the end of the heating
process. The significant reduction in mass that occurs over the temperature range from 150
to 450 °C can be attributed to the release of moisture from the solid-phase ZnCl,. The more
gradual reduction in mass from 450 to 650 °C is, then, the result most likely of volatile
evolution, while that at temperatures higher than 700 °C reflects the total evaporation of the
liquid phase from the ZnCl, Previous studies have reported that ZnO/carbon compounds
are formed at 550 °C and reduce to metallic zinc at temperatures higher than 800 °C [21].
These findings are supported by the XRD patterns shown in Figure 2b for the present
RFSFACs activated using ZnCl,. In particular, the sharp diffraction peaks at 31.74°, 34.38°,
36.22°, and 47.48° correspond to ZnO (PDF card 76-704), while those at 25.46°, 29.35°, and
38.29°, respectively, correspond to ZnCl, (PDF card 74-517). Finally, the peaks at 26°, 62°,
and 43.93° correspond to C (PDF card 26-1077) and indicate the existence of graphite in
the activated RFSFAC products [48].

As shown in Figure 3a, the BET surface areas of RFSFACs 1~3 (prepared with KOH)
are approximately 42, 141, and 160 m?/g, respectively. Similarly, the BET surface areas
of RFSFACs 4~6 (prepared with ZnCly) are 256, 400, and 456 m? /g, respectively (see also
Table 3). For both sets of RFSFACs, the surface area increases with an increasing activator
concentration due to the enhanced effect of the activation substance seeping into the RFS
charcoal and opening the surface [49]. It can be observed that for a given impregnation
ratio, the ZnCl, activation agent results in a higher specific surface area than that obtained
using KOH. In other words, of the two activating agents, ZnCl, provides a more effective
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activation performance. This may be because the RFS is lignocellulosic materials [50] with
a greater content of oxygen and the ZnCl, is an acidic reagent capable of interacting with
functional oxygen groups in RFS charcoal, thus catalyzing dehydration reactions, resulting
in charring and creation of the pore structure [43].

500 10
1 e RISFC o~ 71 =—&—RFSFC
450 5 <on ///" g 9 1 —e—xou
400 ——zacl, T ] W 2 %
] 5% \
20 350 E . N
g 300 2 7
— . b =] 6 -
$ 250 1 o
] 254 % e
200 5 = —0
8 {1 * g4l >
2 -,
2 150 I 20 4 < —
-] A e
wn 100 4 P = é 27
50 & 24
0 T T T T T T T | T T T T T T T
NCA 13 1:4 1:5 NCA 1-3 1:4 1:5
Impregnation ratio Impregnation ratio
(a) (b)

Figure 3. (a) Brunauer-Emmett-Teller (BET) surface area; (b) average pore diameter of treated RFSFAC, with different
activating agents and impregnation ratio. (NCA, non-chemical activation).

Table 3. Textural properties of RFSFACs.

BET Adsorption Average Pore Pore Area

Sample (m?/g) Quarsl’ti’ty Diameter (nm) Mesopores Micropores Macropores
(em/g) (m?/g) (%) (m%g) (%) (m%g) (%)

RFSFC 178 55.91 4.83 11.41 68 5.18 31 0.24 1
RFSFAC1 42 27.35 9.03 9.25 78 2.19 18 0.44 4

RFSFAC2 141 58.03 5.21 16.38 66 8.08 32 0.46 2

RFSFAC3 160 61.83 4.64 16.39 63 9.34 36 0.44 2

RFSFAC4 256 87.20 4.19 13.88 68 6.39 31 0.20 1

RFSFAC5 400 132.92 3.54 24.74 68 11.50 32 0.20 1
RFSFAC6 456 150.38 3.44 28.46 70.1 11.95 294 0.20 0.5

Referring to Figure 4a, the total pore area of the KOH-activated RFSFAC products
increases from 11.88 to 26.17 m? /g as the impregnation ratio increases from 1:3 to 1:5 (see
also Table 3). Similarly, for the ZnCl,-activated products, the total pore area increases from
20.47 m?/g to 40.61 m?/g. Furthermore, the proportion of mesopores (diameter between 2
and 50 nm) in the KOH products gradually decreases with an increasing impregnation ratio,
while the proportion of micropores (diameter < 2 nm) gradually increases. By contrast,
for the ZnCl, products, the proportion of mesopores increases, while the proportion of
micropores decreases, as the impregnation ratio increases. It should be noted that these
findings for the ZnCl, products are consistent with those reported in [30] for the production
of activated carbon from cocoa pod husks. In general, all of the present RESFACs have
around 60-80% micropores, 18-36% mesopores, and fewer than 4% macropores. However,
of all the RESFACs, RFSFAC6 has the highest pore area (40.61 m?/g) and percentage of
mesopores (70.1%).
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Figure 4. (a) Barrett-Joyner-Halenda (BJH) adsorption pore area distribution; (b) pore size distribution for RFSFACs,
prepared with different activating agents and impregnation ratios.

Figure 5 presents the nitrogen adsorption isotherms of the various RESFAC products.
For all of the products, the nitrogen adsorption capacity increases rapidly in the low relative
pressure regime (0 < P/Py < 0.2), but then increases more slowly with an increasing relative
pressure before reaching an approximately constant value at a relative pressure of around
P/Py = 0.98. The isotherms are consistent with those reported in [48,51-53] and can be
classified as type I isotherms based on the IUPAC classification. For both activation agents,
the nitrogen adsorption quantity increases with an increasing impregnation ratio due to a
widening of the microporosity. Since all of the RESFACs have a similar isotherm type, it
can be inferred that they all contain micropores. However, for a given relative pressure
and impregnation ratio, the ZnCl,-activated products yield higher nitrogen adsorption
than the KOH-activated samples. This may be due to the pore area and mesoporous
structures that were created by ZnCl, which were higher than KOH. Thus, among all of the
present RESFAC products, the product prepared using the ZnCl, activating agent with an
impregnation ratio of 1:5 yields the highest nitrogen adsorption quantity of 150.38 cm?/g.
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Figure 5. Nitrogen desorption isotherms for RFSFACs prepared with different activating agents and
impregnation ratios.

Figure 6 presents SEM micrographs of the various RFSFACs. Large pores or macrop-
ores are evident in all of the samples. However, no mesoporous or micropores can be seen
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due to the relatively low magnification level of the images (5000x). Overall, the images
show that for both activating agents, the percentage of macropores remains approximately
unchanged as the impregnation ratio increases (see also Figure 4b and Table 3).

@

Figure 6. SEM micrographs (5000 x magnification) of RESFACs prepared with different impregnation ratios (1:3, 1:4, and
1:5). (a—c) with KOH; (d—f) with ZnCl,.

3.2. Performance Comparison of Present RFSFACs with Other Biomass Activated Carbons

Table 4 gives an overview of activated carbon characteristic results in this study, and
some of the results of previous studies.

Table 4. Textural properties of activated carbon prepared from various biomass feedstocks.

Chemical Adsorption Average Pore Carbon Content

Precursor Activation Agent BET (m/g) Quantityp(cm?’/g) Diame%er (nm) (at.%) Ref.

Oil palm shell ZnCl, 1118 330 2.2 50 [52]
Tamarind seeds KOH 2.72 Na Na 23 [45]
Coir pith ZnCl, 910 Na Na 70 [54]
Bamboo wastes - 719 Na Na 77 [10]
Cassava peel KOH 1605 Na Na 59 [53]
Tea industry waste ZnCl, 1066 Na 22 79 [2]
Cigarette filter waste KOH 328 74 3.01 69 [55]
ZnCI2 953 Na 1824 75 [56]

Coconut shell ZnCl, 251 Na Na Na [57]
H,S0,4 435 Na Na Na [58]

RFSFAC ZnCl, 456 151 34 80.05 This

work

Note: Na, not available.

4. Discussion

The characteristics of activated carbon are highly dependent on the precursors used,
the impregnation ratio, the carbonization time, and the carbonization temperature [59].
In other words, the use of different raw materials and activation treatments can result in
activated carbons with very different properties. The RESFAC6, with a ZnCl, impregnation
ratio of 1:5, surpasses all other samples (seen in Table 3). Using ZnCl, as an activating
agent, RFSAC formed a relatively stable carbon structure below 400 °C, and then began
to deteriorate the carbon matrix, resulting in porosity between 400 and 500 °C. At higher
temperatures, ZnCl, has been vaporized and decomposed into zinc and chlorine, which
could cause more pores to form [60]. In fact, by increasing the impregnation ratio of the
activating agent, more pores would be created. The impregnation ratio increased, the
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References

concentration of ZnCl, attached to the sample surface increased, resulting in a more violent
activation reaction, which had a good effect on porosity development. In this study, based
on the general results, it can be concluded that RFSFAC treated with ZnCl, is better than
that treated with KOH. This is the same result as previously reported by D. Anis, et al. [61].
Table 4 compares the textural properties of the optimal RFSFAC prepared in the present
study (RFSFAC6) with those of 10 other activated carbon materials reported in the literature.
As shown, RFSFAC6 has only a moderate surface area (456 m?/g) and pore size (3.4 nm)
but has the highest carbon content (80.05 at.%) of all the considered materials. According
to the conventions of the International Union of Pure and Applied Chemistry, pore sizes
ranging from 2 to 50 nm (mesopores) provide an effective absorption performance for
many contaminant materials [62]. For example, RESFAC6 with a mesopore size of 3.4 nm
has significant potential as an absorbent material for wastewater treatment and water
purification purposes. Furthermore, with its high carbon content of 80.05 at.%, it also has
significant promise for use as a pack carburizing medium in heat treatment processes [63].

5. Conclusions

This study has prepared fine activated carbon (FAC) from rubber fruit shells (RFS)
using two different activating agents (KOH and ZnCl,) and three different impregnation
ratios (1:3, 1:4, and 1:5). The various products have been systematically characterized and
compared by thermogravimetric analysis (TGA), energy dispersive X-ray spectrometry
(EDS), X-ray diffraction spectroscopy (XRD), and scanning electron microscopy (SEM). In
general, the results have shown that ZnCl, outperforms KOH as an activator in terms of a
higher specific surface area and carbon content. Furthermore, the activation performance of
ZnCl, improves with an increasing impregnation ratio. For the highest impregnation ratio
of 1:5, the ZnCl,-activated RFSFAC has a BET surface area of 456 m?/g, an average pore
size of 3.44 nm, a nitrogen absorption capacity of 150 cm®/g, a 70% mesoporous structure,
and a carbon content of 80.05 at.%. Overall, the results indicate that RFS has significant
potential as a low-cost, abundant, and effective precursor for the preparation of FAC with
high carbon content.
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