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Refining Micropore Capacity of Activated Carbon
Derived from Coconut Shell via Deashing Post-
Treatment
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The discovery of new methods to control porosity and microarchitecture
may lead to the refinement of carbon materials from lignocellulose as
advanced functional materials. However, the high ash content on the
surface of lignocellulosic biomass reduces the surface area and
adsorption properties of the activated carbon. This study presents a novel
approach, using a deashing post-treatment as the pore generator, to
increase the quality of the activated carbon. The micropore capacity was
improved by deashing post-treatment with distilled water, where 80% of
the total pore ratio of the activated carbon was occupied with micropores.
Ultrasonic treatment was able to penetrate deeper into the structure of
coconut shell activated carbon, creating cavities and pores, thus
increasing the surface area. Understanding the effects of these new
controlling methods on pore refinement can elucidate the microporous
fabrication of other activated carbons from high ash-content lignocellulosic
biomass.
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INTRODUCTION

The demand for activated carbon is increasing globally, approaching an estimated
USD 8.12 billion in 2021, while in terms of volume the overall market is projected to reach
3,860 kilotons (Tiwari 2017). Most commercial activated carbon production relies on
coal, as it is the most commonly used raw material (Robinson et al. 2001; Saleem et al.
2019). Because coal mining adversely affects the global environment and ecosystem, the
use of coal is being reduced (Singh 2013; Goswami 2015). Therefore, the amount of highly
modifiable carbon materials should be increased to meet the demand. Lignocellulosic
biomass is a great alternative to replace coal for activated carbon production. The carbon
source, preparation conditions such as temperature and atmosphere, and preparation
methods affect the structure and properties of the carbon material (Hamasaki et al. 2019).
The discovery of new methods to control the porosity and microarchitecture has the
potential to lead to the refinement of carbon resources from lignocellulose as advanced
functional materials.

The high-density and rigidity of nutshell biomass makes it a promising modifiable
material for producing activated carbons with microporous structure (Mesa and Spokas

Chin et al. (2020). “Coconut shell activated C,” BioResources 15(4), 7749-77609. 7749


mailto:ngpaiksan@gmail.com
mailto:kitling.chin419@gmail.com

PEER-REVIEWED ARTICLE b | oresources.com

2016). Hence, coconut shell (CS) was chosen as the carbon material for surface
refinement and structure modification in this study. One new method to refine carbon
resources as advanced functional materials is the two-stage continuous physical activation
via air and N2 on high-ash biomass pretreated with phosphoric acid (HzPO4). This process
significantly increases the quality of the activated carbon (Lee et al. 2018). However, the
activated carbon exhibits a high ash content and possesses a typical mesoporous structure
with moderately high specific surface area. The same results were presented in other
research (Lee et al. 2017, 2019; Tsai and Jiang 2018). A huge percentage of ash blocks the
surface entrance to the micropores of the activated carbon and prevents the application of
the carbon material. CS tends to have a high ash content (above 15%) with a low ash-
melting temperature (LOpez et al. 2010). The amount of ash content in the biomass
feedstock negatively correlates with the specific surface area of the produced activated
carbon (Ahiduzzaman and Islam 2016). This is due to the fusion of molten ash, which clogs
the pores of the carbon during the high temperature conversion process, thereby decreasing
accessible surface area (Ronsse et al. 2013). All of these factors are directly limiting the
industrial application and usage of activated carbon derived from lignocellulosic biomass
with a naturally high ash content.

The usage and performance of a carbon material are determined by its surface area,
pore size, and surface properties. Poor characteristics of pore size and surface properties
are the main limitations to the adsorption capacity and are extremely difficult to control in
commercial carbons. Controlled pore size and pore size distribution with specific surface
characteristics are necessary for specific end use because the performance of porous carbon
depends strongly on pore structure as well as surface characteristics. The success of
biomass conversion into activated carbon with high microporous structure depends on two
main factors: creation of high surface area through the development of micropores and
removal of ash content during the activation process. Li et al. (2016) reported that increases
in the specific surface area and pore volume were consistent with decreasing ash content.
Thus, deashing is a crucial process for the conversion of lignocellulosic biomass into
advanced functional activated carbon. Deashing offers the possibility of modifying and
controlling the porous texture of the activated carbons by varying the preparation
conditions and techniques.

The kinetics of removing the ash forming element in distilled water and HzPO4
under conventional stirring was selected as the topic for this study. Deashing treatments by
soaking the biomass or char in hot dilute acid or hot water have been reported (Pandey et
al. 2015; Lee et al. 2018, 2019). The results provide insights into the influence of water in
removing ash content from CS. However, some lignocellulosic biomass consists of higher
non-water soluble elements that cannot be easily removed by water. Thus, washing with
dilute acid has been developed. Phosphoric acid (HsPOa), hydrochloric acid (HCI), and
hydrofluoric acid (HF) are the most common agents reported to efficiently eliminate
mineral matter and other impurities from various types of lignocellulosic biomass
(Hagemann et al. 2018; Li et al. 2020; Yacob and Al Swaidan 2012). Lignocellulosic
biomass specimens that were impregnated with HCI and HF resulted in higher mesopore
volume, while H3POj4 resulted in higher micropore volume (Jayaraman et al. 2017; Tan et
al. 2017; Zhang et al. 2017). This is due to the milder reaction of HsPO4 on the biomass,
which sufficiently unclogged the pores but had less damaging effects on the pore wall.
Thus H3POg, as a milder agent, was selected in this study to remove minerals that were
initially clogging the pores of the activated carbon. As reported by Haykiri-Acma and
Yaman (2019), Na, K, Ca, Mg, and Fe were effectively removed by H3sPOa treatment.
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However, the success of the deashing post-treatment greatly depends on the raw materials
and deashing conditions. A few studies have indicated that the extraction of ash content by
different deashing techniques differs considerably for different sources of materials (Chin
et al. 2015; Sana et al. 2018). Reaction temperature should also be considered because the
prolonged exposure to severe deashing conditions may result in drastic reduction of pore
wall thickness and eventually lead to the collapse of pores.

Ultrasonic treatment was selected as the potential deashing post-treatment in this
study. Ultrasonic waves intensify deashing, extraction, ionic exchange, and other
hydrometallurgical processes (Wang et al. 2017). No similar work has been reported using
ultrasonic post-treatment to modify and refine surface structure of activated carbon derived
from CS. The proper selection of deashing treatments needs to be evaluated on a case-by-
case basis, as it highly depends on the ash removal effectiveness of different treatment
method, and the effect of these treatments leading to pore size and absorption capabilities
of the activated carbon.

The overall objective of this work was to study the effects of these deashing
techniques (water, H3PO4, and ultrasonic) on pore refinement and surface modification of
activated carbons from high ash-content lignocellulosic biomass. The study determined the
impact of deashing process parameters, including the types of deashing technique and
deashing temperature on the adsorbent characteristic of activated carbon derived from CS.
Understanding the effects of these deashing methods on pore refinement can shed light on
the microporous fabrication of other lignocellulosic-based activated carbon for the use as
advanced functional materials with dynamically controlled micropore size and tunable
surface properties.

EXPERIMENTAL

Material
CS was collected, cleaned, and dried in an oven at 105 °C for 48 h. The dried raw
materials were crushed and sieved to 2- to 5-mm size range.

Methods
Preparation of coconut shell activated carbon samples

A specified mass of the dried CS was impregnated with 30% phosphoric acid
(H3PO4) with an impregnation mass ratio of 1:1 at 80 °C for 2 h. The pretreated particles
were filtered and washed with distilled water. The washed pretreated particles were dried
at 105 °C for 48 h. Physical activation was performed in a horizontal laboratory tube
furnace. For two-stage continuous physical activation, the HsPO4 pretreated samples were
activated continuously in two-stages with different gas carriers, air and N2. The activation
temperature was set at 600 °C for both activation stages with the heating rate of 3 °C/min.
For “N2> Air” activation, the pretreated samples were activated in N2 (flow rate = 100
mL/min) for 75 min before undergoing the air activation (flow rate = 100 mL/min) for 30
min. The method on the preparation of CS activated carbon was selected based on the
optimum condition from the authors’ previous study (Lee et al. 2018), for which the CS
activated carbon produced achieved the highest BET surface area value.

Deashing post-treatment
Three different deashing post-treatments: (1) soaked in distilled water; (2) soaked
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in 30% of HsPO4 solution; or (3) ultrasonic treatment were selected in this study. The
activated carbon samples were impregnated with distilled water or phosphoric acid with an
impregnation ratio in mass of 1:1 at three different temperatures (room temperature (RT),
60, and 100 °C), respectively for 2 h. For ultrasonic post-treatment, the activated carbon
samples (20 g per batch) were placed in an ultrasonic oscillator at different temperature
(40, 60, and 80 °C). Ultrasonic post-treatment was carried out at a power of 2 kW and a
frequency of 20 kHz for a duration of 2 h. Once the deashing solution was removed, the
sample was washed with ambient temperature distilled water (25 to 28 °C) using a solid:
liquid ratio of 1:100 (w/v), by removing the liquid phase by centrifugation. The washed
samples were dried at 105 °C for 48 h and then stored in desiccators. Each of the nine
treatments (3 deashing post-treatments x 3 deashing temperatures) was replicated 5 times.

Test standards

The experimental methods used for the testing process and the calculation for the
physiochemical properties of bioadsorbent were according to Lee et al. (2017). Methylene
blue and iodine number of activated carbon were determined according to the standard
method; JIS K 1470-1991 and ASTM D4607-94, respectively. The specific surface area
was determined by the Brunauer Emmett-Teller (BET) method. In order to analyse the
morphology of the activated carbon, the sample prepared at the optimum condition was
examined using Scanning Electron Microscope (SEM). A Thermo Scientific ARL
QUANT'X Energy Dispersive X-ray Fluorescence (EDXRF) machine was used for the
elemental analysis.

Data analysis

Statistical analyses were carried out using the statistical package SPSS for
Windows, version 16.0 (SPSS, Chicago, IL, USA). This was used to evaluate the data of
adsorption properties of activated carbon for analysis of variance (ANOVA) at 95%
confident level (P < 0.05). The Tukey-Kramer multiple comparison test was applied to
analyse the differences of the treatment effects when significance was observed. The
effects were considered not statistically significant when the p-value was higher than 0.05
at the 95% confidence level.

RESULTS AND DISCUSSION

Effect of Deashing Treatments on the Physicochemical Properties of the
Activated Carbon

The properties of CS activated carbon derived from deashing post-treatment and its
physiochemical properties are summarized in Table 1. The two-way ANOVA (deashing
technique and temperature) revealed significant differences of deashing technique
(p<0.01), temperature (p<0.01) and interaction between two factors (p<0.01) on
physiochemical properties of the post-treated activated carbon.

The CS activated carbon post-treated with ultrasonic method demonstrated the
lowest mass yield. The weight loss of CS activated carbon prepared under ultrasonic post-
treatment was 79.1%. The high amount of mass loss is caused by the mechanical effect of
ultrasound, which accelerated the motion of suspended particles leading to high mass
transfer from the activated carbon (Wang et al. 2017). The activated carbon from distilled
water resulted with the least mass loss. The minimal mass loss value reflected that the
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treatment with distilled water is mild and caused very minimal degradation on the activated
carbon. As listed in Table 1, the mass loss increased with the increasing temperature. The
increasing temperature contributes to the reduction in external mass transfer and facilitates
a higher mass loss for the activated carbon.

Table 1. Effect of Deashing Treatments on the Physiochemical Properties of the

CS Activated Carbon.

Sample Temp Yield Bulk pH Ash Volatile Carbon
(°C) (%) Density Content | Content | Content
(g/cm®) (%) (%) (%)

Raw material - - 0.542 6.3 1.17 9.24 88.85

Activated carbon - 35.31 0.540 7.5 5.42 10.48 83.17
Distilled RT 33.70% 0.5302° 7.28 2.51° 7.56° 89.82°
water 60 32.65° 0.5282 7.3° 2.68° 6.242 91.05%

100 29.22¢ 0.5272 7.5° 4.31° 6.21°2 89.46°

HsPO4 RT 27.06° 0.557¢ 2.29h 8.62° 9.03" 82.009

60 24.55¢ 0.598¢ 2.39 9.34" 8.90 81.67"

100 23.87 0.613f 2.2" 10.88' 8.85° 80.22

Ultrasonic 40 22.728 0.536° 4.5¢ 2.23 8.97¢ 88.39¢

60 21.14" 0.534bc 4.2¢ 2.78¢ 8.54¢ 89.58¢

80 20.94" 0.5302° 4.0 4.64 7.44° 87.90f

p-value <0.001 <0.001 <0.001 | <0.001 <0.001 <0.001

Note:

Means followed by the same letters (superscript) in the same column are not significantly different

at P<0.05 according to Tukey’s test.
The p-values reveal the strength of differences between factors (deashing technique x temperature)
on the physiochemical properties of the CS activated carbon.

Distilled water and ultrasonic post-treatment gradually reduced the bulk density of
the activated carbon. The bulk density for activated carbon prepared via ultrasonic and
distilled water post-treatment was comparable to commercial activated carbon. The typical
bulk density for activated carbon is 0.45 to 0.55 g/cm? (Yenisoy-Karakas et al. 2004). The
bulk density decreased almost linearly with increasing temperature during distilled water
and ultrasonic post-treatment. Bulk density decreased with progression of activation due
to porosity development (Lima and Marshall 2005; Abechi et al. 2013).

Table 1 shows that the activated carbon from distilled water treatment slightly
reduce the pH of the activated carbon to near-neutral. Distilled water was able to remove
adhering dust, salt, and parts of metal impurities, which includes alkaline metal from the
activated carbon (Kilpimaa et al. 2014; Liu et al. 2018). The pH of adsorbent, which is
near to neutral, is useful in all classes of dye wastewater treatment and drinking water
purification (Baseri et al. 2012). The carbon prepared under ultrasonic treatment was
slightly acidic. This may due to the ultrasonic cavitation generated in the solution and
causes micro-bubbles during ultrasound treatment. When micro-bubbles collapse, high
energy is released and converted to high pressure and high temperature, and can generate
both physical and chemical effects (Kawasaki et al. 2007; Koda et al. 2009; Li et al. 2018).
The chemical reaction from ultrasonication shifted the activated carbon to acidic form.

An increasing trend of ash content in the range of 8.62 to 10.88% occurred on the
CS activated carbon prepared under HsPO4 post-treatment. This result indicated that some
chemical remained in the activated carbon after washing (L&szI0 et al. 1997; Anisuzzaman
et al. 2015). Although elements such as Na, K, Ca, Mg, and Fe could be effectively
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removed by HsPO4 treatment, formation of phosphorus containing new phases caused to
increase in ash yield (Haykiri-Acma and Yaman 2019). The entrapped polyphosphates in
the activated carbon after HsPO4 post-treatment contributed to a slight increase of ash
content in CS activated carbon and gave the final product with acidic character. Deashing
via distilled water was effective in removing most of the impurities from the activated
carbon. The reduction of impurities led to the lowest ash content compared to other
deashing techniques, as shown in Table 1. The ash is a non-carbon material, which is
usually mineral elements that are not attached to the surface of the carbon. It can influence
the adsorptive capacity of the activated carbon, as it is linked directly to the pore structure
of the activated carbon (Anisuzzaman et al. 2015). In other words, when the value of the
ash content decreases, the efficiency and adsorptive capacity of the prepared activated
increase.

The positive effects of the deashing were counteracted by the amount of ash and
volatiles content left on the activated carbon. The volatile content was reduced with the
increasing deashing temperature. A higher elimination rate of volatile contents and higher
development rate of pore structure accrued with thermal treatment. The CS activated
carbon achieved the lowest volatile content when post-treated with 100 °C distilled water.

The decreasing of volatile content directly increased the fixed carbon content of the
CS activated carbon. The highest fixed carbon content was at the rate of 91.0% for CS
activated carbon. Thus, 60 °C was the optimum temperature for distilled water post-
treatment by virtue of maximum fixed carbon content and minimum ash content for CS
activated carbon. Activated carbon obtained from this optimum condition was brittle,
bright in colour, and light weight. These properties are the expected characteristics for
activated carbon (Thwe et al. 2018).

Effect of Deashing Treatments on the Adsorption Properties of the Activated
Carbon

The adsorption properties of activated carbon derived from post-treated CS are
compiled in Table 2. The two-way ANOVA (deashing technique and temperature) revealed
significant differences of deashing technique (p<0.01), temperature (p<0.01), and
interaction between two factors (p<0.01) on the adsorption properties of the post-treated
activated carbon.

According to Chen et al. (2011), the performances of activated carbons may be
expressed in terms of yield, iodine, and methylene blue numbers. Methylene blue is used
to measure the pore greater than 1.5 nm in diameter. The adsorption capacity of methylene
blue on the activated carbon was dependent on pH values. Methylene blue (cationic dye)
and acidic activated carbon tend to give positively charged ions when dissolved in water
(Gercel et al. 2008). Higher adsorption of methylene blue occurred on the activated carbon
which are slightly acidic. This was due to the coexistence of a competitive adsorption with
H* (Liuetal. 2017). However, with activated carbon of pH < 3.5, the number of negatively
charged adsorbent decreased and the number of positively charged surface increased,
which did not favour the adsorption of positively charged dye cation due to electrostatic
repulsion (Nsami and Mbadcam 2013). Low methylene blue adsorption for HzPO4 post-
treated carbon may also be caused by the presence of excess H* ions competing with dye
cations for the available adsorption sites (Tadjarodi and Ghawami 2017). Through the
adsorption properties results, the CS activated carbon post-treated with distilled water
achieved the highest methylene blue adsorption, which was three times that of the activated
carbon without post treatment. The results show that the produced activated carbon via
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distilled water post-treatment achieved neutral pH value. Activated carbon with neutral pH
is favoured for accumulation of methylene blue dye (Baseri et al. 2012). As stated by
Zulkania et al. (2018), the pH value of commercial activated carbon is neutral to slightly
alkaline which is around 7.5 to 9.

Table 2. Effect of Deashing Treatments on the Methylene Blue and lodine
Adsorption of the CS Activated Carbon

Sample Temperature Methylene Blue lodine Adsorption

(°C) Adsorption (mg/g) (mg/qg)
Raw material - 1.79 1.71

Activated carbon - 133.29 525.57
Distilled RT 374.25° 602.83°
water 60 409.622 627.972
100 369.89 577.70¢
RT 129.45¢9 280.77¢
H3PO4 60 123.55" 261.22"
100 119.96' 203.51
40 397.06° 560.02°
Ultrasonic 60 404.49¢9 586.08°
80 392.70¢ 554.43
p-value <0.001 <0.001

Note: Means followed by the same letters (superscript) in the same column are not significantly
different at P<0.05 according to Tukey’s test.

The p-values reveal the strength of differences between factors (deashing technique x temperature)
on the methylene blue and iodine adsorption of the CS activated carbon.

The iodine number indicates adsorption capacity, reflecting the amount of
micropores with diameters larger than 1 nm. Furthermore, iodine adsorption is used as an
approximation of the surface area of adsorbent (Babatunde et al. 2016). The deashing post-
treatment shows a great potential for the production of microporous activated carbon as a
means to remove a range of pollutants from wastewater effluent. The highest iodine
adsorption for CS activated carbon was attained when it post-treated with 60 °C distilled
water. The increase in iodine adsorption capacity reflects the high degree of activation. Hot
distilled water was able to remove impurities and ash in the adsorbent (Peng et al. 2018).
Beyond that, the iodine adsorption of activated carbon decreased when the temperature was
increased from 60 to 100 °C. According to Arenas and Chejne (2004), high post-treatment
temperatures have the tendency to halt the development of porous structures and to have a
thinning effect on pore walls, which will cause the wall to collapse and eventually reduction
in the adsorption capability with prolong treatment.

Activated carbon post-treated via HsPO4 obtained the lowest iodine adsorption. The
low iodine adsorption for activated carbon produced by HsPOs may also explain the
deterioration of porous structure which probably caused by the destruction of the wall
between adjacent micropores from the reaction with HsPO4 (Sych et al. 2012; Kumar and
Jena 2016). The iodine adsorption capacity decreased with the increase in H3PO4 deashing
temperature. This was attributed to the damage of the morphological structure of the
activated carbon. The changes on the morphological structures are further explained below.

Effect of Deashing Treatment on Surface Characteristics of Activated Carbon
The surface characteristics of post-treated activated carbon are shown in Table 3,
and the porosity ratio is illustrated in Fig. 1. The N2 adsorption isotherm of the sample is
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shown in Fig. 2. The microporous activated carbon were synthesized successfully using
distilled water post-treatment. From the results of the porosity ratio (Fig. 1), distilled water
post-treatment helped in producing micropore activated carbon. The entire 80% of the total
pore ratio was occupied with micropores on CS activated carbons prepared via distilled
water post-treatment. CS activated carbon achieved the highest surface area (692 m?/g)
when post-treated with 60 °C distilled water. The data of surface area is consistent with the
results of the adsorption properties. Distilled water treatment plays a crucial role for the
development of pore in CS activated carbon. Water evaporation eases the removal of
chemicals from the micropores (Siipola et al. 2018). However, the surface area and pore
volume were decreased when the temperature of the distilled water was increased from 60
°C to 100 °C, indicating a non-linear development of the char porosity with the activation
temperature. The reduction of the micropore surface area can be explained by the widening
of the pores from micro size to meso, as shown in Table 3.

Table 3. Surface Characterization of the Activated Carbon via Deashing Post-
Treatment

Sample Temperature BET Surface Area Micropore Pore | Pore Size

(°C) (m?2g?h) Volume (nm)
(cm® g?)

Raw Material - 0.84 0.0013 6.30
Activated carbon - 479.17 0.05 0.62
Distilled water RT 486.78 0.17 2.26
60 692.22 0.26 1.52
100 338.52 0.13 2.53
H3PO4 RT 210.33 0.07 43.17
60 204.63 0.04 43.68
100 177.79 0.07 43.95
Ultrasonic 40 482.24 0.14 8.24
60 415.30 0.18 10.05
80 259.40 0.10 15.19

= Micropore surface area = Mesopore surface area * Macropore surface area

Ultrasonic - 80°C ===8 89.87
Ultrasonic - 60°C TltadTatzt———— 50.19
Ultrasonic - 40°C E—ag0—————=1030= 45.70
H3PO4 - 100°C 100.00
H3PO4 - 60°C 89.63
H3PO4 - RT =te7t—=670 76.59

H20-100°C %906 o743 3.8
H20-60C E—8908——————————ufgo%F 471

H20 - RT = 88:89 ~— %36 4.75

Activated carbon S =g F6==010
Raw material 100

0 20 40 60 80 100

Fig. 1. The porosity ratio for the raw material, activated carbon, and post-treated activated carbon
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The surface characteristics of activated carbon were found to be temperature-
dependent. The pore volumes of activated carbon increased with the increasing temperature
to 60 °C. Further increasing the temperature (higher than 60 °C) showed a decreasing
effect. This may because the higher temperature treatment removed some unburned carbon
and degraded most of the micropores, which resulted in the reduction in surface area and
pore volume (Wang et al. 2005). The result has marked that the distilled water post-
treatment induced a higher surface area for CS activated carbon by the reduction the pore
size.

The least efficient post-treatment was H3zPOa. The large proportion of macropores
(76% to 100%) resulted in a low surface area for activated carbons prepared via H3PO4
deashing. The addition of H3PO4 causing changes in the structure and adsorption properties
of the activated carbon. HsPO, causes degradation of organic material, which weakens the
surface of activated carbon (Maulina and Iriansyah 2018). The pore wall thickness may be
reduced to the point of disappearance, causing surface area and pore volumes to decrease
(Sych et al. 2012; Siipola et al. 2018).
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Fig. 2. N2 adsorption isotherm for (a) raw material and (b) activated carbon and (c) activated
carbon derived from deashing treatment
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Figure 2a establishes the N> adsorption isotherm acquired from the raw material
CS. The raw material CS conforms to type |1 isotherm, where B points out the zone where
the monolayer becomes filled. This result indicated that CS is a nonporous or material with
whole external surface. Figure 2c establishes the N, adsorption isotherm acquired from the
post-treated CS activated carbon. Activated carbons prepared via H3PO4 conformed to the
type 1V (b) isotherm. The initial part of the type-1V (b) isotherm for carbon represents
micropore filling, and the slope of the plateau at high relative pressure is due to multilayer
adsorption on non-microporous surfaces, i.e., in mesopores, in macropores, and on the
external surface (Roquerol et al. 2013; Wang et al. 2013). CS activated carbon prepared
via ultrasonic bath conformed to the type-1V (a) isotherm. This result indicates a significant
microporous and mesoporous network system present in both activated carbons.

The CS activated carbon post-treated with distilled water conformed to the type |
isotherm. This implies that the activated carbons can be categorized as microporous solids
having relatively small external surfaces such as activated carbons, molecular sieve
zeolites, and certain porous oxides. A steep uptake at very low p/p° is due to enhanced
adsorbent-adsorptive interactions in narrow micropores (micropores of molecular
dimensions), resulting in micropore filling at very low p/p°. All curves exhibited type |
isotherm, which implies a near absence of external surface for further adsorption.

Effect of Deashing Treatment on the Surface Morphology of Activated
Carbon

Scanning electron micrographs of raw material, activated carbon, and activated
carbon derived from post-treatment included the H3POg, distilled water, and ultrasonication
are illustrated in Figs. 3, 4, 5, and 6, respectively.

Figure 3a presents the micrographs for the CS raw material. Its surface was dense
and planar without any cracks and crevices. This would account for its poor or negligible
BET surface area (Table 3). As shown in Fig. 3a, the surface of raw material CS with holes
that were spaced out on the surface have smooth edges. Most of the pores of the CS were
closed up at the magnification of the SEM. Endocarp biomass types such as CS exhibit
significantly higher bulk density and hardness due to their high cellular density. The high
bulk density corresponds to low porosity. This explains its non-porous structure. Moreover,
two-stage continuous physical activation uncovered mesopores and micropores that were
previously covered/clogged and simultaneously created new pores by selective burning off
the carbon atoms (Fig. 3b). However, some impurities and unclear pores were still present
on the surface of the activated carbon. The presence of the impurities and ash led to the
low surface area and low adsorption for the activated carbon.

The morphology of activated carbon prepared under HzPOas post-treatment is
displayed in Fig. 4. In all cases, there was a rough appearance by the dehydrating effect of
H3PO4. There was an increase of pore blockage and a decrease in pore structure due to the
drastic reaction of the chemical reagent. Before those residual ash could be washed out
from the pores with H3PO4 solution, the walls between adjacent pores could have been
collapsed. This effect was more evident in samples treated with HsPO4 with higher
temperature. The surface area of the CS activated carbon post treated via Hz3POs was
melted, and the pores were no longer visible, as shown in Figs. 4b and 4c. The low surface
area also can be attributed to the pore blockage on the adsorbent surface by the remaining
chemical agent (Yunus et al. 2020). Post-treatment via H3POs was unable to promote
further deashing, which might be due to the insulating layer formation on the adsorbent
surface (Li et al. 2016; Peng et al. 2018). This study shows that HsPOa post-treatment
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affected the interior cell walls and the pore structure of activated carbon. This supports the
results of the iodine number for activated carbon prepared via HsPO4 post-treatment being
lower than the other activated carbon. There were numerous cracks distributed over the
surface, indicating the severe interaction of the HsPO4 with the CS during post-treatment.
The drastic change on the carbon surface had resulted a low adsorption capability and
surface area to the CS activated carbon.

The SEM analysis suggested that deashing via distilled water was effective to
produce high porosity for CS activated carbon (Fig. 5). When the post-treatment
temperature was increased from room temperature to 60 °C, the pore development in CS
activated carbon increased (Fig. 5b). CS activated carbon post-treated with 60 °C distilled
water adopted a regular arrangement of pores with well-arranged holes and smooth walls.
As stated by Gisi et al. (2016), distilled water removes dirt, dust, and other surface
impurities from the activated carbon. Furthermore, activated carbon post-treated with
distilled water had a regular and highly micro-porous surface, indicating relatively high
surface area. The surface area of the CS activated carbon post-treated with 60 °C distilled
water was highly enhanced by the presence of smaller pores, which can hold smaller
particles from solution during adsorption. This observation is supported by BET surface
area of the CS activated carbon, as illustrated in Table 3. CS activated carbon gained the
highest BET surface area when it was post-treated via distilled water. However, it is
noteworthy that CS activated carbon has low performance (less porous) when post-treated
at high temperature (100 °C) (Fig. 5c).
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(a) Raw Material (b) Activated Carbon

Fig. 3. Scanning electron micrograph of raw material and activated carbon at 1000x magnification

100 um 100 um

(a) Temperature: RT (b) Temperature: 60°C

Fig. 4. Scanning electron micrograph of HsPOa post-treated activated carbon at 1000x magnification
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Fig. 6. Scanning electron micrograph of ultrasonic post-treated activated carbon at 1000x magnification
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Effects of ultrasound post-treatment on CS activated carbon is shown in Fig. 6. This
experiment further manifests the capability of ultrasonic treatment to penetrate deeper into
the structure of CS activated carbon, creating cavity and pores, thus increasing the surface
area. The high surface area may be due to the vibrating effect from ultrasonic post-
treatment. The collapse of the bubbles generates enormous energy. The generated shock
waves contribute to the removal efficiency. As shown in Fig. 4b, the inorganic impurities
adhered to the untreated activated carbon in a rigid as well as loose manner. These
impurities were removed by ultrasonic post-treatment, as shown in Fig. 6a. That image
shows a number of unfilled cavities. It is apparent that the unfilled cavities were due to
removal of ash material by ultrasonic treatment. However, there was a noticeable increase
of pore size on the CS activated when the ultrasonic temperature increased from room
temperature to 60 °C (Fig. 6b to 6¢). The increased pore size was very well correlated with
the reduction of surface area. Surface area and volume decreased, while the diameter of the
pore increased, indicating the reduction of available micropore and mesopore volumes
(Cheng et al. 2016; Boruah et al. 2019). The increasing pore size on the CS activated
carbon caused the reduction of surface area when the impregnation temperature increased
from room temperature to 60 °C. During ultrasonication, liquid macroscopic turbulence
and high velocity collisions between solid particles in the deashing system are produced
by the micro jet, shock wave, acoustic streaming, and other mechanical effects (Li et al.
2018). Ultrasonication is a harsher deashing treatment than the other treatments applied in
this study. With the high capabilities to remove rigid impurities, ultrasonic deashing is
highly suggested for porosity and microarchitecture refining of activated carbon with
higher abrasion number such as palm kernel shell (Lee 2019).

Elemental Analysis of Raw Material and Distilled Water Post-Treated
Activated Carbon

The EDXRF evaluation of raw material, activated carbon, and the CS activated
carbon post-treated via distilled water at 60 °C is shown in Table 4. The raw material
contained a high amount of potassium. A notable characteristic of solid biomass as
compared to coal is their significantly higher potassium content. Biomass contain variable
proportions of potassium, a key plant nutrient, and this is one of the more significant
components affecting ash behaviour (Mason et al. 2017). Biomass with high potassium
contents react with other ash forming elements (i.e. Cl, Si, P, and S) and lead to different
ash related operational problems (Wang et al. 2012). Major ash forming elements such as
Ca, K, and Si are of relevance for the ash melting behaviour and deposit formation (Chin
et al. 2018). The ash forming elements tend to influence the formation and characteristics
of the ash.
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Table 4. EDXRF Analysis for Raw Material, Activated carbon, and Distilled Water
Post-Treated Carbon

Element in Raw Material Activated Carbon Distilled Water Post-
Oxide treatment
SiO2 3.75 - -
P20s 1.16 65.74 64.36
MgO - - -
SOs 15.48 16.61 30.68
K20 29.89 8.65 0.79
CaO 23.06 4.61 3.59
TiO2 0.46 0.25 0.29
CrO 0.11 0.08 0.04
MnO 0.22 0.07 -
Fe20s3 9.42 1.99 0.14
NiO 0.04 - 0.01
CuO 0.82 0.08 0.04
ZnO 0.90 0.04 0.06
Dy203 8.90 1.85 0.07

The increase of ash content of the activated carbon was caused by the oxidation
reaction during the physical activation, which reduced the adsorption capabilities. This is
mainly due to pores clogged by various minerals including Ca and K. The deposition of
minerals on the surface of activated carbon was also reported by Sukoyo et al. (2019). As
noted by Husillos Rodriguez et al. (2016), the largest components found in activated carbon
ash were Si, Fe, and S. The EDXRF result reveals that distilled water post treatment
decreased the ash forming elements including Fe, K, and Ca. The deashing post-treatment
reduced the proportion of the ash forming elements. The result shows that the Fe mineral
was highly reduced via the deashing post-treatment. According to Wise et al. (2016),
deposited Fe blocks pores, thereby reducing catalyst activity. Additionally, Fe2.O3 blocks
the inner pores of activated carbon (Santos et al. 2015). Deashing via distilled water
decreased the Fe particles from the CS activated carbon.

Amongst all elements, Fe2O3 and SiO: are the hardest substances to remove
(Madakson et al. 2012). There was 100% reduction of the SiO. in CS activated carbons
during the distilled water deashing process. This result is in good agreement with the
physiochemical result for this present work. As stated by Maulina and Iriansyah (2018), a
higher silica content result in a higher ash content in the adsorbent. The low concentration
of SiOz contributed to the low amount of ash content in the CS activated carbon (Table 1).
The results indicate that post-treatment with distilled water led to microporous activated
carbon with superior physical characteristics.

CONCLUSIONS

1. A high amount of ash was successfully removed through the post-treatment. Ash
forming elements including Fe, K, and Ca are broadly reduced from the CS activated
carbon.

2. Distilled water deashing process was more efficient in enhancing the micropore volume
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of CS activated carbon, as 80% of the total pore ratio was occupied with micropores.

3. Post-treatment with distilled water produced a commercial grade activated carbon with
superior physical characteristics included high yield, high fixed carbon content, and
maximum adsorption capability.

4. Ultrasonic treatment penetrated deeper into the structure of CS activated carbon,
creating cavities and pores, which increased the surface area. Ultrasonic deashing
treatment is highly suggested for porosity and microarchitecture refining of activated
carbon with high abrasion number to withstand harsher treatment from ultrasonic
deashing process.
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