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Abstract 
 

This study aimed to produce palm kernel shell granular activated carbon (PKSGAC) from slow vacuum 
pyrolysed PKS biochar (PKSB) via chemical activation using a horizontal tubular split zone furnace. 
The study also investigated the effects of varying parameters of the PKSGAC on its colour removal 
ability. The PKSB was activated through chemical activation using potassium hydroxide (KOH) at 
various parameters such as activation temperature (700 oC to 850 oC), KOH concentration (50 % w/v 
to 100 % w/v) and particle size of PKSB (0.4 mm to 2.5 mm). The novelty of this work lies in the study 
of chemical activation on various particle size ranges using response surface methodology (RSM) to 
model the relationships between various parameters. The PKSB was characterized to determine its 
thermal condition, and the PKSGAC was characterized to determine the iodine number, bulk density, 
ash content, moisture content, surface area and morphology structure. The parameters that were used 
for each sample were determined by using the RSM based on central composite design (CCD). In this 
study, design expert version 11.0 software was used and three parameters as independent variables 
were manipulated. Finally, three different PKSGAC samples of different particle sizes were used to test 
for the methylene blue (MB) dye removal with the concentration of 5 mg/l, 10 mg/l, 15 mg/l and 20 mg/l. 
Thermal analysis showed that the total weight loss of the PKSB sample was 58.30% and for PKSGAC 
the range of the product yield as shown from the RSM was from 33.23 % to 96.33 %. The RSM also 
showed that the values for moisture content were in a range from 0 % - 39 %, as for the ash content 
value from 2 % - 12 %, while for the bulk density ranged from 0.17 g/cm3 - 0.50 g/cm3. The highest 
iodine value achieved was 1320 mg/g at activation temperature of 850 oC, KOH concentration of 50 % 
w/v and particle size of 0.4 mm. From the RSM, an iodine number of 1100 mg/g could be obtained using 
an activation temperature of 850oC, the KOH concentration of 69.22 % w/v and the particle size of 0.59 
mm. From the BET analysis, the PKSGAC sample obtained 581 m2/g for SBET and 0.3173 cm3/g for the 
Vtot. The highest percentage dye removal of MB dye was 89.61 % to 97.63 % at 775oC activation 
temperature, 75 % w/v KOH concentration and 0.4 mm particle size. This work produced RSM models 
to predict the relationships between the parameters and the response, as well as the performance on 
MB dye removal. 
 
Keywords: Activated carbon, Chemical activation, Palm kernel shell biochar, Potassium hydroxide, 
Pyrolysis. 
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1. Introduction 
 

Biochar has a lot of uses in agronomic and environmental applications which can either be 
produced by thermal decomposition of biomass under oxygen-limited conditions or by the pyrolysis 
process. The activation temperature during the pyrolysis process can affect the specific surface area, 
pore volume and biochar microspores. The choice of process parameters depends on the desired product 
where fast pyrolysis produces a higher yield of bio-oil as compared to biochar while a vacuum and slow 
pyrolysis produce a higher yield of biochar [1]. Biochar can be activated into activated carbon (AC) 
through physical activation or chemical activation. Biochar undergoes partial gasification with activation 
agents such as steam or carbon dioxide. The gasification process is conducted at temperatures ranging 
from 700oC to 900oC and this process is known as the physical activation method.  As for chemical 
activation, the biochar is commonly impregnated with chemicals such as zinc chloride (ZnCl2) and 
phosphoric acid (H3PO4) [2].  

AC is an amorphous carbonaceous material derived from biochar which is from biomass, lignite 
and hard coal, synthetic materials and others. There are various sources for biochar such as palm kernel 
shells (PKS), rice husk, sugar cane and hazelnut shells. AC can appear in various shapes which are in 
powder form, granular form and pellet form [3]. The difference in sizes of the AC has different 
applications in industries. The characteristic of the AC varies with the source of biochar, the temperature 
of the pyrolysis process and the activation method. Sun et al. [4] reported that biochar from poultry 
residue has a larger surface area and porosity as compared to biochar derived from wheat straw even 
though both are produced under the same temperature which is at 400 oC. According to Ahmed et al. [5], 
modified biochar increases pore structure, surface area and also the functionality. In industry, the 
powdered AC ranges from 10 μm - 100 μm and granular activated carbon (GAC) ranges from 0.4 mm - 
2.5 mm are preferred due to their diverse uses. However, GAC is more preferred as compared to the 
powdered one. According to Menya et al. [6], this is due to the particles size where the smaller AC 
needs to be separated from the water source after being applied. In addition, powdered AC has low bulk 
density, thus it needs to be added in a great volume to allow high adsorption of micro-pollution [7]. 
However, due to the high production and regeneration cost of GAC, it becomes a limitation to the 
application scale [8]. 

Palm kernel shell (PKS) is one of the solid biomass that is generated during palm fruits processing 
in the palm oil industries. The reason to use PKS as the biomass for the biochar is due to the 
physicochemical properties such as high mechanical strength, porous surface, high chemical stability, 
various functional groups and insolubility in water [9]. According to Yuliusman et al. [10], PKS biochar 
(PKSB) is a good precursor for AC since it contains 26.6% cellulose and 27.7% hemicellulose. The high 
content of cellulose and hemicellulose in the PKSB contributes to the adsorption properties. There are a 
few types of pyrolysis processes that can be used to produce biochar from biomass which are slow 
pyrolysis, vacuum pyrolysis and fast pyrolysis. The yield of production for biochar and bio-oil is the 
highest when using either vacuum or slow pyrolysis process [11]. It was found that through a slow 
pyrolysis process, it could develop biochar with the highest surface area as compared to the vacuum 
pyrolysis process [1,11,12]. For the PKS, the physical activation process produced a minimal surface 
area of 167 m2/g and a maximum surface area of 607 m2/g, whereby the chemical activation process 
produced a minimal surface area of 743 m2/g and a maximum surface area of 1295 m2/g.  

There is limited research that had been conducted on the chemical activation of PKS biochar 
derived from slow vacuum pyrolysis and combined with varying activation temperature, the 
concentration of KOH and particle sizes, on the quality of AC. Therefore, this study aimed to produce 
palm kernel shell granular activated carbon (PKSGAC) from slow vacuum pyrolysed PKSB via 
chemical activation using a horizontal tubular split zone furnace and to investigate the effects on varying 
parameters of the PKSGAC on its colour removal ability. The PKSB was activated through chemical 
activation using potassium hydroxide (KOH) at various parameters such as activation temperature 
(700oC to 850oC), KOH concentration (50% w/v to 100% w/v) and particle size of PKSB (0.4 mm to 
2.5 mm). The PKSGAC was characterized to determine their thermal condition, iodine number, bulk 
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density, ash content, moisture content, surface area and morphology structure. The parameters that were 
used for each sample were determined by using the response surface methodology (RSM) based on 
central composite design (CCD). In this study, design expert version 11.0 software was used and three 
parameters as independent variables were manipulated. Finally, three different PKSGAC samples were 
used to test for the methylene blue (MB) dye removal. 
 
2. Materials and methods 
 
2.1. Materials 
 

Commercial PKSB in the size range from 0.5 cm to 1 cm was provided by Borneo Energy Sdn. 
Bhd. Malaysia. For the activation process, a KOH pellet (ChemAR) was supplied by Classic Chemicals 
Sdn. Bhd. Malaysia. As for the iodine number determination, the 0.1N sodium thiosulfate solution; HCl 
with 37% concentration and MB dye for colour removal application was purchased from Merck Sd. 
Bhd. Malaysia. The starch indicator solution was supplied by HACH Malaysia.  

 
2.2. Equipment 

 
The PKSB were ground using an automatic continuous hammer mill grinder at 2850 rpm and 

separated according to their various sizes (0.4 mm to 2.5 mm) using a sieve shaker. The thermal 
behaviour of raw PKSB and the PKSGAC was studied by using the thermogravimetric analyzer 
(TGA/DSC, Mettler Toledo). The surface structure of the samples was determined by scanning electron 
microscope (SEM, Carl Zeiss MA10). The surface area for the PKSGAC was determined using the BET 
(Brunauer-Emmet-Teller) method. Ultraviolet-visible (UV-Vis) spectroscopy was used to determine the 
concentration of MB adsorbed.  
 
2.3. Preparation for PKSB sizes 

 
In order to prepare PKSGAC, the PKSB needed to have uniform sizes for every sample. The PKSB 

underwent size reduction and sieving by using a grinder and 3 different sieves mesh sizes of 2.36 mm, 
1.4 mm and 0.425 mm to obtain a PKSB particle size range of 0.4 mm to 2.5 mm. The low hardness of 
PKSB allowed easy crushing despite minimal force exerted. However, during the sieving process, there 
were limited sieve sizes that could be used. The exact sieve sizes for the PKSB separation (0.4 mm and 
2.5 mm) were not available. Hence, the nearest sieve sizes of 0.425 mm and 2.46 mm were used.    
 
2.4. Preparation of PKSGAC 

 
The KOH pellet was diluted with distilled water to achieve the desired concentration which was 

from the range of 50 % w/v to 100 % w/v of KOH. The dilution was conducted using the volumetric 
flask. It was then added with 30 g of PKSB with different sizes inside a 250 ml beaker. The mixture was 
sealed using an aluminium foil and shaken thoroughly to ensure the raw material and the activation agent 
were completely mixed and kept for 2 h at room temperature to ensure that the KOH could penetrate to the 
interior of the PKSB [13]. The mixture was filtered using a Whatman no.2V filter paper and a filter 
funnel. Then, the PKSB samples were heated inside the oven at 103 oC for 24 h using the beaker to 
remove the excess solution before being put inside the furnace for activation. All the samples were put 
through the activation process. The activation process involved placing the samples on a steel tray and 
subsequently placing them inside the furnace which was held at a temperature according to its respective 
parameters listed in Table 1.  Vacuum condition was achieved by injecting nitrogen gas. After the 
carbonization process, the samples were washed with 3 M of HCl and filtered using a beaker, filter paper 
and spatula. The acid-washing step removed the soluble salts and potassium compounds that resulted in 
the development of an accessible microporosity [13]. The mixture was then washed again with distilled 
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water until the solution reached a neutral pH of 7. The samples needed to be washed with distilled water 
in order to get rid of chloride [10]. The preparation of the PKSGAC step was important to ensure that 
the pore structure of the sample could be seen clearly. This was because the process of washing with 
HCl and water could remove the potassium and basic compounds that blocked the pores. The samples 
were then dried in an oven at a temperature of 80oC until a constant weight was achieved and stored in 
an airtight container before being characterized for its physical and chemical properties. The dried sample 
was weighed and the percentages of the yield of PKSGAC produce were calculated using equation 1. 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑦𝑖𝑒𝑙𝑑 (%) =  
𝐹𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠   
𝑥100                                                                                             (1) 

 
 

Response surface methodology (RSM) was used to optimize an output variable or the response, 
which was influenced by several input variables. The software was a collection of statistical and 
mathematical techniques for empirical model building, to form regression model equations [14,15]. In 
this RSM software, central composite design (CCD) was used as the model to obtain the set of 
experiments [14-16]. On the other hand, BBD had fewer design points and never included runs that had 
low settings. In this study, design expert version 11.0 software was used and three parameters as 
independent variables were manipulated. The maximum and minimum for every variable were set which 
were activation temperature (A) (700 oC-850 oC), KOH concentration   (B) (50 % -100 % w/v) and particle 
size of PKSB (C) (0.4 mm-2.5 mm). The full design matrix consisted of 1 factorial point, 1 axial point and 
4 replicates at the centre points. 18 experiments were conducted and collected data were fed into the 
RSM model. Results were produced in the form of equations and response surface graphs. Table 1 
shows the experimental design found based on RSM. 

 
Table 1. Set of experiments in the RSM model 

 
Run Factor 1  

(A), oC 
Factor 2  
(B), % 

Factor 3  
(C), mm 

1 700 50 0.40 
2 700 100 0.40 
3 700 50 2.50 
4 700 100 2.50 
5 700 75 1.45 
6 775 75 2.50 
7 775 75 1.45 
8 775 75 1.45 
9 775 75 1.45 

10 775 75 1.45 
11 775 50 1.45 
12 775 100 1.45 
13 775 75 0.40 
14 850 50 0.40 
15 850 100 0.40 
16 850 75 1.45 
17 850 100 2.50 
18 850 50 2.50 

  
The parameters needed to be varied in order to determine the optimum condition of the activation 

process that was able to achieve the desired quality of PKSGAC. The molarity of the KOH was 8.91 
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mol/l for 50%, 13.37 mol/l for 75% and 17.82 mol/l for 100% of KOH. However, there was difficulty in 
obtaining the desired sizes for the PKSB. Thus, the nearest sieve sizes were used to sieve the PKSB 
which were 0.425 mm, 1.4 mm and 2.36 mm.  

 
2.5. Characterization of PKSGAC 
 

Characterization analyses were important in order to understand the characteristics and            properties 
of the PKSGAC. The PKSB was characterized to determine its thermal condition, and the PKSGAC 
was characterized to determine their iodine number, bulk density, ash content, moisture content, surface 
area and morphology structure. 
 
2.5.1. Thermal analysis 
 

The thermal stability of loaded and unloaded samples was evaluated using thermogravimetric 
analyzer TGA/DSC (Mettler Toledo). The initial PKSB sample weight was 22.50 mg and the TGA/DSC 
was operated at a temperature of 10oC/min at a nitrogen supply rate of 20 ml/min. The temperature was 
increased from 30oC to 850oC before terminating the process at 900oC.  
 
2.5.2. Iodine number 
 

The sodium thiosulfate (Na2S2O3) volumetric titration was used based on the ASTM D4607, 2006 
to determine the iodine number of the samples. 0.2 g of PKSGAC was put into a 250 ml Erlenmeyer 
flask equipped with a ground glass stopper. 10 ml of 5% HCl solution was added into the flask and 
swirled gently. The stopper was loosened and the sample was heated to boil for 30 s. The sample was then 
removed and cooled at room  temperature. 100 ml of 0.1 N iodine solution was pipetted into the flask 
and was shaken vigorously for 30 s. The mixture was filtered using filter paper (Whatman number 2v). 
First, 30 ml of the filtrates were used to rinse the pipette. The filtrate was swirled and 50 ml of it was 
pipetted into a clean 250 ml Erlenmeyer flask. The filtrate was titrated with 0.1 N Na2S2O3 solution until 
the solution turned yellow. 2 ml of the starch indicator was added and the titration continued until the 
solution turned colourless. The volume of Na2S2O3 used was recorded. The iodine number ( ) per gram 

of carbon was calculated using equation 2. 
 

𝐼𝑜𝑑𝑖𝑛𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 
𝑋

𝑀
=

𝐴 − (𝐷𝐹)(𝐵)(𝑆)

𝑀
                                                                                                (2) 

 
 

Where, 𝐴 = (N2) iodine (12693.0); N2 = iodine (N) = 0.1 N; 𝐷𝐹 = dilution factor = (100+10)/50 = 2.2; 𝐵 
= (N1)(126.93); N1 = Na2S2O3 (N) = 0.1N;  𝑆 = Na2S2O3 (ml) 
 

The second titration with Na2S2O3 was done in order to detect the presence of iodine. The blue-
black colour solution turned colourless when there was no iodine present in the solution. This total 
amount of Na2S2O3 used in order to change the color of the solution to colorless was recorded to 
calculate the iodine number for the sample.  
 
2.5.3. Bulk density 
 

Bulk density was calculated according to the estimation by using the measuring cylinder. The 
PKSGAC samples were put inside the 10 ml measuring cylinder. There were two repetitions and the 
average was taken for bulk density determination. Bulk density was calculated using equation 3. 
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𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
𝑔

𝑐𝑚3
=  

𝑃𝐾𝑆𝐺𝐴𝐶 𝑤𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 10 𝑚𝑙 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑖𝑛𝑔 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟

10𝑐𝑚3
                            (3)  

 
 
2.5.4. Ash content 
 

The standard test method for ash content followed the ASTM D2866-94. A crucible was preheated 
in the furnace to about 600oC, cooled in a desiccator and weighed. 1 g of sample was put into the crucible 
and reweighed. The sample was then put inside the cold furnace and the temperature was allowed to rise 
to 600oC. The sample was heated with the presence of oxygen for 4 hours. It was then cooled in a 
desiccator at room temperature and reweighed. For each test, there were two repetitions. The ash content 
was calculated using equation 4. 
 

𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡, % =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 𝑎𝑠ℎ 𝑝𝑟𝑜𝑐𝑒𝑠𝑠,   𝑔

 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑎𝑠ℎ 𝑝𝑟𝑜𝑐𝑒𝑠𝑠,   𝑔
𝑥100                                           (4) 

 
 
2.5.5. Moisture content 
 

A thermal drying method was used where 1 g of sample was weighed, put inside the crucibles and 
reweighed. The sample was placed inside the oven at 103oC to constant weight for 24 h. Then, the 
sample was reweighed and the moisture content was calculated. For the moisture content, it was repeated 
two times. 
 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡, % =
𝐿𝑜𝑠𝑠 𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑛 𝑑𝑟𝑦𝑖𝑛𝑔,   𝑔

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡,   𝑔
𝑥100                                                           (5) 

 
 

2.5.6. Surface area 
 

The specific surface area was determined by using the Brunauer-Emmett-Teller (BET) method 
(Vsorb 4800S) with adsorption-desorption isotherm of nitrogen at -196 oC. The specific surface area 
was determined according to the BET method at the relative pressure at 33.5 atm. The sample was 
preheated at 150 oC under vacuum conditions. The time for degassing was 8 h under nitrogen conditions. 

 
2.5.7. Morphology structure 
 

The surface structure of the raw PKSB and PKSGAC samples were determined from the 
micrograph obtained from the scanning electron microscope (SEM, Carl Zeiss MA10). The samples were 
coated with gold before being analyzed with an operating condition of electron high tension (EHT) at 
15 kV, the working distance (WD) at 7 mm and magnification power were between 5 X and 2.00 kX. 
This process was conducted under pressure vacuum mode.  

 
2.6. Application for colour removal 
 

Three different PKSGAC samples were selected from Table 1. The samples were selected based 
on the conditions in which they were chemically activated. According to the literature, the optimum 
activation temperature range from 700 oC to 850 oC [10,17]. The three samples selected represented 
samples from three treatment temperatures (i.e. 700 oC, 775 oC and 850 oC), three KOH concentrations 
(50 % w/v, 75 % w/v, and 100 % w/v) and two-particle sizes (i.e. 0.4mm and 2.5 mm) and were used 
to test for the colour removal of MB with concentrations of 5 mg/l, 10 mg/l, 15 mg/l and 20 mg/l. They 
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were samples from various combinations of these conditions and named with a code number according 
to their activation condition, i.e. 850-50-2.5, 700-100-0.4 and 775-75-0.4 following the sequence of 
activation temperature, KOH concentration and particle size. These conditions were chosen to show the 
breadth of the effect of the conditions on the MB removal. 

0.02 g of MB dye was dissolved with 1000 ml distilled water in a 1l volumetric flask. The initial 
concentration for the MB dye was 20 mg/l. The MB solution  was diluted using a pipette with distilled 
water to obtain the concentration ranging from 5 mg/l to 20 mg/l. The prepared MB solution with 
different concentrations was checked with ultraviolet-visible (UV-Vis) spectroscopy to construct the 
calibration curve. 25 ml of MB solution with known initial concentration was mixed with 0.2 g of 
PKSGAC samples. The mixture was put inside the 150 ml Erlenmeyer flasks with an airtight stopper. 
The mixture was shaken in a temperature-controlled shaker water bath at 60oC for 50 min [18]. The 
concentration of MB solution was determined by using UV-Vis spectroscopy at 𝜆  660 nm. The 
percentage of MB dye removed was calculated using equation 6. 
 

% 𝐷𝑦𝑒 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =  
𝐶0 − 𝐶𝑒

𝐶0
 𝑥 100                                                                                                             (6) 

 
Where, 𝐶  is the initial concentration of MB, mg/l; 𝐶  is the concentration at equilibrium, mg/l 
 
 
3. Results and discussion 
 
3.1. Thermal analysis 
 

 
Figure 1. TGA analysis for the PKSB 

 
Figure 1 shows the result for the thermal decomposition properties of the PKSB with a total of 

four peaks and the first peak appeared below 120 oC. It indicated that the evaporation of light was usually 
a volatile matter. Since the sample needed to be heated at a high temperature, the more volatile 
component evaporated at 120oC. The second, third and fourth peaks indicated the decomposition of 
hemicellulose, cellulose and lignin. The TGA curve showed that the amount of char left at the end of the 
pyrolysis process was 33.39% that was equivalent to 7.51 mg. The amount of residue was high even 
after the huge weight loss for the sample. This was due to the larger particle size of the sample which 
was around 0.5 to 1 cm. A previous study stated that the larger particles size yielded more residue due 
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to the poor heat transfer to the inner biomass surface that led to low average particle temperature [19]. 
The first weight loss happened from 30.96 oC to 114.96 oC. The maximum peak of weight loss rates 
attributed to water and organic vaporization with the peak at 78.78oC and weight derivative of -5.04%/m. 
The second regime was between 260oC  to 370oC for hemicellulose and cellulose with the peak at 
355.78oC and derivative weight of -2.85%/m. The third regime was from 400oC to 460oC. It indicated 
the lignin decomposition with the peak at 406.78 oC and derivative weight of -1.07%/m. From Figure 1, 
there were no significant changes in the weight loss for the sample at a temperature between 120oC until 
320oC. The total weight loss of the sample was 58.30% which was 13.12 mg from 22.50 mg of PKSB 
in the initial. Figure 2 shows the DSC curve for PKSB. Figure 2 shows the peaks of solid freezing which 
indicated that the heat was released for PKSGAC. The peaks showed at 78.8oC which was the melting 
temperature with a peak height of 9.84 MV. 
 

Table 2 shows the raw data from the characterization of the PKSGAC obtained from the 18 
experiments as suggested by the RSM listed in Table 1; percent yield, iodine number, bulk density, ash 
and moisture content for PKSGAC. The raw data was used in the RSM to develop the polynomial model 
equations. 
 

Table 2.  Raw data from the characterization of the PKSGAC 
 

Temperature  

(oC) 
Concent
ration 
(%) 

Size 
(mm) 

Percent 
yield 

Amount 
of 

Na2S2O3 
(ml) 

Iodine 
number 
(mg/g) 

Bulk 
density 
(g/cm3) 

Ash 
content 

(%) 

Moisture 
content 

(%) 

700 50 0.40 90.33 29.4 224.16 0.47 8 32 
100 0.40 42.67 30.8 204.61 0.20 9 1 
50 2.50 89.33 29.3 225.56 0.50 2 27 

100 2.50 60.00 41.6 538.18 0.29 4 1 
75 1.45 59.33 41.1 607.99 0.40 12 1 

775 75 2.50 96.33 41.3 580.07 0.46 7 40 
75 1.45 51.67 39.7 803.47 0.24 9 0 
75 1.45 51.43 39.8 789.51 0.33 8 0 
75 1.45 49.77 39.5 831.39 0.27 6 1 
75 1.45 51.70 39.7 803.47 0.21 9 1 
50 1.45 43.00 39.4 845.35 0.23 8 0 

100 1.45 63.00 38.1 1026.86 0.17 7 9 
75 0.40 54.67 39.7 803.47 0.30 8 1 

850 50 0.40 42.33 36.0 1320.07 0.34 8 0 
100 0.40 43.20 38.7 943.09 0.35 6 39 
75 1.45 43.00 39.0 901.20 0.29 6 0 

100 2.50 33.23 40.0 761.58 0.21 7 4 
50 2.50 64.67 40.2 733.655 0.45 8 0 

 
From Table 2, it can be seen that the range of the product yield was between 33.23% and 96.33%. 

According to Adinata et al. [20], when higher impregnation ratios were used, the release of volatile 
products increased. This was due to the increased dehydration and elimination reactions. This gave a 
higher weight loss of produced PKSGAC. This could be proven from the data obtained were at the same 
PKSGAC size and KOH concentration which were 2.5 mm and 100% w/v, the yield decreased from 
60% to 33.23% with the activation temperature of 700oC and 850oC respectively. It can be seen that the 
higher iodine number was achieved with the particle size of 0.4 mm, temperature 850oC and 
concentration 50% w/v with 1320.07 mg/g (Table 2). The second highest iodine number achieved was 
1026 mg/g for activation temperature of 775oC, KOH concentration of 100% w/v, the particle size of 
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1.45 mm with a total of 38.1 ml of Na2S2O3. The high amount of iodine number indicated there was a 
high amount of iodine that was being adsorbed by the     PKSGAC.  

 

 
Figure 2. DSC analysis for PKSB 

 
Table 2 shows that the value for moisture content ranged from 0% - 39%, the ash content value 

ranged from 2% - 12%, while bulk density ranged from 0.17 g/cm3 - 0.50 g/cm3 respectively. Based on 
the collected data, the bulk density, ash content and moisture content were related to each other. The 
lower amount of moisture and ash indicated that the bulk density was relatively small. The amount of 
ash content inside the PKSGAC affected the application of the AC. The higher ash content reduced the 
overall activity of the AC and also reduced the efficiency for reactivation [21]. Therefore, the lower 
amounts of ash content showed better adsorbent performance. Lower moisture content in AC improved its 
quality as water vapour competed in the adsorption process to fill the adsorption sites within the pores. 
Higher moisture reduces the efficiency of AC [22]. Bulk density was used to determine the mass of 
carbon that could be contained in a filter of a given solids capacity and the amount of treated liquid that 
could be retained by the filter cake [21].  

The experimental data obtained in Table 2 were used to calculate the coefficients of the quadratic 
polynomial equation. The regression equation for the response variables in terms of coded factors, 
obtained through RSM    are given to the equations (7-11): 
 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑦𝑖𝑒𝑙𝑑 (%)

= 54.78 − 11.42𝐴 − 8.79𝐵 + 7.04𝐶 + 5.80𝐴𝐵 − 0.4950𝐴𝐶 − 1.75𝐵𝐶 − 7.27𝐴2

− 5.44𝐵2 + 17.06𝐶2                                                                                                              (7) 
 

 
𝐼𝑜𝑑𝑖𝑛𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 (𝑚𝑔/𝑔)

= −17499.16238 + 39.70331𝐴 + 11.28012𝐵 + 1483.98419𝐶 − 0.042809𝐴𝐵

− 1.75063𝐴𝐶 + 3.50992𝐵𝐶 − 0.019447𝐴2 + 0.115397𝐵2 − 156.20599𝐶2      (8) 
 

 
𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡, %

= 2.69 − 1.90𝐴 − 0.5𝐵 − 0.1𝐶 + 12.5𝐴𝐵 − 3.75𝐴𝐶 − 3.75𝐵𝐶 − 4.38𝐴2

− 0.3810𝐵2 + 15.62𝐶2                                                                                                         (9) 
 

 
𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡, % = 7.33 − 0.1𝐵 − 1.1𝐶 − 0.75𝐴𝐵 + 1.5𝐴𝐶 + 0.25𝐵𝐶                                               (10)  
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𝐵𝑢𝑙𝑘 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 
𝑔

𝑐𝑚3

= 0.2705 − 0.0221𝐴 − 0.0777𝐵 + 0.0245𝐶 + 0.0305𝐴𝐵 − 0.0193𝐴𝐶

− 0.0243𝐵𝐶 + 0.0641𝐴2 − 0.0809𝐵2 + 0.0991𝐶2                                                    (11)
 

 
Where, A is activation temperature (oC), B is KOH concentration (% w/v) and C is particle size (mm). 
 

In the regression equations, the negative sign assigned for the coefficient indicated an inverse 
effect between the factor and the response variable. Conversely, the positive sign indicated a synergistic 
effect [23]. Figure 3 shows the 3D graphic surface for the percent yield of the PKSGAC activated. 
 

   
(a) (b) (c) 

 
Figure 3. 3D graphic surface for the yield percentage of the PKSGAC according to size (a) 0.4 mm, (b) 

1.4 mm, and (c) 2.5 mm 
 

Figure 3 shows the percentage of yield for the PKSGAC that is separated according  to the size of 
the sample. As the particle size of the PKSGAC increased, the percentage of yield increased. This was 
because as the sample particle size increased, they were not uniformly heated. Not only that, the larger 
particles size yielded more residue due to the poor heat transfer to the inner biomass surface that led to 
low average particle temperature [19]. Furthermore, as the temperature increases, it would result in a 
decrease in the yield. This was due to the wall of the AC starting to collapse at high activation temperature 
and KOH concentration. Next, the overall data was inserted into the RSM. This method helps to predict 
the suitable activation condition which achieves the nearest expected value. Figure 4 shows the 
suggested solution using RSM for CCD. 

From Figure 4, it can be seen that by using the activation temperature of 850oC, the KOH 
concentration of 69.22% w/v and the sample particle size of 0.59 mm, might result in the nearest desired 
quality. The results were predicted to be 6.58% of moisture content, 7.25% of ash content, 0.38 g/cm3 

for bulk density and 1100  mg/g for iodine number. Figure 5 shows the 3D graphic surface for the iodine 
number of PKSGAC. 

Figure 5 shows that the PKSGAC with 0.4 mm particle size produced a 3D response surface plot 
with the highest iodine number of 1320 mg/g which was achieved at 50% w/v KOH and activation 
temperature of 850 oC. For 0.4 mm particle size, to achieve above 950 mg/g iodine number, the 
minimum temperature and KOH concentration must be at least 770 oC and 50 % w/v, respectively. 
Colours between yellow to red signified the iodine number of 950 mg/g 1320 mg/g. For PKSGAC 1.4 
mm particle size, colours between yellow to orange could achieve an iodine number of 950 mg/g 1100 
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mg/g for temperatures above 790 oC at any concentration from 50-100% w/v. It was found that at a 
temperature less than 790 oC, the iodine number was low. Hence, at 1.4 mm, to save energy and cost, it 
was best to choose 790 oC and 50% w/v KOH. The PKSGAC with 2.5 mm particle size could only 
achieve an iodine number of just below 800 mg/g at 790oC and 100% w/v KOH.  

 
 

 
Figure 4. Suggested solution using the RSM for the CCD 

 
 

 
(a) (b) (c) 

 
Figure 5. 3D graphic surface for the iodine number of PKSGAC according to size (a) 0.4 mm (b) 1.4 

mm, dan (c) 2.5 mm 
 

Generally, for constant size and KOH concentration, it is observed that at a higher activation 
temperature, the iodine number was higher. This was because at a higher activation temperature, more 
pores were formed and more iodine could be adsorbed from the solution. For each particle size, at 
constant activation temperature, the variation of the iodine number according to the KOH concentration 
was less pronounced. The iodine adsorption of AC slightly increased with increasing KOH 
concentration [24,25]. This was due to the increased micropore content on the surface of AC. However, 
at a higher activation temperature, the micropores would decrease at higher KOH concentrations due to 
excess carbon burn off.  For 0.4 mm, the minimum temperature of 775oC and KOH concentration of 
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50% w/v were needed to achieve an iodine number of 950 mg/g. The temperature needed to be increased 
to achieve a higher iodine number. In terms of particle size, it seemed that the variation of iodine number 
for the 0.4 mm was larger. This was due to the smaller particle size having a larger exposed surface 
area. 

 
3.2. Surface area 
 

From the BET analysis, the PKSGAC sample obtained 581  m2/g for SBET and 0.3173 cm3/g for the 
Vtot. The iodine number for this sample was 580.07 mg/g. Figure 6 shows nitrogen gas adsorption-
desorption isotherms of GAC at 775oC, 755% w/v and 2.5 mm. 
 

 

Figure 6. Nitrogen gas adsorption-desorption isotherms of PKSGAC at 775 oC, 75 % w/v, and 2.5 mm 

 
Figure 6 shows obvious decreases in nitrogen adsorption values at moderate and high relative 

pressure. This indicated the significant widening of microporosity and rapid increases of mesoporosity 
or even macro-porosity contribution [26]. The isotherm also showed nitrogen adsorption at relative 
pressure close to 1. This meant that the development of macropores was caused by the widening of 
micropores and mesopores. Figure 7 displays the pore size distribution for PKSGAC at 775 oC, 75 % 
w/v, and 2.5 mm. As shown in Figure 7, the pore volume increased less than 6 nm and the width of the 
peak showed the pore size of the PKSGAC. 
 

The values of iodine number and SBET were comparable as confirmed by other researchers. The 
specific surface area could be estimated by using the iodine number measured during the experiment. 
The iodine number was used as a relative indicator of porosity in an AC and it did not necessarily measure 
the carbon’s ability to adsorb other species. Table 3 shows the comparison between the iodine number 
and the surface area. 
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Figure 7. Pore size distribution for PKSGAC at 775 oC, 75% w/v, and 2.5  mm 

 
Table 3. Comparison between iodine number and surface area 

 

Raw material Activation process 
Iodine number  

(mg/g) 
Surface     area  

(m2/g) 
References 

PKS 
Chemical activation       (KOH), 

850 oC, 1:4 ratio 
 

648 
 

743 
 

[10] 

Biochar 
Chemical activation  (KOH), 
Size sample (150 – 600 μm), 

812.5 oC, 1.63 ratio 

 
1576 

 
1578 

 
[13] 

Polyethylene 
terephthalate (PET)

waste 

Physical activation (CO2), 
950oC 

 
209.59 

 
211.9 

 
[26] 

PKSB 
Chemical activation, 775 oC, 

75 % w/v (KOH), particle 
size 2.5  mm 

 
580.07 

 
581 

 
This work 

 
Table 3 shows the minimal difference between the iodine number and the surface area. The slight 

difference in the result was due to the presence of components such as adsorbed volatiles, sulfur and water 
that affect the iodine number measured for the AC (ASTM D 4607- 94, 2006). In this study, the iodine 
number was 580.07 mg/g and the BET surface area was 581 m2/g. There was not much difference 
between both of the values. Most of the data from previous research showed a low iodine number despite 
the high BET results. This iodine number could only be used as an approximation for the surface area 
and not determine the exact BET result. 
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3.3. Morphology structure 
 

Figure 8 (a, b) shows the SEM morphology structure for raw PKSB with 2.5 mm particle size 
while Figure 8 (c, d) for PKSGAC samples with 700 oC of activation temperature, 50 % w/w of KOH 
concentration and 2.5 mm particle size. The lower activation temperature and KOH concentration 
were chosen to ensure that chemical activation using KOH at that condition started to show pore 
development [25]. 
 

(a)                                                                             (b) 
  

(c) (d) 

Figure 8. SEM for morphology structure: (a) PKSB at a magnification of 1.00 kX, (b) PKSB at a 
magnification of 2.00 kX, (c) PKSGAC at a magnification of 500 X, dan (d) PKSGAC at a 

magnification of 1.50 kX. 

 
From Figure 8, it can be seen that there was a huge difference between the structures for both of 

the samples. Figure 8 (a, b) shows no porous image on the surface of the PKSB. This might be due to 
there being no activation treatment that had taken place on the PKSB. Figure 8 (c, d) shows a well-
developed honeycomb-like structure porous surface. According to Ogungbenro et al. [27], the pore 
development during the activation process was important in order to enhance the surface area and pore 
volume of the AC.  
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3.4. Application for colour removal 
 
The adsorption kinetics depended on the structural characteristic of the ACs surface, which included its 
surface area and pore volume. The removal of organic molecules by AC depended on the size of the 
organic compound [28]. MB had an area of 2.08 nm2 and only enter in large micropores and mesopores 
[29]. The removal of smaller molecules required larger micropore, while the removal of larger molecules 
prioritized the importance of both micropores and macropores. Table 4 shows the data for the application 
of color removal by using the MB. Before proceeding with the test, a calibration curve was prepared in 
order to find the coefficient correlation that was close to 1. In this study, the mass of PKSGAC , the 
contact time and the solution temperature were kept  constant, having the value 0.2 g, 50 min and 60oC, 
respectively.  

 
Table 4. Percentage of concentration removed at different conditions of the PKSGAC 

 

MB concentration 
(mg/l) 

Percentage of concentration removed (%) 

850-50-2.5* 700-100-0.4* 775-75-0.4*   

5 42.78 87.91 97.63 

10 38.90 86.47 90.46 

15 29.46 86.06 89.43 

20 28.06 85.48 89.61 

Notes: *The table header code represents activation temperature (oC) - KOH concentration (% w/v) - particle size 
(mm). Example: activation temperature = 850oC; KOH concentration = 50% w/v; particle size = 2.55 mm was 

represented by the code 850-50-2.5. 
 

Table 4 shows that at 5 mg/l MB concentration, the amount of percentage removal of MB was 
high. However, as the concentration increased, the percentage of removal for both 700-100-0.4 and 775-
75-0.4 reduced slightly and continued to be constant. This might be due to the non-availability of vacant 
active sites and active functional groups on the surface of PKSGAC. At 50 min contact time, both of 
the samples had already reached its maximum adsorption capacity which were 86 % and 90 % 
respectively. For 850-50-2.5 PKSGAC sample, after 50 min, the sample had achieved less than 45% 
adsorption. This sample was treated to higher amount of KOH concentration which could have increased 
the amount of surface area and active sites to adsorb the MB. However, above a certain KOH 
concentration, the changes were lower [30]. This might be due to the higher formation of micropores 
space with increasing KOH concentration, therefore causing an increase of micropore to total surface 
area [31]. Higher KOH concentration might not be suitable for adsorption of larger molecules, as it was 
too big for the micropore. The size of PKSGAC particle could also affect the rate of adsorption. This 
was because smaller particles had faster penetration into available adsorption surface while bigger 
particle size would slow down the adsorption rate. Therefore, it could be that PKSGAC would require 
longer contact time before it could reach the adsorption equilibrium. Furthermore, an optimum 
combination of low KOH concentration and high activation temperature might improve the adsorption 
further. It was concluded that the particle size had a larger effect on the adsorption of PKSGAC 
compared to iodine number. 
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4. Conclusions 
 
Thermal analysis showed that the total weight loss of the PKSB sample was 58.30 % and the 

range of the product yield for the PKSGAC from the 18 experiments suggested by RSM was in between 
33.23 % to 96.33 %. The PKSGAC bulk density between 0.17 g/cm3 and 0.50 g/cm3, the ash content 
value from 2 % to 12 %, and moisture content range from 0% to 39%. The highest iodine value was 
achieved 1320 mg/g at activation temperature of 850oC, KOH concentration of 50% w/v and particle 
size of 0.4 mm. From the RSM model, an iodine number of 1100 mg/g could be obtained using an 
activation temperature of 850 oC, the KOH concentration of 69.22 % w/v and the particle size of 0.59 
mm. The result also predicted 6.58% of moisture content, 7.25 % of ash content, and 0.38 g/cm3 for 
bulk density. BET analysis for PKSGAC sample prepared at 775oC activation temperature, 75% w/v 
KOH concentration and 0.4 mm particle, showed that the sample had 581 m2/g for SBET and 0.3173 
cm3/g for the Vtot which was comparable to the iodine test value of 580.07 mg/g. 
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