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ABSTRACT 

 

The palm oil mill industry is considered one of the important agro-industries 

contributing to Thailand’s economy over the past decades. Currently, Thailand is the third biggest 

global palm oil producer. With the growth in the palm oil mill industry, environmental concerns 

due to the waste generated by the industry is also increasing in Thailand. The objective of this 

thesis is to treat the effluent by adsorption using activated carbon produced from palm kernel shell 

in palm oil mill process in Thailand. Firstly, the current palm oil mill process and the actual 

problem from the industry was investigated. During the palm oil production process, large 

amounts of solid byproducts and liquid waste are generated. The solid byproducts can still be 

further utilized for added value. In contrast, the liquid waste, namely palm oil mill effluent, leads 

to serious environment issues due to its characteristic, and improper treatment method. Secondly, 

palm kernel shell, one of the byproducts of the palm oil mill industry, was characterized by 

proximate, ultimate, and thermogravimetric analyses in order to understand physical and thermal 

properties of palm kernel shell. The high carbon and low ash contents in the palm kernel shell 

indicated that palm kernel shell is a promising precursor for producing activated carbon. The 

presence of chemical activating reagent, orthophosphoric acid, in palm kernel shell could hinder 

thermal decomposition in the high temperature, showing the potential to produce a high yield of 

activated carbon. Next, the palm kernel shell which was chemically treated with orthophosphoric 

acid in chapter 2 was pyrolyzed to produce palm kernel shell activated carbon and other products 

(off-gas and condensable liquid). The pyrolysis was performed under various operating conditions 

which varied in chemical treatment concentration, pyrolysis temperature, and pyrolysis time. The 

effects of operating conditions on yields and characterization of PKSAC and other products were 

discussed. The elemental balance among pyrolysis products was also performed. Chemical 

treatment with orthophosphoric acid could improve the yield of palm kernel shell activated 

carbon. The effect of pyrolysis temperature greatly affected the yield of palm kernel shell 

activated carbon whereas the effects of orthophosphoric acid concentration and pyrolysis time 

were insignificant. Produced palm kernel shell activated carbon had a relatively high micropore 

volume and specific surface area. The surface functional groups of palm kernel shell activated 

carbon also changed by chemical treatment. The off-gas contained flammable and non-flammable 

gases and an hour of pyrolysis time was sufficient to obtain almost all of the off-gas. The 

condensable liquid contained chemical components such as acetic acid and methanol. The carbon 

content mainly remained in PKSAC while the oxygen content remained in off-gas and 

condensable liquid. After that, the produced palm kernel shell activated carbon was used as an 

adsorbent to remove unfavorable compounds, namely, phenolic compounds and lignin in model 

palm oil mill effluent. Palm kernel shell activated carbons produced from various operating 

conditions could successfully adsorb and remove unfavorable compounds in batch equilibrium 

adsorptions. The adsorption performances were correlated with the characteristics of the palm 

kernel shell activated carbon. Lastly, based on the experimental results, the proposed process of 

using palm kernel shell activated carbon to treat palm oil mill effluent was introduced into the 

current palm oil mill process in Thailand. The products obtained from pyrolysis could be applied 

into the current process in three ways. Palm kernel shell activated carbon is used as the adsorbent 

to treat unfavorable compounds in palm oil mill effluent. Off-gas could be used as an energy 

source for additional operations in the process. The compounds contained in condensable liquid, 

such as, acetic acid, methanol, etc., could be raw materials for other chemical processes. 
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INTRODUCTION 
 

 

 

1.1 BACKGROUD 

1.1.1 OIL PALM TREE 

a) General information 

Oil palm (Elaeis guineensis), an African tree in the Arecaceae palm family, is cultivated as a 

source of oil. This tree originated from West Africa and became a beneficial tree for local peoples, 

cultures and economies in African region. However, oil plam has grown extensively in Southeast 

Asia especially in Malaysia, Indonesia, and Thailand since the late 20th century due to soil and 

climate suitability for growing oil palm tree. Figure 1.1 shows the dense oil palm cultivation in 

Krabi province, Thailand. The oil palm has a single stem and can reach 20 metres in height when 

it is mature. The tree consists of many tiny flowers crowded on short branches that develop into 

a dense cluster of oval fruits some 0.04 metres long as shown in Figure 1.2. The weight of the 

ripe bunch is between 5 to 30 kg depending on the age of the palm tree (Wikipedia). The palm 

fruits are brown with a red base. The cross section of the oil palm fruit is represented in Figure 

1.3. Each fruit comprises of an oily, fleshy outer layer (pericarp), with a oil-rich seed or kernel 

(endosperm). Both of the palm fruit and seed can be used for the oil extraction. The crude palm 

oil (CPO) and palm kernel oil (PKO) are extracted from the outer mesocarp and endosperm, 

respectively.  

In general, oil palm tree can be classified into three varieties by shell thickness which are 

dura, pisifera and tenera. Tenera is a preferred variety for plantation throughout Southeast Asia. 

Tenera is a hybrid between dura and pisifera as shown in Figure 1.4. Dura has thick shell while 

pisifera is shell-less. These two types are planted for seed production and they are not suitable for 

oil extraction due to their fruit characteristics. On the other hand, Tenera is planted commercially 

for oil production because it contains more oil and crude palm oil which can be separated easily. 
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Figure 1.1 Dense oil palm cultivation 

 

 

 
Figure 1.2 Palm fruit (left) and fresh fruit bunch (right) 
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Figure 1.3 Cross section of oil palm fruit 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.4 Palm oil varieties dura, pisifera and tenera 

 

Oil palm tree is very effective crop to produce oil compared to other major oil crops. Table 

1.1 shows the comparison between the yield production of palm oil and other major oil crops. 

From the table it appears that oil palm tree has the highest oil yield among any other leading oil 

crop (Sheil et al., 2009). Apart from the yield production, the area requires to produce 1 metric 

ton of oil palm is only 0.27 ha while in the case of rapeseed, sunflower, and soybean requires 1.49, 

2.08, and 2.69 ha, respectively. Due to the high yield and less land usage of oil palm cultivation, 

the global production and demand for palm oil are increasing rapidly.  
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Table 1.1 Oil production of palm and other major oil crops (Sheil et al., 2009) 

Oil type Oil yield [kg ha−1] 

Palm 

Rapeseed 

Groundnut 

Sunflower 

Soya bean 

Coconut 

Cotton seed 

Sesame seed 

4000−5000 

1000 

890 

800 

375 

395 

173 

159 

 

b) World distribution of oil palm cultivation  

The total global oil palm cultivation area is shown in Figure 1.5. The cultivation of oil palm 

is gaining popularity across the continents of Latin America, Africa, and Asia. Two major oil 

palm-producing countries currently are Indonesia and Malaysia, accounting for over 80 percent 

of the global share (Vijay et al., 2016). In the third place is Thailand, accounting for 3 percent of 

the global share. Indonesia is the more important country of the two, producing 36.0 million tons 

annually, while Malaysia produces 18.9 million tons a year. They are also major exporters as they 

produce more than 90% of the palm oil in international markets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.5 Total global oil palm cultivation area in 2013 (Vijay et al., 2016) 

 

 c) Use of palm tree 

As mentioned above that oil palm tree is cultivated as oil source. However, only 10 percent 

is used for palm oil production, while the remaining 90 percent is biomass residue (Abnisa et al., 

2013). Oil Palm tree can be divided into three main components which are trunk, frond, and fruit 

bunch. The usage of each component from oil palm tree is summarized in Figure 1.6. The frond 

and trunk are the major byproducts obtained from the cultivation. Oil palm trunk can be an 

important source for furniture and particle board industries, as well as the feedstuff for animal, 

and energy source. Oil palm frond, high-fiber and low-protein material, is able to be good feeding 
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for many classes of herbivore livestock. Palm fruit bunch, the main product from oil palm tree 

cultivation, is used for palm oil production in palm oil mill industry.  

 

   

 

 

Figure 1.6 Use of palm tree 

 

1.1.2 PALM OIL MILL INDUSTRY IN THAILAND 

 

Thailand sits in the third place of palm oil global production with the cultivated area of 

930,000 ha in 2018. Oil palm tree was first cultivated in 1969 by Univanich Palm Oil PCL, a 

pioneer of the palm oil industry in Thailand. The trend of oil palms cultivation area in Thailand 

is shown in Figure 1.7. The total area of oil palm cultivation has rapidly risen in the past decade. 

Khomphetet et al., 2018, reported that oil palm cultivation is expected to reach 1.6 million ha by 

2029 owing to the promotion by the Thai national government. Figure 1.8 represents the palm oil 

production based on Thailand's regions. The majority of oil palm production area in Thailand 

approximately 91 percent is in the southern peninsular region, particularly in Krabi, Chumphon, 

Phang-nga and Surat Thani provinces. The remaining 9 percent are produced in the center, the 

north and the north east of the country (Sowcharoensuk, 2020). More than 95 percent of the palm 

oil produced in Thailand is used locally, and a small portion is for export. 
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Figure 1.7 Cultivation area of oil palms in Thailand  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Palm oil production based on Thailand's regions 
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a) Palm oil production process and material flow  

 

The principle of palm oil production process is to extract the oil from palm fruit using steam 

and pressing machine. A schematic flow diagram of the standard palm oil mill process and 

material balance is shown in Figure 1.9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9 Palm oil mill process and material balance (Kerdsuwan et al., 2011; Sampattagul et al., 

2011) 

Details of main processes in palm oil mill industry are described below:   

Arrival and storage of fresh fruit bunches (FFB)  

Fresh fruit bunches from oil palm field should be transported to the palm oil mill company 

within 3 days in order to avoid an excessive production of free fatty acids from a natural enzymatic 

process in the mesocarp. In general, ripe oil palm fruit contains about 1 percent of free fatty acids. 

The content of free fatty acids in oil palm fruit can urge the maturation of the fruits and thus, 

could affect the value of the oil. Figure 1.10 shows the arrival process of FFB 

Product 

Byproduct 

Waste 

Solid 

Liquid 

Kernel 

D
ec

an
ta

ti
o

n
 

P
u

ri
fy

in
g
 

Palm kernel oil (PKO) 

0.025 kg 

Nut 

C
y
cl

o
n

in
g
 

N
u

t 
cr

ac
k
in

g
 

Palm press                                                   

fiber 0.14 kg 

Palm kernel                                                   

shell 0.06 kg 

S
cr

ew
 p

re
ss

in
g

 

D
ig

es
ti

o
n

 

T
h

re
sh

in
g
 

S
te

ri
li

za
ti

o
n
 

Empty fruit bunch                                             
0.2 kg 

Fresh fruit bunch 
 1 kg 

Crude palm oil (CPO) 

0.18 kg 

Decanter cake   

0.055 kg 

Palm oil mill effluent                             
0.11 kg 

Palm oil mill effluent                       

0.23 kg 

Palm oil mill effluent                 

treatment ponds 



 

8 

 

Chapter 1 Introduction 

 

 

 

 

 

    

  

 

 

 

Figure 1.10 Arrival process of fresh fruit bunch 

Sterilization 

The extraction of palm oil starts with the sterilization of fresh fruit bunch (FFB) in the 

sterilizer. The objective of this process is to inactivate the natural enzymatic activity and loosen 

the fruit, as well as to soften the mesocarp, resulting in easier extraction of oil. The autoclaves 

can load 20-30 tons of FFB, with the application of hot steam, at temperature 403 K and pressure 

of 3.1 bars. This process takes 1.5 hours to complete. Figure 1.11 shows the conventional 

sterilizer for palm fruit sterilization.   

 

 

 

 

 

 

 

 

 

 

Figure 1.11 Conventional sterilizer 

Threshing 

The sterilized FFB are transported to rotary drum threshers to separate the sterilized fruits from 

the bunch stalks. The sterilized fruits are then pressed for its oil while empty fruit bunches (EFB), 

residues from this process are separated and further utilized into the biomass. Figure 1.12 shows 

the appearance of EFB from the threshing process.   
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Figure 1.12 Appearance of empty fruit bunch from threshing process 

Digestion 

The separated fruits from threshing process are discharged into vertical steam-jacketed drums 

(digesters) and treated mechanically to convert them into a homogeneous oily mash. Hot water is 

added to the digester to facilitate homogenization. This mash is subsequently put into the oil 

extraction press in screw press process. 

Screw pressing 

Screw pressing is a process to extract palm oil from mash. The extracted oil phase is collected 

and discharged to the purification section to remove impurities and improve crude palm oil quality 

while the solid parts comprising fiber and nuts are separated by physical means. The solids are 

transferred to palm kernel oil processing unit to extract palm kernel oil. 

Further details of other processes can be found elsewhere (Department of Industry Works, 

2006) 

The appearance of crude palm oil (CPO) and palm kernel oil (PKO) is shown in Figure 1.13. 

CPO is orange-red in color. CPO is used for making soaps, detergents, candles, cosmetic and etc. 

PKO is a white to yellowish oil. PKO is commonly used as an ingredient in commercial food such 

edible products as chocolate confections, margarine, ice cream, cookies, and bread, as well as 

many pharmaceuticals.  
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Figure 1.13. Appearance of crude palm oil (left) and palm kernel oil (right) 

b) Byproducts from palm oil mill industry 

According to the standard process of palm oil mills shows in Figure 1.9, the major solid 

byproducts of the palm oil mill industry include empty fruit bunch (EFB), palm kernel shell 

(PKS), palm fiber (PFP), and decanter cake (DC). The picture of byproducts generated from palm 

oil mill industry is shown in Figure 1.14.The utilization of these byproducts could reduce the 

waste disposal costs incurred by the industry and, at the same time, minimize their impact on the 

receiving environment. The way in which each solid byproduct can be utilized has been explained 

below. 

EFB can serve as an organic fertilizer and soil conditioner as it is capable of maintaining the 

humidity of the soil. Local farmers can purchase it and use it as a substrate for mushroom 

cultivation. Currently, some mills have introduced EFB pressing techniques as a way to obtain 

lower moisture content in the EFB, which can then be used as biomass fuel in boiler systems 

producing steam or electricity. 

Almost all the PFP generated by mills is used as fuel in the boiler for the generation of steam 

and electricity. The amount of fiber palm oil mills generate can sufficiently satisfy all steam and 

electricity requirements for crude palm oil (CPO) production. Any excess fiber generated can be 

sold as biomass fuel to other industries, including power and cement plants. 

PKS functions as a fuel much like PFP. However, the amount of PFP generated is a sufficient 

energy source for an individual oil mill. A majority of the shells generated is sold to other 

industries (i.e., power and cement plants) as fuel or for activated carbon (AC) production. 

DC, which is created during the oil separation process, is either dumped as solid waste or sold 

to farmers. They are often used as fertilizers or added to animal feed. 
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Figure 1.14 Byproducts generated from palm oil mill industry 

 

c) Waste from palm oil mill industry 

The major waste generates in this industry is a liquid waste namely palm oil mill effluent 

(POME). POME is a highly polluted wastewater which mainly from sterilization, condensation, 

and hydrocycloning process (Ohimain and Izah, 2017). Raw POME is hot, acidic, brownish, and 

contains high organic and inorganic materials, which are harmful and still being released into 

environment without undergoing proper treatment. (Iskandar et al., 2018: Rupani et al., 2010). 

Even the POME is treated, the color still remains. Most of the palm oil mills employ conventional 

biological treatment systems to treat POME. Nevertheless, some mills are unable to treat their 

POME to meet the effluent standards (Phonepaseuth et al., 2019). Figure 1.15 shows the picture 

of raw POME taken from fieldwork.  
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Figure 1.15 Raw palm oil mill effluent 

 

d) Problem from palm oil mill industry 

The problem from this industry mostly comes from the production process. One of the 

problem that have been discussed in several studies is POME. POME is a brownish and acidic 

wastewater with high organic content, high biological oxygen demand, hazardous compounds, 

oil, grease, etc. (Rana et al., 2017: Phonepaseuth et al., 2019: Kaman et al., 2017). Some 

hazardous compounds present in POME include phenolic compounds, phenolic acids and heavy 

metals (Kietkwanboot et al., 2020: Prasertsan and Binmaeil, 2018). Apart from these, POME’s 

brownish colour comes from the presence of lignin and tannins. It is estimated that about 0.87 m3 

of POME is generated from every tonne of fresh fruit bunch in Thailand palm oil mills (Prasertsan 

and Binmaeil, 2018). The huge amount of POME discharged daily by palm oil mill industry can 

lead to serious environment issues which severely threatens natural environment. Table 1.2 shows 

the typical characteristics of the raw POME and treated POME. POME typically contains oil and 

greases, total solids, suspended solids, heavy metal, lignin, and phenolic compounds. The 

concentration of unfavorable compounds in raw POME is reduced after several effluent treatment 

methods.  
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Table 1.2 Typical characteristics of the raw POME and treated POME  

 

 

 

 

 

 

 

 

 

  

 

Most palm oil mills employ a conventional ponding system to treat POME owing to its low 

cost and ease of operation (Baharuddin, 2010). POME is generally treated using conventional 

biological treatment systems including anaerobic and facultative ponds in series, facultative ponds 

in series, and anaerobic and aerobic lagoons in series. Some mills use a series of shallow ponds 

to reduce the impact of POME on the environment. Nonetheless, ponding systems require a large 

open area and longer hydraulic retention time. Furthermore, some reports indicated that the treated 

POME in some mills did not meet the meet effluent standards (Phonepaseuth et al., 2019). 

Additionally, the rainy season, overflow from POME treatment plants causes heavy water 

pollution in nearby water bodies. Communities located near oil mills also complain about the 

strong odor caused by inappropriate POME treatment systems. Therefore, it can be concluded 

that the treatment of POME is a major concern of palm oil mills. The concern has gained interest 

from many researchers to investigate the more appropriate POME treatment methods. Figure 

1.16 shows the picture of conventional palm oil mill effluent treatment taken from fieldwork. 

 

 

 

 

 

 

 

 

 

 

Parameter 
Raw POME 

(Bello et al., 2013) 

Treated POME 

(Khongkhaem et 

al., 2016) 

pH 3.5 8 

Temperature [K] 360 300 

Oil and grease [mg L−1] 130–18000 - 

BOD [mg L−1] 10250–43750 160 

COD [mg L−1] 15000–100000 850 

Total solids [mg L−1] 11500–79000 560 

Suspended solids [mg L−1] 5000–54000 - 

Copper [mg L−1] 0.89 - 

Iron [mg L−1] 103.3 - 

Zinc [mg L−1] 7.5 - 

Lignin [mg L−1] 4700 215 

Phenolic compounds [mg L−1] 5800 26 
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Figure 1.16 Conventional palm oil mill effluent treatment 

 

1.2 PREVIOUS STUDIES 

1.2.1 Adsorption 

Adsorption is a mass transfer process by which a substance is transferred from the liquid 

phase to the surface of a solid, and becomes bound by physical and/or chemical interactions. The 

substance being absorbed is called an adsorbate and the solid on which the process occurs is called 

adsorbent. Activated alumina, activated carbon, polymeric, and zeolite are the major adsorbents 

used in the industry. Most of them are manufactured and a few such as some zeolites that occur 

naturally. Table 1.3 summarizes the ability of adsorbents to treat pollutants. The adsorbents listed 

in Table 1.3 including activated carbon prepared from the industrial byproduct have potential to 

treat several organic compounds, showing the feasibility to treat wastewater.  

Table 1.3 The ability of adsorbents to treat pollutants 

 

 

 

 

 

 

 

 

 

 

 

Adsorbent Pollutants to be treated 

Activated alumina phenol (Roostaei and Tezel, 2004) 

Activated carbon 

 

commercial activated carbon 

phenol, p-nitrophenol (Mohamed et al., 2011) 

industrial byproduct activated carbon 

palm kernel shell activated carbon: phenol (Boontham et 

al., 2020), bisphenol (Soni and Padmaja, 2014),  

chlorophenol, nitrophenols, dinitrophenol 

sawdust activated carbon: phenol (Othaman et al., 2008)  

bagasse activated carbon: phenol (Mohtashami  et al., 

2018) 

Polymeric 
phenol, p-cresol, p-chlorophenol, p-nitrophenol (Li et al., 

2004) 

Zeolite 
Phenol (Chaouatiet al., 2013), 4-chlorophenol (Kuleyin, 

2006), o-chlorophenol (Baker and Ghanem, 2009) 
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1.2.2 Activated carbon 

Activated carbon (AC) is a highly porous carbonaceous material which widely used as an 

adsorbent in environmental applications. AC has been used since 3750 B.C. by the Egyptians for 

smelting ores to create bronze. Later, it was developed and applied in other fields such as medical, 

manufacturing processes, and chemical industry. The successful discovery of using AC was from 

English sugar refinery in 1794. The study found that AC can be used as a decoloring agent. Also 

in 1862, Frederick Lipscombe discovered that AC was able to purify potable water. Commercial 

AC was first produced in an industrial scale by Chemische Werke plant at the beginning of the 

20th century and became widely used since then. Today, the uses of AC continue to grow. It can 

be found virtually everywhere and used on almost a daily basis. It is used in a variety of industries, 

including corn and cane sugar refining, liquid and gas adsorption, pharmaceuticals, odor removal, 

food and beverage manufacturing, and much more.  

a) Classification 

Due to the complexity of the material, AC is difficult to classify using general 

fundamentals such as AC behavior and surface characteristics. The AC classification based on 

size is the most widely used in research. The three main AC types using this criterion are as 

follows: powdered AC (PAC), granular AC (GAC), and extruded AC (EAC). Figure 1.18 shows 

the picture of AC classification based on AC size. 

Powdered activated carbon (PAC)  

PAC is a powder form or fine granules less than 1.0 mm in size with an average diameter 

0.15–0.25 mm. PAC is mostly made up of crushed or ground carbon particles, 95–100% of which 

passes through a designated mesh sieve. According to the American Society for Testing and 

Materials (ASTM), particles passing through an 80-mesh sieve (0.177 mm) and smaller can be 

considered as PAC. PAC can be used for air, water, and chemical purification and catalysts, food 

and beverage, and pharmaceuticals. 

Granular activated carbon (GAC) 

GAC is larger in size in comparison with PAC. The size ranges from 0.2–5 mm. GAC 

has been used in air and chemical purification and catalysts, automotive emission control, mining, 

and pharmaceuticals. 

Extruded activated carbon (EAC)  

EAC combines PAC with a binder. They are fused together and extruded into a 

cylindrical AC block with diameters ranging from 0.8–4 mm. This AC are mainly used for gas 

phase applications such as automotive emission control due to their low pressure drop, low dust 

content, and high mechanical strength. EAC is also marketed as CTO (chlorine, taste, odor) filter. 
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Figure 1.17 Activated carbon classification 

 

b) Activated carbon production 

AC can be produced using two methods, namely physical or chemical activation. The 

difference between these two methods is in the production process. Figure 1.18 illustrates the 

process flow for activated carbon production. Physical activation is a two-step process that starts 

with pyrolysis of the precursor, followed by activation of the resulting char at a temperature above 

873 K in the presence of suitable oxidizing gases such as carbon dioxide, oxygen, and steam, 

whereas chemical activation is a one-step process that uses chemical reagents such as zinc 

chloride (ZnCl2), phosphoric acid (H3PO4), sodium hydroxide (NaOH) and potassium hydroxide 

(KOH) to treat with a precursor, which is then pyrolyzed at a moderate temperature of 673−873 

K. Table 1.4 summarizes advantages and disadvantages of physical and chemical activation. 

From Table 1.4, it is noted that the chemical activation has a fewer preparatory step, requires 

lower production temperature, and provides high production yield as well as high porosity 

development. As a result, chemical activation is favored in a commercial application. 
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Figure 1.18 Process flow for activated carbon production (adapted from Bedia et al., 2020) 

 
Table 1.4 Advantages and disadvantages of physical and chemical activation (Hernández-Montoya 

et al., 2012) 

Physical Activation Chemical Activation 

Advantages 

-Environmental friendly of activation reagent 

- No incorporation of impurities coming from 

the activating reagent 

Advantages 

- Short production time  

- Low production temperature  

- High product yield  

- High porosity development 

Disadvantages 

- High production temperature  

- Long production time 

- Low product yield  

- High energy cost 

Disadvantages 

- Incorporation of impurities coming from the 

chemical activating reagent 

- Cost of the chemical activating reagent  

- Washing step is required 

 

1.3 OBJECTIVE AND STRUCTURE OF THESIS 

1.3.1 Objective 

The objective of this thesis is to treat the effluent by adsorption using activated carbon 

produced from palm kernel shell in palm oil mill process in Thailand. In order to achieve this 

main objective, several studies were conducted in the following ways: 

 

Activated 

carbon 

(AC) 

Pyrolysis Activation 

Carbonaceous 

precursor 

Chemical 

treatment 
Pyrolysis 

Washing and 

drying 

Physical Activation 

Chemical Activation 

 (In nitrogen or argon atmosphere 

at temperature 800−1000 K) 
(In carbon dioxide, oxygen or steam 

atmosphere at temperature above 900 K) 

(In nitrogen or argon atmosphere 

at temperature 600−800 K) 

(with chemical activating 

reagent such as H3PO4, 

ZnCl2, K2CO3, and NaCl) 
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1. Study on the current palm oil mill process and identification of major problem from palm oil 

mill industry 

2. Characterization of palm kernel shell 

3. Pyrolysis of palm kernel shell to produce palm kernel shell activated carbon and other products 

under various operating conditions 

4. Study on the performance of palm kernel shell activated carbon as adsorbent for treating the 

unfavorable compounds in model palm oil mill effluent 

5. Application of effluent treatment using palm kernel shell activated carbon in Thailand’s palm 

oil mill process  

1.3.2 Structure  

Figure 1.19 shows the structure of this thesis. This thesis consists of six chapters. The 

chapters are prepared in order to achieve the objectives listed above. In chapter 2–5, an 

introduction of the chapter is provided to guide the readers briefly understand the contents and 

the objective of the chapter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.19 Thesis structure 
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CHARACTERIZATION OF PALM KERNEL SHELL 
 

 

 

2.1 INTRODUCTION 

This chapter presents the characterization of palm kernel shell which was obtained from 

Thailand. Several analyses were carried out in order to understand physical and thermal properties 

of palm kernel shell. The analyses included proximate, ultimate, and thermogravimetric analyses. 

The results of proximate and ultimate analyses of palm kernel shell were compared with other 

plant-based biomasses. The thermogravimetric analysis of palm kernel shell without and with 

chemical treatment was performed in order to evaluate the potential of chemical activating reagent 

for further palm kernel shell activated carbon production. 

 

2.2 EXPERIMENTAL 

2.2.1 Material and sample preparation 

a) Palm kernel shell 

The raw palm kernel shell (PKS) was obtained from a private company in Krabi 

province, Thailand.  

b) Sample preparation  

The raw PKS was washed thoroughly with deionized water (Millipore Milli-Q System: 

Millipore, USA) to remove any impurities, dried at 383 K for 12 h, and ground by blender 

(Wonder Blender, WB-1, Osaka Chemical Co., Ltd.). The ground sample was further sieved with 

a commercial sieve having an aperture of 0.425×10−3 m (Tokyo Screen Co.), and part of the 

sample passing through the sieve was used for the were used for the characterization and pyrolysis 

of PKS. Figure 2.1 shows the appearance of raw PKS and sieved PKS. Palm shell is dark brown 

and hard. The size and thickness of palm shell are varied.  
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Figure 2.1 Appearance of palm kernel shell (left: raw palm kernel shell right: sieved palm kernel 

shell) 

 

c) Chemical treatment of palm kernel shell  

Chemical treatment of PKS was employed using orthophosphoric acid (H3PO4, Wako 

Pure Chemical Industries, Ltd.) before pyrolysis. The purpose of chemical treatment is to help in 

developing the porosity of palm kernel shell activated carbon (PKSAC) during the pyrolysis. By 

employing the chemical treatment method, the pore structure should be enhanced during the 

pyrolysis and a high yield of PKSAC is expected. The experimental conditions were referred from 

a previous study (Yorgun and Yıldız, 2015), and the details are provided in Table 2.1. The PKS 

was contacted with a solution having a specific H3PO4 concentration, cp, on a hot plate (HSH-6D, 

AS ONE CORP) with a magnetic stirrer for a specified duration. After contacting, the PKS was 

filtered from the chemical treatment solution and dried at 383 K in an electric oven (OF-450B-R, 

AS ONE CORP) for 24 h to obtain chemically treated PKS. Figure 2.2 shows the appearance of 

chemically treated PKS. The chemically treated PKS changed into black color after drying. 

Table 2.1 Experimental conditions for chemical treatment of palm kernel shell  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Feed 

Mass of feed [kg] 

PKS 

1.5×10−2 

Chemical activating reagent                               

Volume of aqueous solution of  

   chemical activating reagent [m3]                    

H3PO4 concentration, cP [kmol m−3] 

H3PO4 

 

1.0×10−4 

1−8 

Temperature [K]  

Time [h] 

Stirring speed [h−1]   

358 

6 

1.8×104 
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Figure 2.2 Palm kernel shell (left) and chemically treated palm kernel shell (right) prior pyrolysis 

 

 

2.2.2 Method 

a) Proximate and ultimate analyses 

Proximate analysis of the PKS were carried out using Shimadzu DTG-60 fitted with a 

FC-60A flow rate controller and TA-60WS thermal analyzer. The working conditions for 

proximate and thermogravimetric analyses are shown in Table 2.2. Approximately 1.0×10−5 kg 

of PKS was heated from 313 K to 1273 K at heating rate 1.8×10−5 K h−1 under N2 atmosphere 

with a constant flow rate of 0.009 m3 h−1, and kept at 379 K for 5 min; the N2 flow was then 

switched to air with a constant flow rate of 0.003 m3 h−1, and the sample was further heated from 

379 to 1100 K. The volatile matter, the fixed carbon and the ash of each sample were determined 

following the American Society for Testing and Materials (ASTM) D3172 standard. Figure 2.3 

shows the picture of instrument for proximate analysis. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.3 Instrument for proximate analysis 
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Table 2.2 Working conditions for proximate analysis 

 

 

 

 

 

 

 

 

The ultimate analysis of PKS was performed using CHN elemental analyzer (J-Science 

JM10) at Center for Advanced Materials Analysis, Tokyo Institute of Technology. The Carbon 

(C), Hydrogen (H), Nitrogen (N), and Sulphur (S) contents of PKS were determined using the 

analyzer and oxygen (O) was determined by the difference. Figure 2.4 illustrates the elemental 

analyzer at the center. The machine is using a mixture of helium and oxygen for combustion and 

a dual piston pump for detection. The detection limit is 0.5−400 μg for H, 3−2600 μg for C and 

1−1000 μg for N.  

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 2.4 Elemental analyzer (J-Science JM10) for ultimate analysis 

 

b) Thermogravimetric analysis 

Thermogravimetric analysis of PKS without and with chemical treatment was carried 

out using Shimadzu DTG-60 fitted with a FC-60A flow rate controller and TA-60WS thermal 

analyzer. The working conditions were same as described in Table 2.2 but the analysis was carried 

out in air atmosphere.    

 

 

  

Detector type DTG-60H 

Atmospheric gas N2 and O2 

Gas flow [m3 h−1] 0.009 and 0.003 

Sample weight [kg] 1.0×10−5 

Initial temperature [K] 313 

Temperature rate [K h−1] 1.8×10−5 

Holding temperature [K] 1100 

Holding time [h] 1100 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Composition of palm kernel shell 

The results of the proximate and elemental analyses of the PKS compared with previous 

studies and other plant-based biomasses are shown in Table 2.3. The PKS has high volatile matter, 

carbon, and oxygen contents but low ash and sulfur contents, which is similar to other PKS and 

plant-based biomasses reported in the previous studies (Guo and Lau, 2003; Hamza et al., 2016). 

The contents of particular composition in each biomass depend on the type of plant-based 

biomasses and origin or geographical region in which it is formed. The high carbon and low ash 

contents in PKS were considered as a positive factor for the production of palm kernel shell 

activated carbon with a high specific surface area since these two factors promoted the formation 

of porous structure and enrichment of carbon in the precursor (Canales Flores et al., 2017).  

Table 2.3 Compositions of palm kernel shell compared with other plant-based biomasses (in mass 

fraction) 

a) Guo and Lua (2003)  

b) Hamza et al. (2016) 

 

2.3.2 Thermal property of palm kernel shell 

Figure 2.5 shows the results of the thermogravimetric analysis of the PKS without and with 

chemical treatment, where the mass ratio of the remaining sample relative to the initial value is 

plotted against temperature. The mass ratio of PKS decreased with increase in temperature, and 

it took place in roughly three stages. In the first stage, the reduction occurred in the temperature 

range below 420 K due to the desorption of water from the PKS (Li et al., 2008). Thereafter, the 

mass ratio decreased significantly to approximately 0.36 in the temperature range of 420−650 K. 

This was due to the decomposition of hemicellulose and cellulose (Ma et al., 2015). The massive 

loss of mass ratio in this range indicates that PKS should be pyrolyzed at temperature above 500 

K. Subsequently, the mass ratio decreased by about 0.15 in the temperature range of 650−870 K  

 

PKS 

PKS from 

previous 

studied 

Corn cob Coconut shell 
Eucalyptus 

leaf 

Proximate analysis 

Ash 

Volatile matter 

Fixed carbon 

Ultimate analysis 
C 

H 

N 

S 

O 

 

0.04 

0.77 

0.19 

 

0.52 

0.06 

0.004 

0.001 

0.41 

 

(0.03 a)) 

(0.77 a)) 

(0.20 a)) 

 

(0.47 b)) 

(0.06 b)) 

(0.009 b)) 

(0.0003 b)) 

(0.45 b)) 

 

0.019 

0.76 

0.23 

 

0.45 

0.065 

0.003 

0.001 

0.46 

 

0.076 

0.69 

0.17 

 

0.48 

0.061 

0.002 

0.001 

0.46 

 

0.11 

0.79 

0.10 

 

0.47 

0.062 

0.012 

0.008 

0.45 
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due to the decomposition of lignin and cellulose. From this point (above 870 K) onward, the mass 

ratio was almost constant, and there was scope for further thermal decomposition of PKS (Hamza 

et al., 2016). 

In comparison with the mass ratio of PKS, the mass ratio of chemically treated PKS decreased 

gradually with increase in temperature. However, in this case, it was difficult to determine the 

stages of the TGA profile. Similar results were also reported by Pereira et al., 2014; Kumar and 

Jena, 2016. The chemical activating reagent, H3PO4, enhanced the dehydration of hemicellulose 

and cellulose in PKS. H3PO4 promoted the cleavage of linkages in hemicellulose and cellulose at 

sub-pyrolysis temperature, which was followed by a crosslinking reaction that hindered the 

thermal decomposition at a relatively high temperature. As a result, the mass ratio in chemically 

treated PKS was greater than that in PKS even at high temperatures (Guo and Lau, 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5 Thermogravimetric analysis of the palm kernel shell without and with chemical treatment 

 

2.4 CONCLUSIONS 

Palm kernel shell from Thailand was characterized by proximate, ultimate, and 

thermogravimetric analyses. The high carbon and low ash contents in palm kernel shell indicated 

that palm kernel shell is a favorable precursor to prepare palm kernel shell activated carbon. The 

pyrolysis of palm kernel shell should be done at temperature above 500 K. The presence of 

chemical activating reagent, orthophosphoric acid, could hinder thermal decomposition in palm 

kernel shell in the high temperature, indicating the potential to produce a high yield of palm kernel 

shell activated carbon.      
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PYROLYSIS OF PALM KERNEL SHELL  

FOR ACTIVATED CARBON PRODUCTION 

 

 

 

3.1 INTRODUCTION 

The prepared palm kernel shell with chemical treatment in chapter 2 was pyrolyzed to produce 

palm kernel shell activated carbon and other products. The effects of chemical concentration and 

pyrolysis operating conditions were studied to determine the parameters that affect the yields of 

palm kernel shell activated carbon and other products. The characterization of palm kernel shell 

activated carbon and other products were discussed accordingly to investigate their further 

utilization. Elemental balance among pyrolysis products was performed to determine the 

elemental composition in pyrolysis products.      

3.2 EXPERIMENTAL 

3.2.1 Material 

The material used in this chapter was PKS with chemical treatment by orthophosphoric acid 

prepared in chapter 2.  

3.2.2 Apparatus and procedure 

a) Pyrolysis of palm kernel shell  

The schematic diagram and the appearance of the apparatus of the pyrolysis are shown 

in Figure 3.1 and 3.2, respectively. The main component of this device was a tubular reactor 

inserted horizontally into an electrically heated furnace (KTF-040N from KOYO Thermo 

Systems Co.). The sample holder was filled with sample and placed at the center of the reactor. A 

simple thermocouple (NiCr-Constantan, HT 20 from Hakko Electric Machine Works Co.) was    
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placed directly on top of the sample holder. The condenser and the two-neck round-bottom flask 

capacity 1×10−3 m3 were assembled and ice was filled fully in the bath below the reactor. The 

sampling bag was connected with a borosilicate gas inlet adapter on the top of the condenser.  

The principal experimental conditions of pyrolysis are represented in Table 3.1. Before 

the experiment started, the N2 gas was supplied at 9.0×10−3 m3 h−1 (at s.t.p.) to sweep the air out 

of furnace for at least 10 minutes. After that, the reactor was closed tightly and the furnace switch 

was turned on. The sample, which was at room temperature was heated, and it took approximately 

0.5 hour to reach the specified pyrolysis temperature. After reaching the specified pyrolysis 

temperature, the system was maintained isothermally for the specified pyrolysis time. Then, the 

furnace was turned off and cooled down to room temperature. All of the gases flowing out from 

the other end of the reactor were sent to be condensed liquid in the two-neck round-bottom flask. 

The off-gas was started collecting at pyrolysis temperature approximately 400 K until the 

experiment finished using 1×10−3 m3 gas sampling bag (GL Sciences Inc.). 

The obtained solid sample was washed several times using 0.1 kmol m−3 NaOH to 

neutralize the solution until its pH of the washing solution became about 6−7. The washed sample 

was dried at 383 K for 24 h to obtain the palm kernel shell activated carbon (PKSAC). The 

PKSAC was stored in the desiccator for further experimental studies.    

 

F.I.  

T.I.  

N2 

(1) 

(2) 

(3) 
(4) 

(7) 

(9) 

(5) 

Non-condensable gas  

(6) 

(8) 

 

 
Figure 3.1 Schematic diagram of pyrolysis apparatus: 

(1) tubular reactor (inner diameter 0.038 m, length 0.7 m); (2) electric tubular furnace; (3) sample holder 

(depth 0.015 m, width 0.03 m, length 0.4 m); (4) feed; (5) NiCr-Constantan thermocouple; (6) valves; 

(7) condensers; (8) liquid product trap; (9) iced bath (275277 K); F.I. flow indicator; T.I. temperature 

indicator (Othaman et al., 2008) 
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Figure 3.2 Appearance of the pyrolysis apparatus 

Table 3.1 Principal experimental conditions of pyrolysis 

 
 

 

 

b) Analyses 

Specific surface area and pore volume analyzer 

The specific surface area and porosity properties of PKSAC were characterized by 

nitrogen adsorption–desorption using BELSORP-max: BEL JAPAN Co. Prior to the analysis, 

roughly 5.0×10−5 kg of PKSAC was degassed at 573 K for 6 h under vacuum conditions in order 

to clean the surface from impurities. Nitrogen adsorption isotherm was determined over a relative 

pressure range (P/Po) of 0.01 to 0.99. The specific surface area of PKSAC, SBET, was determined 

using the Brunauer–Emmett–Teller (BET) method, and the total pore volume (Vp) was obtained 

from the total amount of N2 adsorbed at a relative pressure (P/Po) of ~0.99. The micropore volume 

(Vmicro) was calculated using the t-plot method, and the mesopore volume (Vmeso) was obtained by 

subtracting the micropore volume from the total pore volume (Tanaka et al. 2012). Figure 3.3 

shows the picture of the instrument for specific surface area and porosity properties of PKSAC.  

 

 

 

 

 

Feed 

Mass of feed [kg] 

PKS w/ and w/o chemical treatment 

1.0×10−2 

Atmospheric gas  

Flow rate of nitrogen [m3 h−1] 

nitrogen 

9.0×10−3 

Temperature, T [K]  

Time, t [h] 

673−1073 

1, 2 



 

28 

 

Chapter 3 Pyrolysis of Palm Kernel Shell for Activated Carbon Production 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 BELSORP-max: BEL JAPAN for specific surface area and porosity properties analysis 

of PKSAC 
 

Fourier-transform infrared spectroscopy 

The chemical property of PKSAC was characterized in term of surface functional 

groups. The chemical functional groups present on PKSAC surface were recorded using an 

infrared spectrometer IRAffinity-1 (Shimadzu, Japan) with Quest ATR accessory with a diamond 

crystal (Specac, USA). LabSolution IR software was used as an interface between the 

spectrometer and the control computer. The spectra were recorded in the 4000 – 400 cm−1 region 

using the spectral resolution of 4 cm−1 and 128 scans. Data were acquired with 40 scans at a 

resolution of 4 cm−1 and processed using the LabSolution IR software by Shimadzu. Figure 3.4 

shows the instrument for surface functional groups analysis of PKSAC.  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.4 Infrared spectrometer IRAffinity-1 (Shimadzu, Japan) for surface functional groups 

analysis of PKSAC 
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Elemental analyzer 

The elemental composition of PKSAC was analyzed by an elemental analyzer (J-

Science JM10) same as explained in Chapter 2. 

 

pH meter 

pH of condensable liquid was measured by pH meter (Horiba Scientific, F74). Before 

the measurement, the pH meter calibration was performed using standard buffer solutions of pH 

4 and 7 (Horiba Ltd.). The analysis was repeated three times in each sample in order to obtain 

accurate result. Figure 3.5 is the picture of the pH meter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.5 pH meter (Horiba Scientific, F74) for pH value measurement 

 

Karl Fischer titrator 

The water content in the condensable liquid was measured by Karl Fischer Instruments 

(758 KFD Titrino) from Metrohm company. The conditions of analysis are stated in Table 3.2. 

Figure 3.6 is the picture of the device. 

 

Table 3.2 Conditions for Karl Fischer Titrator (758 KFD Titrino, 739 Exchange unit, 703 Titration 

stand, Citizen display (iDP562-RS)) 

 

 

 

 

 

 

 

Titration chemical Hydranal Composite 5 

Dehydration solvent Methanol 

Injector Micro syringe (10μL) 

Input Unit g 
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Figure 3.6 Karl Fischer Instruments (758 KFD Titrino) for water content analysis 

 

 

Gas chromatograph 

 

The chemical components in condensable liquid were analyzed by gas chromatograph 

(GC-2010 Shimadzu Company; Hicap-CBP1 column I.D. 0.00032 m×50 m). Table 3.3 shows the 

working conditions for condensable liquids analysis. The samples were injected automatically by 

the autosampler (AOC-20i). The data were acquired and processed on a personal computer, using 

Shimadzu GC Solution software. The analysis was repeated three times in each sample. Before 

performing the actual analysis, calibration curves of each chemical component were made. 1-

Propanol was used as a solvent. Figure 3.7 shows the picture of the instrument for condensable 

liquid analysis 

Table 3.3 Working conditions for gas chromatograph (GC-2010, Hicap-CBP1 column) 

 

 

 

 

 

 

 

 

 

 

Carrier gas and flow rate [m3 h−1] N2, 0.0016 

Detector gas and flow rate [m3 h−1] Hydrogen, 0.0028 

FID gas and flow rate [m3 h−1] Air, 0.027 

Injector temperature [K] 573 

Detector temperature [K] 573 

Column temperature [K] 343 373 

Column heating rate [K h−1] 300 

Split ratio (outlet : inlet column) [−] 1:50 

Split flow rate [m3 h−1] 0.0025 

Column flow rate [m3 h−1] 0.0001 
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Figure 3.7 Gas chromatograph (GC-2010) for chemical components analysis in condensable liquid 

 

 Off-gas from pyrolysis was analyzed by Tracera High-Sensitivity gas chromatograph 

(Shimadzu Company; Micropacked ST column I.D. 0.003 m×0.001 m). The working conditions 

for the analysis is described in Table 3.4. A 1.0×10−6 m3 gas tight syringe (Hamilton, Reno, NV, 

USA) was used for all manual injections. The integration was performed with LabSolutions. The 

analysis was repeated three times in each sample. Before performing the actual analysis, 

calibration curves of six components hydrogen (H2), oxygen (O2), carbon dioxide (CO2), nitrogen 

(N2), carbon monoxide (CO), and methane (CH4) were made. Figure 3.8 shows the picture of the 

instrument for off-gas analysis. 

Table 3.4 Working conditions for gas chromatograph (Tracera GC-2010 Plus A + BID-2010 Plus, 

Micropacked ST column) 

 

 

 

 

 

 

 

 

 

 

 

 

Carrier gas and pressure [kPa] He, 50 

Injector temperature [K] 423 

Detector temperature [K] 553 

Column temperature [K] 308 523543 

Purge flow rate [m3 h−1] 0.0042 

Injection volume [m3] 1.0×10−6  
Split ratio (outlet : inlet column) [−] 1:5 
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Figure 3.8 Gas chromatograph (Tracera GC-2010) for off-gas analysis 

 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Appearance of activated carbon and other products 

The appearance of PKSAC produced from different chemical concentrations is shown in 

Figure 3.9. PKSAC had dark brown to black color depended on the chemical concentration. The 

higher the cP, the darker the PKSAC. The size of PKSAC size was almost the same with the feed 

PKS.  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.9 Appearance of PKSAC produced from different H3PO4 concentrations (a) cP= 2 kmol m−3 

(b) cP= 4 kmol m−3 (c) cP= 8 kmol m−3)  

 

The appearance of condensable liquid is exhibited in Figure 3.10. The color of condensable 

liquid from pyrolysis of PKS with and without chemical treatment was different. Condensable 

liquid from pyrolysis of PKS without chemical treatment displayed opaque dark color with a 

strong odor whereas PKS with chemical treatment showed green color. The off-gas was colorless 

hence it could not be shown by picture. 

 

(a) (b) (c) 
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Figure 3.10 Appearance of condensable liquid (left: without chemical treatment right: with chemical 

treatment) 

 

3.3.2 Yields of activated carbon and other products 

The yield of PKSAC from the pyrolysis, YPKSAC, was defined as the mass ratio of PKSAC 

relative to the feed PKS. YPKSAC can be written as,  

                              YPKSAC = 
1

0

F

F
                                3.1 

where F0 and F1 are the masses of PKS with or without chemical treatment feed for the pyrolysis 

and PKSAC obtained from the pyrolysis, respectively. 

The yield of condensable liquid (L), YL, was defined as, 

                                 YL= 
1

0

L

F
                                 3.2 

where L1 is the mass of condensable liquid from the pyrolysis 

The yield of the off-gas, YOG, was calculated by difference. 

                           YOG = 1- (YL + YPKSAC)                             3.3 

 

a) Yield of palm kernel shell activated carbon 

Figure 3.11 shows the effect of chemical concentration on yield of palm kernel shell 

activated carbon, YPKSAC. YPKSAC was around 0.5 with respective H3PO4 concentration, cP. YPKSAC 

increased as cP increased in the range at cP 1− 4 kmol m−3. Thereafter, it decreased at cP = 8 kmol 

m−3.  
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Figure 3.11 Effect of chemical concentration on the yield of palm kernel shell activated carbon 

 

The effects of chemical treatment and pyrolysis operating conditions on YPKSAC are 

shown in Figure 3.12. It can be seen that YPKSAC decreased with an increase in pyrolysis 

temperature, T. The YPKSAC with chemical treatment was higher than that without chemical 

treatment at T in the range 673−873 K. Thereafter, they became almost similar at T = 1073 K. The 

chemical activating reagent caused the formation of a crosslinking structure, which resulted in a 

high YPKSAC. The concentration of H3PO4, cP, and pyrolysis time, t, had little effect on YPKSAC. The 

YPKSAC of 0.8 was the maximum obtained in this work.  

b) Yield of other products 

Figure 3.13 and 3.14 show the yield of off-gas (YOG), and condensable liquid (YL) from 

pyrolysis, respectively. YOG increased with T in all runs. YOG from pyrolysis of PKS without 

chemical treatment gradually decreased with T and its YOG ranged from 0.25 to 0.30 on average. 

On the other hand, YOG from pyrolysis of PKS with chemical treatment were relatively low at T 

in the range 673−873 K. Thereafter they became high at T= 1073 K.  

The YL from pyrolysis of PKS without chemical treatment was higher that of with 

chemical treatment, and it was almost constant with respective T. The YL reached the maximum 

points at around 873 K in all runs. Thereafter, YL decreased in the range of more than 873 K due 

to secondary reaction of the tar cracking which leads to more production of gases (Othaman et 

al., 2008).  
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Figure 3.12 Effects of chemical treatment and pyrolysis operating conditions on the yield of palm 

kernel shell activated carbon  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 Effects of chemical treatment and pyrolysis operating conditions on the yield of off-gas 
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Figure 3.14 Effects of chemical treatment and pyrolysis operating conditions on the yield of 

condensable liquid  

 

3.3.3 Characterization of activated carbon and other products 

a) Characterization of palm kernel shell activated carbon 

 

The effect of chemical concentration on PKSAC specific surface area, SBET, and total 

pore volume, Vp, is exhibited in Figure 3.15. SBET could be improved by the increasing of cP. 

Similar trends have also been found through H3PO4 activation of other lignocellulosic material 

such as Oreganum stalks, Fox nut, and corncob (Sych et al., 2010: Chen 2017, Bouchemal et al., 

2009). As SBET of PKSAC prepared with cP = 1 and 2 kmol m−3 was very small. PKS chemically 

treated with cP 4 and 8 kmol m−3 were chosen for further study.   
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Figure 3.15 Effects of chemical concentrations on palm kernel shell activated carbon characteristics 

T= 873 K t= 2 h 

 

The effects of chemical treatment and pyrolysis operating conditions on the specific 

surface area, SBET, and total pore volume, Vp, of PKSACs are represented in Figure 3.16. Both 

SBET and Vp show the same trend. The chemical treatment with H3PO4 enhanced SBET and Vp at a 

lower pyrolysis temperature and time, and the larger the value of cP, the greater the values of SBET 

and Vp. The same findings were reported by various studies with different lignocellulosic 

materials with chemical treatment by H3PO4. The highest SBET for operating pyrolysis 

temperatures ranged from 673 K to 773 K under t= 1 h from their studies (Chen 2017: Nicholas 

et al., 2018).  

The effect of pyrolysis time, t, on SBET and Vp was insignificant. The chemical activating 

reagent, H3PO4, basically facilitated the development of a cross-linked structure such as 

phosphocarbonaceous structure and improved the pore structure, thereby enhancing SBET and Vp 

(Yorgun and Yıldız, 2015). With chemical treatment, both SBET and Vp of PKSAC decreased as T 

increased up to 873 K. Thereafter, it increased above 873 K. Below 873  K, there was 

considerable the formation of tars and other liquid products, which clogged up the pores and 

lowered SBET and Vp. Above 873 K, the phosphorus species reacted with carbon and released 

gaseous phosphorus, and hence, SBET and Vp increased with T (Chen, 2017). The same trend of 

AC surface area decreased in this T range was also found by Chen 2017, and Nicholas et al., 2018.  
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Figure 3.16 Effects of chemical treatment and pyrolysis operating conditions on the  

(a) specific surface area and (b) total pore volume of palm kernel shell activated carbons  
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Li et al., 2015 reported the main reactions occurred during pyrolysis of lignocellulosic 

material with H3PO4 treatment under different temperature ranges as follows: 

400−650 K (primary pyrolysis); 

                        2H3PO4 → H4P2O7 + H2O                       (3.4) 

      3H 3PO4 → H5P3O10 + 2H2O               (3.5) 

                     n H3PO4 → Hn+2PnO3n+1 + (n-1) H2O      (3.6) 

650−900 K (secondary pyrolysis);  

           Hn+2PnO3n+1 → P4O10 + H2O                       (3.7) 

                         P4O10 + C → P4O6 + CO2                       (3.8) 

Above 900 K; 

P4O10 / P4O6 + CHx → PH3 + CO2/CO                   (3.9) 

The reactions 3.4−3.6 were mainly dehydration of phosphoric acid and the 

decomposition of some functional groups. From 650−900 K Hn+2PnO3n+1 was dehydrated and 

transformed into phosphorus pentoxide (P4O10). Then phosphorus trioxide (P4O10) reacted with C 

and formed new pores, enlarged the existing pores, and produced CO2. Above 900K, P4O10 and 

P4O6 reacted with CHx and generate phosphine (PH3), CO2, and CO. 

However, the reactions that took place during the pyrolysis was quite complicated to 

describe. The above reactions are only the representatives of many reactions that might occur 

during the pyrolysis in this study. 

Table 3.5 shows the comparison of specific surface area of activated carbon produced 

from different raw materials and palm kernel shell with orthophosphoric acid activation. The table 

indicates that AC could be produced from different raw materials under various pyrolysis 

temperatures and times. The SBET and yield of AC from previous literatures was ranged between 

800×103 to 1100×103 m
2
 kg-AC

−1
, and 0.40 to 0.50, respectively. These results were lower than 

the results obtained in this study. In addition, this study could produce the higher SBET and yield 

with lower pyrolysis temperature compared to other AC, indicating that the present PKSAC 

production method is effective. Table 3.5 was a brief comparison, the comparison still lacked of 

some information such as the gas flow rate, the size of precursor, and the concentration of 

phosphoric acid used for AC production. 
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Table 3.5 Comparison of specific surface area of activated carbon produced from various raw 

materials and palm kernel shell with orthophosphoric acid activation 

 

Table 3.6 summarizes the physical properties of PKSACs and commercial AC (CAC) 

used in the adsorption study. The chemical treatment by H3PO4 could enhance micropore volume 

(Vmicro) in PKSACs, and produced PKSACs were predominantly microporous. Vmicro of the 

PKSACs increased with increase in cP, whereas T and t decreased similar to that in the case of 

SBET. Some produced PKSACs had larger SBET than that of CAC. 

 

Table 3.6 Physical properties of PKSACs and CAC used in the adsorption study 

 

 

 

 

 

 

 

 

 

 

Raw material 
T 

[K] 

t 

[h] 

Yield 

[−] 

SBET×103 

[m
2
 kg-AC

−1
] 

Ref. 

Rice husk 773 1 - 1016 Li et al., 2015 

Coconut shell 973 40 mins 0.37 889 Wang et al., 2013 

Pecan shell 773 - - 1130 Guo and Rockstraw, 2006 

Birch wood 873 1 - 761 Budinova et al., 2006 

Grape seed 773 2 0.50 1139 Bahri et al., 2012 

Palm kernel shell 773 2 0.40 1135 Guo and Lau, 2003 

Palm kernel shell 700 0.5 0.50 1109 Lim et al., 2010 

Palm kernel shell 673 1 0.77 1856 This study 

cP 

[kmol 

m-3] 

T 

[K] 

t 

[h] 

Vmeso×10
−3                          

[m
3
 kg-AC

−1
] 

Vmicro×10
−3                        

[m
3
 kg-AC

−1
] 

SBET×103         

[m
2
 kg-AC

−1
] 

w/o chemical 

treatment 
873 1 0.017 0.139 235 

4 1073 1 0.010 0.407 616 

4 673 2 0.013 0.527 795 

4 673 1 0.019 0.592 889 

8 1073 2 0.015 0.724 1094 

8 673 2 0.031 0.944 1403 

8 673 1 0.041 1.078 1856 

CAC 0.020 0.541 992 
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The Fourier-transform infrared spectroscopy (FT-IR) spectra of the PKSACs compared 

with PKS are shown in Figure 3.17. The surfaces of all the samples presented several chemical 

functional groups, and the number of functional groups depended on the chemical concentration 

and pyrolysis operating conditions. The FT-IR spectrum of PKS exhibited a number of absorption 

peaks, indicating the complex nature of the materials. The main surface functional groups 

obtained with PKS were carbonyl groups (C=O) such as ketone and quinone, ethers (C−O−C), 

and phenol (O−H), which are commonly found in lignocellulosic materials (Guo and Lau, 2003; 

Hamza et al., 2016). 

 The spectra of the PKSACs were different from that of PKS; some bands remained 

while many bands disappeared due to the vaporization of organic matter at high T. PKSAC 

without chemical treatment showed C=C stretch in aromatics, C−O−C stretch vibrations in ethers, 

and C−OH out-of-the-plane in ethers (Guo and Lau, 2003). On the other hand, PKSACs with 

H3PO4 treatment showed the P=O group from polyphosphates, P+−O− in acid phosphate esters, 

and O−C stretching vibration in the P−O−C (aromatic) linkage (Wang et al., 2011; Puziy et al., 

2002), indicating the incorporation of phosphates onto the carbon during pyrolysis. The chemical 

functional groups were broken when T increased, and with an increase in cP, the intensity of 

phosphorus-containing groups also increased. 

The results of elemental composition of PKSACs from various operating conditions are 

tabulated in Table 3.7. PKSAC without chemical treatment had higher C, N, and lower ash 

contents than that of PKSAC with chemical treatment. The high ash content was found in PKSAC 

with chemical due to the formation of polyphosphates derived from H3PO4 during the pyrolysis. 

The polyphosphates were difficult to remove during the washing and contributed to ash content 

(Quesada-Plata et al., 2016). The carbon content increased with the increase in T and t maybe due 

to an increasing degree of aromaticity (Kumar and Jena, 2016).  
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Figure 3.17 Fourier-transform infrared spectroscopy spectra of palm kernel shell and palm kernel 

shell activated carbons 

 

Table 3.7 Elemental composition of PKSACs obtained from various operating conditions 

      
 

PKSAC Elemental composition (in mass fraction) 

cP 

[kmol 

m−3] 

T 

[K] 

t 

[h] 
C H N O Ash 

- 873 1 0.68 0.04 0.0074 0.19 0.08 

- 1073 1 0.79 0.03 0.0074 0.099 0.08 

4 873 1 0.48 0.03 0.0041 0.30 0.20 

4 1073 1 0.53 0.03 0.0042 0.24 0.20 

8 873 1 0.51 0.03 0.0038 0.27 0.19 

8 1073 1 0.61 0.02 0.0057 0.12 0.24 

8 673 2 0.70 0.03 0.0033 0.13 0.14 

PKSAC with 4 kmol m
−3

T= 1073 K  

4000 3500 3000 2500 2000 1500 1000 500

40

50

60

70

80

90

100

 

 

A
C

4
2

4
0

0

A

 AC42400

 without chemical

 41800

 Raw PKS

 81400

 25 pts AAv smooth of "Raw PKS"

 25 pts AAv smooth of "without chemical"

 25 pts AAv smooth of "41800"

 25 pts AAv smooth of "AC42400"

 25 pts AAv smooth of "81400"

Ad smooth 25

4000 3500 3000 2500 2000 1500 1000 500

40

50

60

70

80

90

100

 

 

A
C

4
2

4
0

0

A

 AC42400

 without chemical

 41800

 Raw PKS

 81400

 25 pts AAv smooth of "Raw PKS"

 25 pts AAv smooth of "without chemical"

 25 pts AAv smooth of "41800"

 25 pts AAv smooth of "AC42400"

 25 pts AAv smooth of "81400"

Ad smooth 25

4000 3500 3000 2500 2000 1500 1000 500

40

50

60

70

80

90

100

 

 

A
C

4
2

4
0

0

A

 AC42400

 without chemical

 41800

 Raw PKS

 81400

 25 pts AAv smooth of "Raw PKS"

 25 pts AAv smooth of "without chemical"

 25 pts AAv smooth of "41800"

 25 pts AAv smooth of "AC42400"

 25 pts AAv smooth of "81400"

Ad smooth 25

4000 3500 3000 2500 2000 1500 1000 500

40

50

60

70

80

90

100

 

 

A
C

4
2

4
0

0

A

 AC42400

 without chemical

 41800

 Raw PKS

 81400

 25 pts AAv smooth of "Raw PKS"

 25 pts AAv smooth of "without chemical"

 25 pts AAv smooth of "41800"

 25 pts AAv smooth of "AC42400"

 25 pts AAv smooth of "81400"

Ad smooth 25

4000 3500 3000 2500 2000 1500 1000 500

40

50

60

70

80

90

100

 

 

A
C

4
2

4
0

0

A

 AC42400

 without chemical

 41800

 Raw PKS

 81400

 25 pts AAv smooth of "Raw PKS"

 25 pts AAv smooth of "without chemical"

 25 pts AAv smooth of "41800"

 25 pts AAv smooth of "AC42400"

 25 pts AAv smooth of "81400"

Ad smooth 25

1086 
C−O−C 

1420 
C=C 

874 
C−OH 

1561 
C=O 

1137 
P=O 1034 

P
+
−O

−
  

1563 
C=O 

1128 
P=O 

1028 
P

+
−O

−
  

1556 
C=O 

1205 
P=O 1033 

P
+
−O

−
  

3328 
O−H 

2921 
C−H 

1735 
C−O 

1420 
C=C 

1032 
C−O−C 

769 
C−OH 1235 

C=O 

T
ra

n
sm

it
ta

n
ce

 [
a

rb
it

ra
ry

 u
n

it
s]

 

Wavenumber [cm
−1

]  

4000        3000        2000        1000 

PKS 

w/o chemical treatment 

751 
C−OH 

2360 
C=O 

 

 875 
P−O−C 

PKSAC with 4 kmol m
−3

T= 673 K  

PKSAC with 8 kmol m
−3

T= 673 K  



 

43 

 

Chapter 3 Pyrolysis of Palm Kernel Shell for Activated Carbon Production 

 

b) Characterization of other products 

Characterization of off-gas 

The components of five major off-gases from pyrolysis, H2, O2, CO2, CO, and CH4, 

were studied. The calculations to estimate the amount of component in off-gas can be found in 

Appendix A.2. Figure 3.18 shows the evolution of off-gas flow rate versus sampling time. All of 

the target off-gases started generating at the early stage of sampling time. The composition of off-

gases decreased as sampling time increased and off-gases almost finished generating at sampling 

time 1.5 h. Therefore, pyrolysis time one hour was enough to obtain a sufficient amount of off-

gas for further utilization. The amount of off-gas generated from pyrolysis of PKS with chemical 

treatment was lower than PKS without chemical treatment. 

The mass fraction of off-gas from pyrolysis of PKS without and with chemical treatment 

is displayed in Figure 3.19. The mass fraction of off-gas from pyrolysis of PKS without chemical 

treatment was almost constant with respective T. On the other hand, it was found that the amount 

of CH4 was very low at T= 673 K from pyrolysis with PKS with chemical treatment. Thereafter 

the mass fraction of off-gas increased remarkably. The overall of flammable gases increased when 

T increased but the overall of non-flammable decreased. 
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Figure 3.18 The evolution of off-gas flow rate versus sampling time t=1 h; T = 873 K                  
(a) without chemical treatment (b) cP= 4 kmol m−3 (c) cP= 8 kmol m−3 
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Figure 3.19 Mass fraction of off-gas components from pyrolysis at t=1 h                      
(a) without chemical treatment (b) cP= 4 kmol m−3 (c) cP= 8 kmol m−3 
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The heating value of the off-gas from pyrolysis of PKS without and with chemical 

treatment are shown in Figure 3.20 and 3.21, respectively. The heating value of off-gas was 

calculated using the enthalpy of combustion of the flammable gases as stated in Table 3.8. The 

heating value of the off-gas in all runs increased as T increased. The composition and heating 

value of off-gas from pyrolysis of PKS without chemical treatment was higher than that of PKS 

with chemical treatment.  

Table 3.8 Enthalpy of combustion for flammable gas component in off-gas (Othaman et al., 2008) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.20 Molar amount of each component in off-gas from various pyrolysis temperatures of 

PKS and their heating values at t=1 h 
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Figure 3.21 Molar amount of each component in off-gas from various pyrolysis temperatures of 

PKS with chemical treatment and their heating values at t=1 h (a) cP= 4 kmol m−3 (b) cP= 8 kmol m−3 
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Characterization of condensable liquid 

The pH of condensable liquid from pyrolysis of PKS without and with chemical 

treatment is shown in Figure 3.22. pH of condensable liquid in all runs were highly acidic and 

ranged from 1 to 2 on average. pH of condensable liquid from pyrolysis of PKS with chemical 

treatment was lower than that of PKS without chemical treatment and the pH decreased as T 

increased.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22 pH of condensable liquid from pyrolysis of PKS without and with chemical treatment 

at t=1 h 

 

Figure 3.23 illustrates the mass fraction of components in condensable liquid from 

pyrolysis of PKS without and with chemical treatment. Water content in condensable liquid was 

in the range from 0.4 to 0.8. The water content of PKS with chemical treatment considered 

relatively high. Similar results were also reported by Hassan et al. (2009). Their study stated that 

the presence of dehydrating chemical reagents such as H3PO4, H2SO4, and NaOH enhanced the 

production of water. The studied chemical components in condensable liquid were methanol, 

acetone, acetic, phenol, and guaiacol. These chemicals have been reported as major chemical 

components that remained in condensable liquid from various studies (Uysal et al., 2014: Lu et 

al., 2018: Liu et al., 2013). The major chemical components in condensable liquid from pyrolysis 

of PKS without chemical treatment were methanol, acetic acid, and phenol whereas in the case of 

PKS with chemical treatment were methanol and acetic acid. The decrease in phenol may be 

attributed to the promotion of char formation during lignin decomposition in the pyrolysis, 

resulting in the prevention of phenol formation (Liu et al., 2013). The component of guaiacol was 

relatively low in all runs.  
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Figure 3.23 Components in condensable liquids from pyrolysis of PKS without and with chemical 

treatment at t=1 h (a) without chemical treatment (b) cP= 4 kmol m−3 (c) cP= 8 kmol m−3 
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3.3.4 Elemental balance in pyrolysis 

The elemental balances among the pyrolysis products are shown in Figure 3.24. The element 

compositions of PKSAC were obtained from CHN elemental analyzer, while those of 

condensable liquid were calculated from mass balance of carbon, hydrogen, and oxygen as shown 

in equation 3.4. 

                                                                       3.4                      

where i stand for the element C, H and O. xi,PKS, xi,PKSAC, xi,OG, and xi,L are the mass fraction of 

element i in PKS, PKSAC, off-gas, and condensable liquid, respectively. YPKSAC, YOG, and YL are 

the yields of PKSAC, off-gas, and condensable liquid, respectively. The mass fraction of element 

in each product changed with the pyrolysis temperature. The carbon content mainly remained in 

PKSAC while the oxygen content remained in off-gas and condensable liquid. The hydrogen 

content in all products were relatively low.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.24 Elemental balances among pyrolysis products of PKS with chemical treatment          

at cP= 8 kmol m−3 t=1 h (a) T= 673 K (b) T= 873 K  
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The carbon and oxygen balances among pyrolysis products under various pyrolysis 

temperature are shown in Figure 3.25 and 3.26, respectively. The carbon content in PKSAC 

decreased and the oxygen content in off-gas increased as pyrolysis temperature increased. The 

oxygen contents in PKSAC migrated to the condensable liquid and gaseous products in the form 

of oxygen-containing organic compounds, water, CO, and CO2 (Barbanera and Muguerza, 2019).  

 

 

 

 

 

 

 

 

 

 

Figure 3.25 Carbon balance among pyrolysis products of PKS with chemical treatment                

at cP= 8 kmol m−3 t=1 h  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.26 Oxygen balance among pyrolysis products of PKS with chemical treatment                 

at cP= 8 kmol m−3 t=1 h  

 

 

0

0.2

0.4

0.6

0.8

1

673 873 1073

M
a

ss
 f

ra
ct

io
n

 [
−

] 

T [K]

L

OG

PKSAC

0

0.2

0.4

0.6

0.8

1

673 873 1073

M
a

ss
 f

ra
ct

io
n

 [
−

] 

T [K]

L

OG

PKSAC



 

52 

 

Chapter 3 Pyrolysis of Palm Kernel Shell for Activated Carbon Production 

 

3.4 CONCLUSIONS 

Palm kernel shell activated carbon and other products were obtained from pyrolysis. The 

presence of orthophosphoric acid in palm kernel shell could improve yield of palm kernel shell 

activated carbon. The effect of pyrolysis temperature significantly affected yield of palm kernel 

shell activated carbon whereas the effects of orthophosphoric acid concentration and pyrolysis 

time were insignificant. The pyrolysis temperature also showed the effect on yield of other 

products. Produced palm kernel shell activated carbon had a relatively high micropore volume 

and specific surface area which were suitable to be used as an adsorbent. The surface functional 

groups of palm kernel shell activated carbon also changed by chemical treatment. The off-gas 

contained flammable and non-flammable gases and one hour of pyrolysis time was sufficient to 

obtain almost all of the off-gas. The condensable liquid contained chemical components such as 

acetic acid and methanol. The carbon content mainly remained in PKSAC while the oxygen 

content remained in off-gas and condensable liquid. 
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EQUILIBRIUM ADSORPTION OF  

UNFAVORABLE COMPOUNDS IN PALM OIL MILL EFFLUENT 

USING PALM KERNEL SHELL ACTIVATED CARBON 

 

 

 

4.1 INTRODUCTION 

From the previous chapter, the palm kernel shell activated carbon had sufficient specific 

surface area which can be used as an adsorbent. Therefore, to evaluate the performance of palm 

kernel shell activated carbon for treating the unfavorable compounds in palm oil mill effluent, the 

adsorption of unfavorable compounds by palm kernel shell activated carbon was conducted. In 

this chapter, the palm kernel shell activated carbons produced from various operating conditions 

were applied for the adsorption of unfavorable compounds in model palm oil mill effluent. The 

parameters that affected adsorption performance were discussed respectively. 

4.2 EXPERIMENTAL 

4.2.1 Material 

The adsorbents used in this chapter were palm kernel shell activated carbon (PKSAC) 

produced from different operating conditions in Chapter 3.    

Phenol, m-cresol, p-cresol, and commercial activated carbon (CAC) in the analytical grade 

were purchased from FUJIFILM Wako Pure Chemical Corp. Lignin (CAS No.: 8068-05-1) was 

purchased from Sigma-Aldrich Co. 
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4.2.2 Adsorption procedure and principal conditions 

a) Adsorption procedure 

Phenolic compounds and lignin were chosen as representatives of unfavorable 

compounds in POME. These two compounds were major unfavorable compounds which are 

usually reported in POME characteristics by several studies (Khongkhaem et al., 2016; Tosu et 

al., 2015; Mellyanawaty et al., 2018). An aqueous solution of phenolic compounds and lignin 

was continually contacted with the PKSAC at constant temperature using a thermostatic shaking 

water bath (T-N22S, Thomas Kagaku. Co., Ltd.) for five days to equilibrate it. Then the solution 

and PKSAC were separated by filtration. The filtrate solution of phenolic compounds and lignin 

was analyzed by gas chromatograph with FID (Shimadzu GC-14B), and UV-Vis spectrometer 

(UV-1280, Shimadzu), respectively.  

b) Principal conditions for batch equilibrium adsorption  

 The principal conditions of batch equilibrium adsorption of phenolic compounds and 

lignin are represented in Table 4.1-4.3. Phenolic compounds, namely, phenol, m-cresol and p-

cresol were the representative hazardous compounds and lignin was a representative of colored 

material in POME. The concentration of adsorbate in feed solution was varied. The binary 

adsorption of phenolic compounds were also studied under mass fraction of 1:1.   

Table 4.1 Principal conditions for single solute batch equilibrium adsorption of hazardous 

compounds 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Feed (model POME) 

 

Concentration of adsorbate in  

  feed solution, Ci,0 [kmol m−3] 

Aqueous solution of phenol, 

m-cresol, and p-cresol  

 

0.005−0.030 

Adsorbent 

Mass of adsorbent, S0 [kg] 

Volume of feed, L0 [m3]  

Ratio of adsorbent mass to  

 feed solution volume, S0/L0 [kg m−3] 

PKSAC 

1.0×10−4 

2.5×10−5 

 

4 

Time [h]  

Temperature [K] 

120 

300 
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Table 4.2 Principal conditions for binary solutes batch equilibrium adsorption of hazardous 

compounds 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 4.3 Principal conditions for single solute batch equilibrium adsorption of colored material 

 

 

 

 

 

 

 

 

4.2.3 Analyses 

a) Gas chromatograph 

The concentration of phenolic compounds was analyzed using gas chromatography (GC-14B 

with FID, Shimadzu Co., Ltd.; ULBON HR-20M column I.D. 0.00053 m×30 m). A 1.0×10-6 m3 

syringe (Hamilton, Reno, NV, USA) was used for all manual injections. The data were acquired 

and processed on a personal computer, using Shimadzu GC Solution software. The analysis was 

repeated three times in each sample. 1-Propanol was used as a solvent. The working conditions 

for GC are tabulated in Table 4.4. Figure 4.1 shows the picture of instrument for phenolic 

compounds analysis. 

 

 

 

 

 

Feed (Binary solutes) 

 

 

 

Concentration of adsorbate in  

  feed solution, Ci,0 [kmol m−3] 

Aqueous solution of two 

phenolic compounds 

(phenol and p-cresol, or 

phenol and m-cresol) 

 

0.005−0.030 

Adsorbent 

Mass of adsorbent, S0 [kg] 

Volume of feed, L0 [m3]  

Mass fraction of phenolic compound [–] 

Ratio of adsorbent mass to  

 feed solution volume, S0/L0 [kg m−3] 

PKSAC 

1.0×10−4 

2.5×10−5 

1 

 

4 

Time [h]  

Temperature [K] 

120 

300 

Feed (model POME) 

 

Concentration of adsorbate in  

  feed solution, CLg,0 [kmol m−3] 

Lignin 

 

 

0.001−0.01 

Adsorbent 

Mass of adsorbent, S0 [kg] 

Volume of feed, L0 [m3]  

Ratio of adsorbent mass to  

 feed solution volume, S0/L0 [kg m−3] 

PKSAC and CAC 

1.0×10−4 

2.5×10−5 

 

4 

Time [h]  

Temperature [K] 

120 

300 
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Table 4.4 Working conditions for gas chromatograph (GC-14B, ULBON HR-20M column) 

Carrier gas and pressure [kPa] Helium, 120 

Make-up gas and pressure [kPa] Helium, 50 

Detector gas and pressure [kPa] Hydrogen, 60 

FID gas and pressure [kPa] Air, 50 

Injector temperature [K] 523 

Detector temperature [K] 523 

Column temperature [K] 363473 

Column heating rate [K h−1] 300 

Split ratio (outlet : inlet column) [−] 1:50 

Split flow rate [m3 h−1] 0.0025 

Column flow rate [m3 h−1] 0.00042 

Purge flow rate [m3 h−1] 0.00018 

Range [−] 1 

Injection volume [m3] 2.0×10−10 

 

 

  

 

 

 

 

 

 

 

 

Figure 4.1 Gas chromatograph (GC-14B) for phenolic compounds analysis 

 

b) UV-Vis spectrometer 

The concentration of lignin was analyzed using UV-Vis spectrometer (UV-1280, Shimadzu) 

with a detecting wavelength at 202 nm. The solution was diluted before performing the analysis. 

The dilution ratio was varied between 1:30 and 1:150. The filtrate solution of PKSAC contacted 

with DI water was used as a blank for baseline correction. Figure 4.2 shows the picture of 

instrument for lignin analysis.  
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Figure 4.2 UV-Vis spectrometer (UV-1280, Shimadzu) for lignin analysis  

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Basic relationships  

Material balance relationship and two equations, namely, fractional removal, and Langmuir 

isotherm were employed in the adsorption study. The details of the material balance relationship 

and equations are described below. 

The material balance relationship of compound i in the batch equilibrium adsorption,  

 

                             L0Ci,0 + S0qi,0 = LCi + Sqi                         4.1 

 

was used to calculate qi under the assumptions of qi,0 = 0, L = L0, S = S0, 

where L0, L, S0, and S denote mass of the feed aqueous solution at initial, mass of the feed aqueous 

solution at equilibrium, and mass of adsorbent at the initial, mass of adsorbent at equilibrium, 

respectively. Ci,0 and qi are concentration of compound i in feed aqueous solution at initial, and 

adsorbed amount of compound i at equilibrium on PKSAC, respectively. 

The fractional removal of compound i, Ri,, was defined as,  

                                                                          4.2 

 

Langmuir isotherm model was employed for single solute adsorption to predict the adsorption 

performance of PKSAC with unfavorable compounds in model POME. Langmuir isotherm 

equation can be written as: 

 

                                                                          4.3 
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where qi
* and KL,i are the saturated adsorbed amount of compound i and Langmuir parameter, 

respectively. 

The Langmuir isotherm model for single solute adsorption is based on the following 

assumptions (Choy, et al., 2000): 

1. All sites for adsorption are equally identical on a homogeneous, and adsorbed molecules do 

not interact.  

2. All sites for adsorption are energetically equivalent and the energy of adsorption is equal for 

all sites. 

3. When adsorbent is in a saturated condition, only a monolayer is formed. No more layers can 

form above the first layer.  

In the case of binary solute system, qi was represented by the extended Langmuir isotherm 

model with the same assumption as for single solute adsorption. The extended Langmuir isotherm 

model can be expressed as:  
  

                                                                          4.4 

where the q*
i and KL,i are the saturated adsorbed amount and Langmuir parameter, respectively, 

obtained in single solute system (Choy, et al., 2000). Therefore, in binary solute system, equation 

4.4 written for solute 1 and 2 becomes: 

                                                                      4.5 

 

                                                                      4.6 

 

where qi,1 and qi,2 are the adsorption amount of solute 1 and 2 at the equilibrium, respectively. 

The extended Langmuir equation can be used when qi,1≠qi,2. 

4.3.2 Fractional removals of unfavorable compounds in model palm oil mill effluent 

Figure 4.3 show the fractional removals of phenolic compounds, Ri, with PKSACs produced 

from different operating conditions calculated by Eq. 4.2. The PKSACs could adsorb and remove 

phenolic compounds in the model POME successfully. Ri decreased with the increasing initial 

concentration of phenolic compounds, Ci,0. Ri was from 0.2 to higher than 0.9 at maximum in the 

range of this work. Adsorption of phenol by PKSACs with chemical treatment was higher than 

that of PKSAC without chemical treatment. 
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Figure 4.4 show the fractional removals of lignin, RLg, with PKSACs. The PKSACs could 

adsorb and remove lignin in the model POME successfully same as in the case of phenolic 

compounds. RLg decreased as the initial concentration of lignin, CLg,0, increased. RLg of 0.5 was 

the maximum obtained in the concentration range considered in this work. RLg of PKSAC without 

chemical treatment was almost zero. Furthermore, it can be seen that RLg by PKSACs was lower 

than that of phenolic compounds. The decrease in RLg could be due to the larger molecular weight 

of lignin. In this study, the lignin molecular weight was assumed to be 0.51 kg mol−1 

(ChemicalBook Inc.) which was approximately five times larger than that of phenolic compounds.    

The comparison of change in color intensity of lignin solution before adsorption and at 

equilibrium is shown in Figure 4.5. The color change could not be observed in this study with the 

small mass of PKSAC (Figure 4.5b). However, when the mass of PKSAC increased, the color 

intensity of lignin reduced and the solution became clear (Figure 4.5c and 4.5d). Therefore, 

produced PKSACs could remove lignin and be an effective adsorbent for decolorization of 

POME. 
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Figure 4.3 Fractional removals of phenolic compounds on palm kernel shell activated carbons  

1 

1 
[kmol m

−3
]

 
 

1 
673 

t  
[h] 

c
P
 

key 
T  

[K] 

8 

- 

4 

673 

2 

1073 1 

873 

1 

[kmol m
−3

]
 
 

1 
673 

t  
[h] 

c
P
 

key 
T  

[K] 

8 

4 

673 

2 
1073 1 

1 

[kmol m
−3

]
 
 

1 
673 

t  
[h] 

c
P
 

key 
T  

[K] 

8 

4 

673 

2 

1073 1 

0

0.2

0.4

0.6

0.8

1

0 0.01 0.02 0.03 0.04

R
P

h
e

[-
]

CPhe,0 [kmol m−3]

0

0.2

0.4

0.6

0.8

1

0 0.01 0.02 0.03 0.04

R
m

C
r
[-

]

CmCr,0 [kmol m−3]

0

0.2

0.4

0.6

0.8

1

0 0.01 0.02 0.03 0.04

R
p

C
r

[-
]

CpCr,0 [kmol m−3]

R
P

h
 [
−

] 
R

m
C

r 
[−

] 
R

p
C

r 
[−

] 

C
pCr,0 

[kmol m
−3

] 

C
mCr,0 

[kmol m
−3

] 

C
Ph,0 

[kmol m
−3

] 



 

61 

 

Chapter 4 Equilibrium Adsorption of Unfavorable Compounds in Palm Oil Mill Effluent  

Using Palm Kernel Shell Activated Carbon 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Fractional removals of lignin on palm kernel shell activated carbons 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Comparison of change in color intensity (a) lignin solution before adsorption at CLg,0 = 

0.001 kmol m−3; (b) lignin solution at equilibrium with 0.0001 kg of PKSAC; (c) and (d) lignin 

solution at equilibrium 0.0013 kg of PKSAC 

 

4.3.3 Adsorption isotherms of unfavorable compounds in model palm oil mill effluent 

The adsorption isotherms of phenolic compounds calculated by Eq. 4.3 on PKSACs are 

shown in Figure 4.6. The adsorption of phenolic compounds with PKSACs followed the 

Langmuir model. The adsorbed amount of phenolic conpounds, qi, increased with an increase in 

the concentration of phenolic compounds at equilibrium, Ci. The qPh of PKSACs with chemical 

treatment was higher than that of PKSAC without chemical treatment. qi increased as H3PO4 

concentration, cP, increased or pyrolysis temperature, T, decreased.  
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Figure 4.6 Adsorption isotherms of phenolic compounds on palm kernel shell activated carbons 
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The adsorption isotherms of lignin on PKSACs are shown in Figure 4.7. The obtained 

adsorbed amount of lignin, qLg, gave a good fit for the Langmuir adsorption isotherm. There was 

an increase in qLg as the increment of concentration of lignin in liquid at equilibrium, CLg, in the 

model POME.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Adsorption isotherms of lignin on palm kernel shell activated carbons  

 

Table 4.5 summarizes Langmuir parameters for adsorption isotherms of unfavorable 

compounds determined from Eq. 4.3. The saturated adsorbed amount, qi*, of phenolic compounds 

and lignin increased as cp increased but decreased as T and t increased. The chemical activation 

increased both qPh
* and KL,Ph. qPh

* of mCr and pCr was higher than that of Ph in some runs. 

PKSACs could adsorb lignin greater than CAC, showing that PKSAC is a feasible adsorbent in 

terms of the environmental and economical aspects. 

Since the adsorption performance by PKSACs produced at t= 1 h showed good results, only 

PKSACs produced at t= 1 h were selected for adsorption in the binary solute system. Figure 4.8 

represents the adsorption isotherms of phenolic compounds in single and binary solutes systems. 

The PKSACs could adsorb the phenolic compounds in binary solutes system. The qi in binary 

solutes system increased as cp but decreased with the increment of T same as in the case of single 

solute system. The qi of each phenolic compound in binary solutes system was lower than in 

single solute system due to the effect of co-existing solute in the system. It was assumed that 

phenol and cresol shared in the same adsorption site in the binary solute system as qi
* of them 

were close with each other and their molecular structures were similar. 

Figure 4.9 represents the comparison of adsorption amounts calculated by Eq. 4.4 and 

experimental results. Eq. 4.4 could roughly predicted the qpCr and qmCr, but qPh,calc was higher than 

qPh,exp.  
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Table 4.5 Langmuir parameters for adsorption isotherms of unfavorable compounds in single solute 

system 
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Figure 4.8 Adsorption isotherms of phenolic compounds on palm kernel shell activated carbons in 
single and binary solute system  
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Figure 4.9 Comparison of adsorption amounts calculated and experimental results by extended 
Langmuir isotherm model 
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A comparison of phenol adsorption performance of activated carbon produced from different 

raw materials with orthophosphoric acid activation is shown in Table 4.6. The adsorption 

performance of phenol by PKSAC was higher than other prepared AC due to the higher in SBET. 

The pyrolysis temperature and time used in this study were also lower and shorter than other AC 

listed in Table 4.6. 

Table 4.7 compares lignin adsorption performance of different adsorbents. Lignin removal 

by adsorption is still rarely reported in the previous literatures. Table 4.7 indicates that different 

types of adsorbents could be used for lignin adsorption and the adsorption performance of lignin 

depended on the SBET. As this study could produce a relatively high SBET compared to other 

adsorbents, the adsorption performance of lignin by PKSAC was highest. 

 
Table 4.6 Comparison of phenol adsorption performance of activated carbon produced from different 

raw materials with orthophosphoric acid activation 

 

 
Table 4.7 Comparison of lignin adsorption performance of different adsorbents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Raw material 
T 

[K] 

t 

[h] 

SBET×103 

[m
2
 kg-AC

−1
] 

qi
* 

[kmol kg-

AC−1] 

Ref. 

Olive stone 680 2.5 1040 0.000625 Bohli et al., 2013 

Apricot stone 673 - 1370 0.0013 
Daifullah  et al., 

1994 

Eucalyptus 698 2 1460 0.0024 
Gonzalez-Serrano 

et al., 2004 

Kraft lignin 773 2 940 0.0011 
Fierro et al., 

2004 

Coffee ground 873 45 mins 640 0.00003 Namane et al., 

2005 Commercial AC  - 950 0.00004 

palm kernel 

shell 
673 1 1856 0.0059 This study 

Adsorbent 
SBET×103 

[m
2
 kg-AC

−1
] 

qi
* 

[kmol kg-AC−1] 
Ref. 

Fly ash 28.6 0.00002 Andersson et al., 

2011 Activated charcoal 840 0.0005 

Commercial AC 992 0.0004 This study 

PKSAC 1856 0.0015 This study 
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4.3.4 Correlation of adsorption performance with palm kernel shell properties 

Figure 4.10 shows the relationship between qi
* and SBET. The qi

* showed a good correlation 

with SBET. The qi
* increased with the increase in SBET, thereby indicating the critical role played 

by SBET in phenolic compounds and lignin adsorption. qLg
* increased steeply due to the effect of 

molecular size distribution of lignin. Lignin is a heterogeneous molecule and has wide molecular 

size distribution (Mazar et al., 2021: Oasmaa et al., 2003). Hence the higher the SBET, the more 

the lignin molecule could be adsorbed. As mentioned in chapter 3, the chemical activation by 

H3PO4 effectively increased the SBET of the PKSAC even at a relatively low pyrolysis temperature 

and short pyrolysis time. These resulted in the effective removal of phenolic compounds and 

lignin from the POME. Even though several chemical functional groups on PKSAC surface were 

found, the effect of these chemical functional groups toward the adsorption was still unclear in 

this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.10 Saturated adsorption amounts of unfavorable compounds against specific surface area 

of palm kernel shell activated carbons  
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4.4 CONCLUSIONS 

Palm kernel shell activated carbons produced from various operating conditions could 

successfully adsorb and remove unfavorable compounds, namely, phenolic compounds and lignin 

in model palm oil mill effluent. The adsorption of phenolic compounds and lignin followed 

Langmuir model. The adsorption performance of phenolic compounds was higher than lignin. 

Produced palm kernel shell activated carbons showed better adsorption performance than 

commercial activated carbon and could decolorize lignin in some runs. The saturated adsorbed 

amount of unfavorable compounds increased as orthophosphoric acid concentration increased but 

decreased as pyrolysis temperature and time increased. The specific surface area of palm kernel 

shell activated carbon was found to significantly affect the phenolic compounds and lignin 

adsorption performance. 
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CHAPTER 5 

 

 

 

APPLICATION OF EFFLUENT TREATMENT  

USING PALM KERNEL SHELL ACTIVATED CARBON  

IN PALM OIL MILL PROCESS 

 

 

 

5.1 INTRODUCTION 

The objective of this chapter is to apply the effluent treatment using palm kernel shell 

activated carbon into the current palm oil mill process in Thailand by introducing proposed 

process. Firstly, the proposed process was designed suitably and introduced into the current 

process to make the proposed process become reliable and practicable as possible. Following this, 

the material and energy balances in the proposed process were calculated based on the 

experimental results obtained from chapter 3 and 4 and discussed accordingly. Subsequently, the 

feasibility of using palm kernel shell activated carbon and other products from pyrolysis in the 

proposed process was investigated and discussed in detail. 

5.2 OUTLINE OF PROPOSED PROCESS 

The diagram of the proposed process for application in Thailand’s palm oil mill industry is 

shown in Figure 5.1. The proposed process is an additional process that aims to apply the effluent 

treatment using palm kernel shell activated carbon. The PKS obtained from palm oil production 

process is chemically treated with orthophosphoric acid in the chemical treatment operation. Then, 

PKS with chemical treatment is heated by pyrolysis operation to obtain PKSAC, off-gas, and 

condensable liquid. PKSAC is used as the adsorbent to treat unfavorable compounds in POME 

treatment. Off-gas is used as an energy source for additional operations in the palm oil mill process 

and condensable liquid could be used as a raw materials for other chemical processes. 
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5.3 CALCULATION 

The systems are assumed at steady-state, that is, that all properties of the system are invariant 

with time. Therefore, the rate of mass transfer (energy transfer) into the system must equal to the 

rate of mass transfer (energy transfer) out of the system. 

The symbols used in the proposed process are defined as follows: 

Material or energy flow rate, F or E 

Fk,j: Flow of material k from process j [kg] 

Fk,s: Flow of material k from operation s [kg] 

Er,s: The energy recovery r from operation s [kJ] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Proposed process for application in palm oil mill process 

 

Material, k 

FFB: fresh fruit brunch, CPO: crude palm oil, PKO: palm kernel oil, PKS: palm kernel shell, 

PPF: palm press fiber, EFB: empty fruit brunch, DC: decanter cake, POME: palm oil mil effluent, 

H3PO4: orthophosphoric acid, W: water, PKS,H3PO4: PKS with chemical treatment, W, H3PO4: 

residue of H3PO4 solution, PKSAC: palm kernel shell activated carbon, OG: off-gas, L: 

condensable liquid, S,PKSAC: Spent PKSAC, T,POME: treated POME  

Process, j 

PO: palm oil production 

Operation, s 

CT: chemical treatment, PY: pyrolysis, PT: palm oil mill effluent treatment, HG: heat 

generation. Besides those, the numbering was given for the proposed process as below: 

0: inlet of chemical treatment 

1: inlet of pyrolysis 

2: inlet of palm oil mill effluent treatment 

3: inlet of heat generation 
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Energy, r 

R: Energy recovery  

The details of material feeds, products and calculations in each operation are described below. 

Chemical treatment 

FPKS,0=0.015×FPKS,PO 

FPKS,H3PO4,CT=0.15(FH3PO4,0+FW,0+FPKS,0) 

The chemical treatment operation consists of chemical treatment of PKS, filtration, and 

drying. In this operation, 4 and 8 kmol m−3 of orthophosphoric acid, water, and PKS are used. The 

amount of PKS was fixed. According to the material balance shows in Figure 1.9, POME, and 

PKS are generated 0.34 kg, and 0.06 kg from 1 kg of fresh fruit bunch, respectively. However, 

the palm oil mill is unable to use all of the generated PKS for the pyrolysis. It is estimated that 

0.50 of the PKS is consumed by palm oil mill boilers as its primary fuel, and 0.25 of the PKS by 

other industries (Dit, 2007). Therefore, this study assumed that 0.25 of the PKS or 0.015 kg is 

available for the chemical treatment operation. The amount of PKS with chemical treatment was 

calculated based on experimental results and it was 0.15 of the amount of feed materials for 

chemical treatment.  

Pyrolysis 

FPKS,H3PO4,CT = FPKS,H3PO4,1 

FPKSAC,PY= FPKS,H3PO4,1×YPKSAC 

FL,PY = FPKS,H3PO4,1×YL  

FOG,PY = FPKS,H3PO4,1×YOG 

The PKS with chemical treatment obtained from chemical treatment operation is then 

pyrolyzed under various pyrolysis temperatures and pyrolysis time 1 hour. The amount of nitrogen 

gas is neglected because nitrogen gas is an inert gas. YPKSAC, YOG, and YL were the yield of products 

based on experimental results from chapter 3. 

The required energy for pyrolysis (Q) was calculated from the difference in feed (PKS with 

chemical treatment) and products (PKSAC, off-gas, and condensable liquid) enthalpy as shown 

in equation 5.1 and 5.2.  

, ,f products f feedQ H H                  5.1 

   , , , , 3 4 , , 3 4

, , , , 3 4 , , 3 4
298 298

( ) ( )                   
out in

PKSAC f PKSAC OG f OG L f L PKS H PO f PKS H PO

T T

PKSAC p PSKAC OG p OG L p L PKS H PO p PKS H PO

M H M H M H M H

M C M C M C dT M C dT

       

    
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where Q, ∆Hf,feed, ∆Hf,products, M, and Cp denote the total required energy, enthalpy formation of 

feed, enthalpy formation of product, mass of feed or product, and heat capacity of feed or product, 

respectively. The enthalpy of formation and heat capacity of all corresponding substances are 

summarized in Table 5.1 and 5.2. The standard heat capacity was employed in this study.  

 

Table 5.1 Standard enthalpy of formation of substances at 298.15 K (Othaman et al., 2008) 

 

 

 

 

 

 

 

 

Table 5.2 Standard enthalpy of formation of the gas components and carbon at various pyrolysis 

temperatures (Othaman et al., 2008) 

 

 

 

 

 

 

 

 

Palm oil mill effluent treatment 

FPKSAC,PY=FPKSAC,2 

FPOME,PO=FPOME,2 

FPKSAC,2= FS,PKSAC,PT 

FPOME,2= FT,POME,PT 

POME is treated with PKSAC. The amount of POME in this operation was taken from the 

amount of POME reported by previous study. This operation assumed that the amount of POME 

and PKSAC at output was unchanged with the input, and there was no energy change of the output 

and the input. 

 

Substances (phase) 
Heat capacity 

[kJ kg−1K−1] 

Enthalpy of 

formation 

[kJ kg−1] 

Methanol (g) 1.38 -6262.8 

Acetic Acid (g) 1.11 -7198.2 

Acetone (g) 1.29 -3753.4 

Phenol (g) 
1.10 [300 K] 

2.26 [800 K] 
-1495.4 

Cellulose (s) 1.00 − 1.21 -5915.4 

Orthophosphoric acid (s) 1.48 -13106.7 

Substances (phase) 
Enthalpy of formation [kJ kg−1] at 

673 [K] 873 [K] 1073 [K] 

H2 (g) 5432.19 8367.98 11357.2 

CO (g) -3546.28 -3319.98 -3084.35 

CH4 (g) -3597.45 -2831.58 -1952.06 

CO2 (g) -8568.38 -8337.31 -8092.37 

H2O  (g) -12690.8 -12264.5 -11810.2 

C (s) 434.8603 757.8915 1113.525 
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Heat generation 

FOG,PY=FOG,3 

Off-gas from pyrolysis is used as an energy source for additional operation in palm oil mill 

process. The amount of off-gas was coming from pyrolysis at respective pyrolysis temperature. 

The energy recovery from off-gas was calculated based on the total heating value of flammable 

gas. 

The summary of the calculation for each operation in proposed process is shown in Figure 

5.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.2 Calculation for each operation in proposed process 

FPKS,H3PO4,CT=FPKS,H3PO4,1 
FPKSAC,PY= FPKS,H3PO4,1×YPKSAC 

FL,PY = FPKS,H3PO4,1×YL 

FOG,PY = FPKS,H3PO4,1×YOG 
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5.4 RESULTS AND DISCUSSION 

5.4.1 Material balances of unfavorable compounds in palm oil mill effluent 

The material balances of unfavorable compounds in palm oil mill effluent was estimated from 

the comparison between the capacity of PKSAC to adsorb unfavorable compounds 

((F
PKS,H3PO4,1

Y
PKSAC

q
i

*
)/F

FFB
) and the generated amount of unfavorable compounds in POME 

((FPOME,2/ρPOME)Ci,POME)/FFFB). The concentrations of unfavorable compounds in POME, Ci,POME,  

were taken from POME characteristic reported by previous literatures (Mohammed and Chong, 

2014: Neoh et al., 2013: Khongkhaem et al.,2016). The saturated adsorbed amounts of 

unfavorable compounds, qi
*, were obtained from chapter 4 and the density of POME (ρPOME) was 

assumed to be same as that of water (103 kg m−3). The diagonal line means that the capacity of 

PKSAC to adsorb unfavorable compounds is equal to the generated amount of unfavorable 

compounds in POME. Figure 5.3 shows the comparision between the capacity of PKSAC to 

adsorb unfavorable compounds and the generated amount of unfavorable compounds in POME. 

The result clearly indicated that the capacity of PKSAC to adsorb unfavorable compounds in 

POME was higher than the amount of unfavorable compounds discharged in POME. 

Consequently, the amount of PKSAC was enough to remove unfavorable compounds in POME 

and the treatment of POME with produced PKSAC would be a feasible method. Although the 

color change in the lignin adsorption study could not be clearly observed, the treated POME 

should be discharged into environmental water to dilute after treatment. Therefore, it is 

unnecessary to completely remove colored material in POME. The study and result presented 

here was simple. For a future study, the actual concentration of the unfavorable compounds in 

palm oil mill effluent and the kinetic study should be taken into account. 
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Figure 5.3 Relationship between capacity of palm kernel shell activated carbon                  

and generated amount of unfavorable compound in palm oil mill effluent 

 

5.4.2 Utilization of other products from pyrolysis than activated carbon 

a) Utilization of off-gas 

The energy balances from pyrolysis in the proposed process are shown in Figure 5.4. 

The enthalpy of feeds was almost constant over studied pyrolysis temperature range. The required 

energy for the pyrolysis decreased with the pyrolysis temperature increase, while the energy 

recovery from off-gas increased. As proposed in the proposed process, the energy recovered from 

off-gas is to be used to recover the required energy for the pyrolysis. If energy recovery from off-

gas was higher than the required energy, then the off-gas could fully recover the required energy. 

The proposed process could be run at pyrolysis temperature in the range of 673−873 K. Although 

the energy recovery from off-gas was lower than the required energy in some runs, the additional 

choice to obtain more energy is to burn the spent PKSAC and utilize the off-gas from burning. At 

high pyrolysis temperature (T= 1073 K), the energy recovery from off-gas was much higher than 

the required energy. Therefore, the off-gas needs to be discharged. The study did not consider the 

quality of energy. For future study, the quality of energy should be taken into account to make the 

research become more practical. 
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Figure 5.4 Energy balances from pyrolysis the proposed process (a) cP= 4 kmol m−3                

(b) cP= 8 kmol m−3 at t= 1 h 
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b) Utilization of condensable liquid 

Table 5.3 lists the properties of chemical components in the condensable liquid and their 

utilization (Engineeringtoolbox). As mentioned in chapter 3, the condensable liquid from 

pyrolysis of PKS with chemical treatment contained some chemical components such as acetic 

acid and methanol which can be further utilized. Table 5.3 shows that the chemical components 

in condensable liquid could be raw materials for other industries such as chemical and food 

industries. To evaluate the feasibility of using condensable liquid in the proposed process, the 

effective separation method under the consideration of cost and feasibility still needs to be studied. 

 

Table 5.3 Properties of chemicals in condensable liquid and their utilization 

 

 

 

 

 

 

 

 

 

5.5 CONCLUSIONS 

The outline of the proposed process for applying the effluent treatment using palm kernel 

shell activated carbon into the current palm oil mill process in Thailand was introduced. The 

proposed process consists of four new operations: chemical treatment, pyrolysis, palm oil mill 

effluent treatment, and heat generation. The products obtained from pyrolysis could be applied in 

the process by three ways. Palm kernel shell activated carbon could be used as an adsorbent to 

treat unfavorable compounds in palm oil mill effluent treatment. Off-gas could be used as an 

energy source for additional operations in the current process. The chemical compounds contained 

in the condensable liquid might be utilized as raw materials for other chemical processes. Based 

on the process feasibility study, palm kernel shell activated carbon was an effective adsorbent to 

remove the unfavorable compounds in palm oil mill effluent treatment and the amount of palm 

kernel shell activated carbon was sufficient. The off-gas could be used for heat generation. 

Chemical components contained in condensable liquid could be raw materials for other industries. 

 

 

Component 
Chemical 

 formula 

Heat of 

combustion 

[kJ kg−1] 

Utilization 

Methanol CH3OH 22650 
-precursor to other commodity chemicals 

(formaldehyde, acetic acid) 

Acetic acid C2H4O2 14550 

-precursor to chemical compounds 

production 

-food additive (vinegar) 

Phenol C6H6O 32450 
-precursors for plastics 

- antiseptic 

Acetone C3H6O 30810 - solvent for plastics and synthetic fibers 
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CHAPTER 6 

 

 

 

GENERAL CONCLUSIONS 

 

 

 

The palm oil mill industry is one of the major agro-industries in Thailand. Thailand is 

currently the world’s third-largest palm oil producer. The industry has been growing rapidly 

together with the concern of environmental issues from the liquid waste generated from palm oil 

production. The main objective of this thesis is to treat the effluent by adsorption using activated 

carbon produced from palm kernel shell in palm oil mill process in Thailand. 

Firstly, palm kernel shell from Thailand was characterized by proximate, ultimate, and 

thermogravimetric analyses. The high carbon and low ash contents in palm kernel shell indicated 

that palm kernel shell is a favorable precursor to prepare palm kernel shell activated carbon. The 

pyrolysis of palm kernel shell should be done at temperature above 500 K. The presence of 

chemical activating reagent, orthophosphoric acid, could hinder thermal decomposition in palm 

kernel shell in the high temperature, indicating the potential to produce a high yield of palm kernel 

shell activated carbon.      

Secondly, the palm kernel shell which was chemically treated with orthophosphoric acid was 

pyrolyzed to produce palm kernel shell activated carbon and other products (off-gas and 

condensable liquid). The presence of orthophosphoric acid in palm kernel shell could improve 

yield of palm kernel shell activated carbon. The effect of pyrolysis temperature significantly 

affected yield of palm kernel shell activated carbon whereas the effects of orthophosphoric acid 

concentration and pyrolysis time were insignificant. The pyrolysis temperature also showed the 

effect on yield of other products. Produced palm kernel shell activated carbon had a relatively 

high micropore volume and specific surface area which were suitable to be used as an adsorbent. 

The surface functional groups of palm kernel shell activated carbon also changed by chemical  
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treatment. The off-gas contained flammable and non-flammable gases and one hour of pyrolysis 

time was sufficient to obtain almost all of the off-gas. The condensable liquid contained chemical 

components such as acetic acid and methanol. The carbon content mainly remained in PKSAC 

while the oxygen content remained in off-gas and condensable liquid. 

Then, the produced palm kernel shell activated carbons were applied for the adsorption of 

unfavorable compounds in model palm oil mill effluent. Palm kernel shell activated carbons 

produced from various operating conditions could successfully adsorb and remove unfavorable 

compounds, namely, phenolic compounds and lignin in model palm oil mill effluent. The 

adsorption of phenolic compounds and lignin followed Langmuir model. The adsorption 

performance of phenolic compounds was higher than lignin. Produced palm kernel shell activated 

carbons showed better adsorption performance than commercial activated carbon and could 

decolorize lignin in some runs. The saturated adsorbed amount of unfavorable compounds 

increased as orthophosphoric acid concentration increased but decreased as pyrolysis temperature 

and time increased. The specific surface area of palm kernel shell activated carbon was found to 

significantly affect the phenolic compounds and lignin adsorption performance. 

Lastly, the outline of the proposed process for applying the effluent treatment using palm 

kernel shell activated carbon into the current palm oil mill process in Thailand was introduced. 

The proposed process consists of four new operations: chemical treatment, pyrolysis, palm oil 

mill effluent treatment, and heat generation. The products obtained from pyrolysis could be 

applied in the process by three ways. Palm kernel shell activated carbon could be used as an 

adsorbent to treat unfavorable compounds in palm oil mill effluent treatment. Off-gas could be 

used as an energy source for additional operations in the current process. The chemical 

compounds contained in the condensable liquid might be utilized as raw materials for other 

chemical processes. Based on the process feasibility study, palm kernel shell activated carbon was 

an effective adsorbent to remove the unfavorable compounds in palm oil mill effluent treatment 

and the amount of palm kernel shell activated carbon was sufficient. The off-gas could be used 

for heat generation. Chemical components contained in condensable liquid could be raw materials 

for other industries. 

Based on the above findings, palm oil mill effluent treatment using palm kernel shell activated 

carbon was proposed for the application in Thailand’s palm oil mill process. 
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APPENDIX 

 

A.1 CALIBRATION IN GAS CHROMATOGRAPHY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1 Calibration curves of phenolic compounds 
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Figure A2 Calibration curves of chemical components in condensable liquid from pyrolysis 
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Figure A3 Calibration curves of gaseous products from pyrolysis 
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A.2 ESTIMATION OF COMPOSITION IN GASEOUS PRODUCT  

FROM PALM KERNEL SHELL PYROLYSIS 

 

Mass faction of component in off-gas was calculated from chromatogram. In order to 

calculate the mass of off-gas, amount in mol was calculated using below equation as N2 gas was 

used as tracer: 

)
21.0

79.0
(

222 ONiNi xxxff        (A2-1) 

where if and 
2Nf are volume flow rates of component i and N2 gas (0.009 m3 h−1), respectively. 

xi, xN2 and xO2 is the mass fraction of component i , N2, and O2 in off-gas as calculated from the 

chromatogram, respectively. 

Volume flow rate was deduced to mole flow rate in mol h−1, 'if , by, 

)
15.2990024.0

15.273
('


 ii ff       (A2-2) 

In eq. A2-2, the value of 299.15 K is the room temperature, thus 
0.0224 299.15

273.15


m3 h−1 was 

based on the amount of N2 in 1 mol ideal gas at room temperature. 

The mass fraction of steam could not be measured by chromatograph, so it was calculated by the 

saturated vapor pressure at output pyrolysis temperature from the following equation, 

all

OH

OH
P

P
x 2

2
         (A2-3） 

where 
OHx

2
is the mass fraction of steam and

OHP
2

is the vapor pressure at 296 K from the vapor 

pressure of all components, allP , in Pa. The mol flow rate of steam was also calculated by eq. A2-

1 and A2-2. 

The total mol of off-gas could be determined from summation of mol of components in off-gas. 

The mol of each component was calculated by integrating the flow rate of each component in off-

gas with time to obtain the off-gas, 

)()
2

''
( 1

1,,

nn

nini

i tt
ff

M 


 


     (A2-4） 

where iM is the mol of component i in off-gas, 
nif ,' is the mol flow rate of nth order of component 

i in off gas in mol h−1, and tn is the time at nth order in h.  
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NOMENCLATURE 

 

 
 

 

Cp = heat capacity [kJ kg−1K−1]           

cP = concentration of H3PO4 in treatment solution [kmol m−3]           

Ci = concentration of component i in liquid at equilibrium [kmol m−3] 

Ci,0    = concentration of component i in liquid at initial [kmol m−3] 

Ci,POME   = concentration of component i in palm oil mill effluent [kmol m−3] 

Er,s   = The energy recovery r from operation s [kJ] 

Fk,j = Flow of material k from process j [kg] 

Fk,s = Flow of material k from operation s [kg] 

F0 = mass of palm kernel shell without or with chemical treatment [kg] 

F1 = mass of palm kernel activated carbon [kg]  

Hi = enthalpy formation of substance i   

KL, i = Langmuir parameter of component i [m3 kmol−1] 

L = volume of liquid at equilibrium [m3] 

L0 = volume of liquid at initial [m3] 

L1  = mass of condensable liquid from the pyrolysis [kg] 

M = mass of feed or product [kg] 

Q = total required energy [kJ kg−1]  

S = mass of adsorbent at equilibrium [kg] 

S0 = mass of adsorbent at the initial [kg] 

qi = adsorbed amount of component i at equilibrium on AC [kmol kg-AC−1] 

qi
* = saturated adsorbed amount of component i on AC [kmol kg-AC−1]                                      

qi,0 = adsorbed amount of component i at initial on AC [kmol kg-AC−1] 

SBET = specific surface area of AC [m2 kg-AC−1] 

T = pyrolysis temperature [K]  

t = pyrolysis treatment time [h] 

Vmeso = mesopore volume of AC [m
3
 kg-AC

−1
] 

Vmicro = micropore volume of AC [m
3
 kg-AC

−1
] 

V
p
 = total pore volume of AC [m

3
 kg-AC

−1
] 

Ri = fractional removal of component i [−] 

xi = mass fraction of element i [−]   

YL = yield of condensable liquid from pyrolysis [−] 

YPKSAC = yield of palm kernel activated carbon from pyrolysis [−] 

YOG = yield of off-gas from pyrolysis [−] 

 

<Greek> 

ρPOME = density of palm oil mill effluent [kg m−3]         

 

<Subscript> 

0 = inlet of chemical treatment 

1 = inlet of pyrolysis 

2 = inlet of palm oil mill effluent treatment 

3 = inlet of heat generation 

BET = Brunauer–Emmett–Teller 

CPO = crude palm oil 

CT = chemical treatment 
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DC = decanter cake 

EFB = empty fruit brunch 

FFB = fresh fruit bunch 

HG = heat generation 

j = process 

k = material 

L = liquid 

L = Langmuir 

Lg = lignin 

mCr = m-cresol 

meso = mesopore 

micro = micropore 

OG = off-gas 

p = orthophosphoric acid  

pCr = p-cresol 

Ph = phenol     

PKO = palm kernel oil 

PKS = palm kernel shell 

PKS,H3PO4 = palm kernel shell with chemical treatment 

PKSAC = palm kernel shell activated carbon  

PO = palm oil production 

POME = palm oil mill effluent 

PPF = palm press fiber 

PT = palm oil mill effluent treatment 

PY = pyrolysis 

r = energy recovery 

s = operation 

W = water 

W,H3PO4 = residue of orthophosphoric acid solution
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