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ABSTRACT 
 
 

Bioconversion of agricultural wastes into value-added products provides an eco-friendly 

alternative for a sustainable waste management system. In this study, activated carbon (AC) 

derived from the sago effluent activated sludge process was proposed for the removal of 

lead(II) (Pb(II)) and methylene blue (MB) dye from an aqueous solution. Sago effluent 

activated sludge was pyrolyzed in a tube furnace and underwent chemical activation with 

NaOH to yield sago AC. Batch experiments were used to study the Pb(II) adsorption by sago 

AC at adsorbent dosage (0.1 – 0.5 g), initial Pb(II) concentration (1 – 5 mg/L), and pH (2 – 

10), and MB adsorption at initial MB concentration (2 – 10 mg/L) and contact time (30 – 90 

min). Response surface methodology (RSM) with central composite design (CCD) was used 

to optimize the adsorption of Pb(II) and MB. Results showed that the AC has a large pore 

size (2.70 – 6.90 µm) and a surface area of 78.863 m2/g. Adsorption of Pb(II) and MB can 

be represented by Langmuir isotherm with R2 values of 0.9308 and 0.9225 respectively. The 

optimum Pb(II) removal (99.87%) occurred at pH 2, 0.5 g adsorbent dosage, 5 mg/L initial 

Pb(II) concentration and at 30 min. The optimum MB removal (92.69%) occurred at pH 6, 

10 mg/L initial MB concentration, 0.5 g adsorbent dosage, and 60 min. In conclusion, sago 

AC derived from the sago effluent activated sludge process is an excellent adsorbent for 

Pb(II) and MB. 

 
Keywords:  Activated carbon, heavy metals, dyes, bioconversion, pyrolysis 



iv  

Ciri Penyerap Biocar yang dihasilkan daripada Efluen Sagu Proses Enapcemar Aktif 

ABSTRAK 

 
Penggubahan biomas menjadi produk bernilai tambah telah memberikan alternatif yang 

mesra alam untuk sistem pengurusan sisa lestari. Dalam kajian ini, karbon aktif (AC) yang 

dihasilkan melalui proses enapcemar aktif sagu efluen diusulkan untuk penyingkiran Pb(II) 

dan biru metilena (MB) dari larutan akueus. Enapcemar efluen sagu dipirolisis dalam relau 

tiub dan menjalani pengaktifan kimia dengan NaOH untuk menghasilkan karbon aktif. 

Eksperimen proses kelompok dijalankan untuk mengkaji penyerapan Pb (II) oleh karbon 

aktif pada dos adsorben (0.1 – 0.5 g), kepekatan asal (1 - 5 mg/L), dan pH (2 - 10), dan 

penyerapan MB pada kepekatan asal (2 - 10 mg/L) dan masa (30 - 90 min). Kaedah 

Rangsangan Permukaan (RSM) berdasarkan reka bentuk komposit berputar (CCD) telah 

digunakan untuk mengoptimumkan penyerapan Pb(II) dan MB. Hasil kajian menunjukkan 

bahawa karbon aktif mempunyai ukuran pori besar (2.70 – 6.90 µm) dan luas permukaan 

78.863 m2/g. Penyerapan Pb(II) dan MB dapat diwakili oleh isoterma Langmuir dengan 

nilai R2 masing-masing 0.9308 dan 0.9225. Penyingkiran Pb(II) optimum (99.87%) berlaku 

pada pH 2, 0.5 g dos penyerap, kepekatan Pb(II) asal 5 mg/L dan pada 30 min. 

Penyingkiran MB optimum (92.69%) berlaku pada pH 6, kepekatan MB asal 10 mg/L, dos 

penyerap 0.5 g, dan 60 min. Kesimpulannya, karbon aktif sagu yang berasal dari proses 

enapcemar aktif sagu efluen adalah adsorben yang sangat baik untuk Pb(II) dan MB. 

 
Kata kunci:  Karbon aktif, logam berat, pewarna, penukaran bio, pirolisis 
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CHAPTER 1 

INTRODUCTION 

1.1 Study Background 
 

Sago palm is one of the tropical crops that are widely grown in wet conditions, such 

as peat swamps (Ehara et al., 2018). Sago palm has high immunity towards drought, floods, 

and even strong winds and fire due to the extensive fibrous roots system of the plant (Amin 

et al., 2019). In addition, Sago palm contains a large amount of starch used as a staple food 

source for the people in South East Asia (Lim et al., 2020a). 

In Malaysia, approximately 90% of sago planting areas are in the state of Sarawak, 

where the largest planting area (75%) is in Mukah (Bujang, 2014; Lim et al., 2020b). In 

2005, approximately 45,300 metric tons of food-grade sago starch were produced, 

contributing RM40.4 million to the Malaysian economy (Karim et al., 2008). However, the 

massive productions lead to an uncontrollable number of residues or by-products. Wastes 

from sago starch processing are usually disposed into the nearby streams and empty land, 

causing enormous environmental disruption (Adeni et al., 2010; Ehara et al., 2018). 

 
 

1.2 Sago Wastes 
 

The wastes from sago starch processing include sago bark, sago hampas, and sago 

effluent. Sago bark is obtained from the peeling process of the sago trunk called debarking, 

which is the initial process before starch extraction. Sago hampas is a fibrous by-product 

produced during the crushing and sieving process, while sago effluent is the wastewater 

produced during the washing process in sago mill industries (Adeni et al., 2010; Lim et al., 
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2020a). Sago effluent is the wastewater collected from the washing cycles of starch in sago 

mill. 

Sago mill is a water-intensive industry as the whole process of producing sago starch 

requires a great amount of water for several washing cycles. Approximately 40,000 – 50,000 

L of sago effluent per tons of sago flour was produced during the process (Thangavelu et al., 

2020). Sago effluent is acidic with pH 4 – 5 and high with dissolved organic matter. The 

effluent has high biological oxygen demand (BOD) and chemical oxygen demand (COD), 

which causes infertility of soil in nearby farms and water pollution (Neethu & Murugan, 

2018). Most sago mills released the effluent into the stream without proper treatment 

(Hassimi et al., 2020), which lead to water pollution, destruction of aquatic habitat, and soil 

pollutions. 

 
 

1.3 Activated Sludge Process 
 

The activated sludge process (ASP) is a process in water treatment industries to treat 

water from all sources before safely being released into the environment. It is one of the 

biological treatments that require bacteria during the sedimentation process via aerobic 

consumption of organic carbon content in the effluent. The adhesive fluid secreted by the 

bacteria will clothe minute particles present in the wastewater, creating layers of clear water 

at the top and sediments at the bottom of a tank (Ahansazan et al., 2014; Shchegolkova et 

al., 2016). The whole process is accompanied by an aeration process that supplies oxygen 

to the culture of bacteria and microorganisms for complete waste stabilization (Hassard et 

al., 2018). The biomass obtained from this process can be applied in various value-added 

products and applications. 
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1.4 Activated Carbon 
 

In general, activated carbon (AC) is a carbon-rich material produced via oxygen- 

starved combustion like biomass pyrolysis and underwent further activation with acids or 

bases (Chon, 2021). AC has well-built internal pore structures, high surface area, and 

versatile applications (Li et al., 2018). AC from agricultural wastes is commonly used as an 

adsorbent for water-soluble pollutants in the wastewater as well as gaseous pollutants in the 

air (Danish & Ahmad, 2018). 

There are numerous studies conducted employing AC as an adsorbent for lead 

(Pb(II)) and methylene blue (MB), as well as other pollutants. For example, AC derived from 

olive branches (Alkherraz et al., 2020), sugar molasses (Legrouri et al., 2017), and palm 

kernel shells (Gaya et al., 2015) were reported to have high adsorption capacity for the 

removal of Pb(II). Besides, corn cob AC (Jawad & Mohammed, 2019) and vinasses wastes 

(Li et al., 2021) reported to have high adsorption capacity and removal of MB from 

wastewaters. 

 
 

1.5 Pb(II) and Methylene Blue (MB) in Water 
 

Lead (Pb(II)) and methylene blue (MB) are among the most commonly reported 

water-soluble pollutants of wastewaters in the world (Saleh, 2016; Asuquo et al., 2017). 

Pb(II) is widely used in diverse applications such as electroplating, paint manufacturing, 

batteries, and building industries (Saleh, 2016; Asuquo et al., 2017). Closed mines and the 

abandoned mining sites also contributed to the rising level of Pb(II) pollutions (Asuquo et 

al., 2017). 

Pb(II) has no significant biological function to the human body and is harmful 

(Alghamdi et al., 2019). Heavy metals like Pb(II) comes in contact with human being 
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through food chains such as food and water (Zhou et al., 2020). At low concentrations, Pb(II) 

disturbs the metabolism and body nutrients, while at high concentrations, Pb(II) causes 

encephalopathy, cognitive impairment, and anaemia (Asuquo et al., 2017; Sajjadi et al., 

2019). Apart from humans, aquatic life such as fish is also vulnerable to Pb(II) pollution 

(Alipour et al., 2020). 

MB is a chromatic dye with high pH and is toxic to the environment, and is most 

commonly used in textile, paper printing, paints manufacturing, rubber dyeing, and leather 

industries (Liu et al., 2018; Tong et al., 2018). High concentrations of MB in the waterlines 

hindered photosynthetic activities in aquatic plants by preventing sunlight from penetrating 

the water (Kuang et al., 2020; Utsev et al., 2020). MB is hazardous, and when in direct 

contact, it can affect humans’ brain activities, eyes injury, nausea, jaundice, and various 

other diseases (Nallapan et al., 2019). This toxic nature of both Pb(II) and MB has brought 

an urgent need to remove from water bodies. 

 
 

1.6 Problem Statement 
 

The massive-scale production of sago starch produced a large amount of sago 

effluent. Sago effluent is commonly dumped into the nearby streams without treatment, 

causing river pollutions which affect aquatic life due to its large BOD and COD value 

(Neethu & Murugan, 2018). The activated sludge process is a potential way to reduce the 

high organic matter in sago effluent prior to its release to waterways. At the same time, it 

produces sludge that can be utilized as feedstock for activated carbon production. 

Over the years, the solid wastes from sago processing such as sago bark and hampas 

have been utilized as adsorbents for various pollutants such as MB (Amode et al., 2016; 

Rajan et al., 2019), zinc (Zn(II)) (Karri & Sahu, 2018), and oily wastewater (Ngaini et al., 
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2014). However, to the best of the author’s knowledge, no studies have been published on 

the potential application of sago effluent to remove water pollutants due to its liquid nature. 

Current studies on sago effluent are limited to using sago effluent as the medium of 

cultivations for various bacteria and microorganisms (Mookiah et al., 2020; Phang et al., 

2000). The utilization of sago effluent as the medium of cultivations produces secondary 

wastes that trigger another environmental management solution. 

Previous studies showed that wastewater processing sludge can be converted to 

activated carbon with high adsorption performance (Bian et al., 2018). Therefore, in this 

study, activated sludge process (ASP) had been introduced to sago effluent to produce sludge 

(sago effluent biomass, SE-B), which in turn, was used as the precursor for activated carbon 

preparation. Based on precedent literature, sago effluent contains high organic matter, 

nutrients, and microorganisms, making sago effluent an ideal medium for ASP (Hammado 

& Utomo, 2018). The SE-B obtained underwent physical activation in a tube furnace and 

chemical activation with NaOH to produce sago effluent activated carbon (SE-AC). The 

adsorptive properties of SE-AC were determined, and its efficiencies for removing Pb(II) 

and methylene blue (MB) in an aqueous solution were studied. 

This research promotes not only the repurposing of sago effluent as a value-added 

product that helps in waste management in sago industries but also suggests a low-cost 

alternative for sustainable removal of heavy metals and dyes. 
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1.7 Objectives 
 

The objectives of this study are: 
 

i. To produce biomass (SE-B) from sago effluent via the activated sludge process. 
 

ii. To synthesize activated carbon (SE-AC) from SE-B via pyrolysis and chemical 

activation. 

iii. To determine the efficiency of SE-AC for removal of Pb(II) and MB in an 

aqueous solution. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Sago Palm 
 

Sago palm with the scientific name of Metroxylon sagu belongs to the Palmae family. 

Sago is also known as Rumbia (Malaysia/Indonesia), Thagu-bin (Burma), Sa Kuu 

(Cambodia), and Sa Khu (Thailand). Sago palm can be easily grown and sustained in peat 

soils (Ehara et al., 2018). It is a hardy plant that survives in extreme weather conditions like 

drought, floods, strong wind, and fire, regardless of the soil conditions (saline, submerged, 

acid, swampy) that only a few crops can survive (Adeni et al., 2010). Figure 2.1 shows semi- 

cultivated sago palm trees planted by the roadside of Mukah, Sarawak. 

 

 
Figure 2.1:   Semi-cultivated sago palm in Mukah 

Sago is a plant species that produces valuable and high-quality starch from its stem 

(Riyadi et al., 2018). Sago has been known as humankind’s oldest food plant and staple food 

supply for humans, especially in Asia (Mofu & Abbas, 2018). It is an essential source of 

primary dietary starch to millions of people throughout the Indo-Pacific region as it stores a 

large amount of starch in its trunk compared to other species in the genus (Azhar et al., 2018). 

Sago produces significantly more starch than other crops such as rice, corn, wheat, and 
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potatoes (Metaragakusuma et al., 2016). In Malaysia, the Melanaus in the Third Division of 

Sarawak consume sago as their staple dietary routine instead of rice. Sago pearls are food 

products made by local Melanaus as a healthy snack that can be boiled or eaten alone with a 

banana. Tebaloi, a sweet snack made from sago and coconut, is another popular food product 

from sago and widely marketed in Malaysia (Ehara et al., 2018). 

Approximately 90% of sago plantation in Malaysia is in the state of Sarawak, where 

the largest area cultivated with sago is in Mukah (75%) (Bujang, 2014; Lim et al., 2020b). 

The Sarawak government had developed a plantation crop and established a research station 

for sago palm in 1996 (Adeni et al., 2010). In Mukah, about 7700 hectares of land were 

developed for sago palm plantation by Sarawak Land Development Agency, making the first 

world-scale commercial plantation. Research on sago palm grows extensively as it 

complements six advantages: economically acceptable, relatively sustainable, 

environmentally friendly, vigorous, and promotes socially stable agroforestry systems 

(Azhar et al., 2018; Ehara et al., 2018). 

 
 

2.2 Sago Starch Processing 
 

Traditionally, starch extraction was manually conducted by local village folks 

following a few simple but tiring steps. The fell-ripe trunk was chosen, cut, and floated back 

to the village using a waterway nearby. The trunk is then cut into half, and thick bark is 

removed to obtain a soft pith inside. Soft fibrous pith was then rasped by using bush knives 

and put in sago sheath for extraction. The sago extract was washed several times, kneaded 

with water, and stored wet in a basket made with sago leaflets (Flach, 2011). 
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Commercial sago processing industries involved several crucial steps: debarking, 

pulping, starch extraction, drying, and packing (Adeni et al., 2013; Ehara et al., 2018). 

Commercial sago processing industries are using modern extraction methods employing 

heavy machines to assist the extraction processes. The step-by-step process of sago 

processing is shown in Figure 2.2. 

 
 

Figure 2.2: Commercial sago extraction process 
 

The first step into obtaining sago starch is debarking. During debarking, 2 – 3 cm, 

fibrous bark is removed and pre-cut into 1 m sago trunk. The sago trunk was then transported 

to the nearby sago processing mill for the following process (Bujang, 2008). Figure 2.3 

shows a pre-cut trunk placed by the roadside, ready to be transported to the sago mill. The 

next step involves pulping the soft pith into a shapeless mass for starch extraction. Sago 

starch is extracted and repeatedly washed during the process. The last step is drying sago 

starch, packing and ready to be used in many other industries (Flach, 2011; Ehara et al., 

2018). Sago starch processing produces by-products such as sago bark, sago hampas, and 

sago effluent, which have no market value thus categorized as agricultural wastes. 
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Figure 2.3: Pre-cut sago trunk placed by the roadside to be transported to the sago mill 
 
 
 

2.3 Sago Processing Wastes 
 

Collectively, an estimated 10 - 50 tons of sago wastes are generated daily from sago 

starch processing. This amount is expected to increase every year due to the high demand 

for sago starch. During the debarking process, approximately 5 tons of sago barks are 

produced daily, contributing about 17% of the log process (Amin et al., 2019). Sago barks 

are strong and hard because it is made up of mostly peripheral cells consisting of sclereid 

cells with thick secondary cell wall. Lignin (29.4%) and cellulose (44.0%) are the main 

chemical components of sclereid cells dominated by the phenylpropane aromatic group 

(Siruru et al., 2019). 

Besides, sago bark also contains a small fraction of hemicellulose (22.8%) and other 

extracts such as starch, minerals, tannins, and flavonoids (Danish & Ahmad, 2018). Due to 

its sturdy characteristics, sago bark is commonly used as a platform around the factory and 

footpaths for folk houses. Many studies reported on the utilization of solid sago bark into 

value-added products (Adeni et al., 2010). 
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Chemical modification of sago bark via esterification with stearic acid has been 

reported with excellent adsorbent on engine oil in an aqueous environment (Ngaini et al., 

2014) and palm oil mill effluent (POME) (Wahi et al., 2016). Wahi et al. (2019a) produced 

pyrolytic oil from sago bark via microwave pyrolysis and improved its calorific value (21.57 

KJ/kg) through esterification with ethanol and sulphuric acid, which was higher than 

pyrolytic oil from sago biomass (22.15 MJ/kg) (Rambli et al., 2019). This is due to the high 

lignin and cellulose content in sago bark that contributes to a high percentage of carbon 

composition, making it possible to be an alternative for biofuel productions (Amin et al., 

2019) 

Sago bark combined with other wastes such as empty fruit bunch shown good 

mineralization and germination index for the growth of water spinach and green mustard 

(Wahi et al., 2019b) as well as frond wastes for oyster mushroom cultivation replacing 

sawdust (Senghie et al., 2021). The utilization and extensive research conducted on sago 

bark help in reducing the wastes from the mill. Other application of sago bark includes 

building materials such as plywood, particleboards, and wall tiles. 

Another type of waste in the sago industry is sago hampas. Sago hampas is a starchy 

by-product from the crushing of sago pith during starch extraction and composed of 

lignocellulosic materials (Husin et al., 2019). The quantity of sago hampas produced greatly 

depending upon the quality of the extraction process. In Mukah, Sarawak, 50 – 110 tons of 

sago hampas was produced daily. The texture of sago hampas is softer and not as rigid as 

sago bark due to the low lignin (6.11%) and cellulose (12.75%) content (Amin et al., 2019). 

Sago Hampas is composed of mostly hemicellulose (32.99%), starch (66.0%), and other 

non-structural components such as tannins and sugar (Siruru et al., 2019). Hemicellulose is 

an amorphous branching compound with more -OH functional groups responsible for the 
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hygroscopicity of sago hampas (Siruru et al., 2020). The high starch content of sago hampas 

is also used as feedstock for animals and compost for mushroom culture (Adeni et al., 2010). 

Unlike sago bark, sago hampas is dominated by parenchyma cells that function as 

photosynthesis storage for food reserves (Siruru et al., 2020) 

There are several downstream studies reported on sago hampas, such as the 

production of fermented sugar (Kannan et al., 2013) and bioethanol (Adeni et al., 2013) via 

enzymatic and acid hydrolysis, adsorbent for the removal of heavy metals (Karthika et al., 

2010) and biofuels using Clostridium acetobutylicum ATCC 824 (Husin et al., 2019). 

Reutilizing sago hampas into other value-added products can create proper management of 

wastes and reduce environmental pollutions. 

Last but not least, sago effluent (SE) is another waste that being produced in the 

highest amount during sago processing (Adeni et al., 2010). The process of starch extraction 

requires a large amount of water for the washing process of starch. As a result, sago mills 

and manufacturers produce about 8 – 22 tons of effluent per day (Hammado & Utomo, 

2018). Antithetical to the other wastes (bark and hampas), SE is in liquid form that does not 

have specific repurposing values and is often discarded to the nearby stream. There is also a 

very limited study conducted on the repurposing of SE to value-added products. 

 
 

2.4 Sago Effluent 
 

In general, SE is a pale white, grey, or yellowish-grey colour liquid. The pH of SE is 

acidic due to the discharge of hydrocyanic acid during the extractions of starch from sago 

pith (Priya & Ramesh, 2021). It has an obnoxious odour, high chemical oxygen demand 

(COD), and high biological oxygen demand (BOD), which affects the health of the soil, 
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disturb the ecosystem of the streams, animals, plants and even human being (Illi et al., 2020). 

Table 2.1 shows the parameters of sago effluent produce by a typical sago starch processing 

mill. 

SE is composed of discarded materials and compounds from the activity of crushing 

and pulping of sago pith. It contains extracts from sago pith that are soluble in water (starch, 

tannins, sugar) and washed away during the washing cycle of sago starch (Srinivasan et al., 

2020). SE is believed to have high minerals and inorganic residue which are stable in high 

temperatures that contributed to SE's high ash content. SE also contains a very high carbon 

to nitrogen ratio (105:0.12) and a high concentration of suspended solids, which makes it 

challenging to treat the effluent after every process thus, sago mills commonly release 

effluent directly into the nearby streams without proper treatment (Ramesh et al., 2013). 

Limited studies reported on the repurposing of SE due to its liquid in nature which 

required further treatment and containment (Illi et al., 2020). However, some studies 

employed SE as the medium for the cultivations of various organisms. Many years ago, SE 

was utilised as the medium of spirulina cultivation (Phang et al., 2000). Recently, SE had 

been studied for Yarrowia lipolytica (yeast strain) and Chlorella vulgaris (microalga) 

cultivation as lipid sources for biofuel production (Mookiah et al., (2020). Besides, SE was 

also employed to produce fermentable sugar (Illi et al., 2020), biocellulose (Yanti et al., 

2019), bioflocculant (Hassimi et al., 2020), and biohydrogen production using Enterobacter 

aerogenes (Ulhiza et al., 2018). 

The employment of SE as the medium for various processes is due to the high C:N:P 

(24:0.14:1) ratio with high COD and BOD values that makes it suitable for bacterial growth 

and respirations. However, the employment of SE as the medium for cultivations produced 
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secondary pollutants which contaminate the water system. Thus, appropriate treatment on 

the SE is needed to eliminate the formation of secondary pollutants. 

 
Table 2.1: Physicochemical parameters of sago effluent (Ramesh et al., 2013) 

 
No. Parameters Values (m) 

1. pH 3.5 – 5.6 

2. Dissolved Solod (DS) 10,475 mg/L ± 22.23 
3. Suspended Solid (SS) 4,645 mg/L ± 33.67 
4. Biological Oxygen Demand (BOD) 2,600 mg/L ± 30.12 
5. Chemical Oxygen Demand (COD) 3, 570 L ± 27.49 

 
 

2.5 Activated Sludge Process (ASP) 
 

There are many methods reported for the treatment of wastewater. One of them is by 

using ASP. ASP is a common method in sewage and wastewater treatment before releasing 

into the environment. ASP is usually used to remove organic carbon and phosphorus as well 

as to carry out nitrification and denitrification of waste (Orhon, 2014). The basic mechanism 

of ASP involves the decomposition of complex in dissolved and suspended solid substrates 

into simple end products such as carbon dioxide and water (Shchegolkova et al., 2016). 

Generally, ASP involves two types of treatments which are primary treatment and secondary 

treatment. The primary treatment of wastewater involves removing suspended solid through 

screening. The sludge obtained is known as primary sludge. 

In the secondary treatment, wastewater is mixed with activated sludge from the 

secondary clarifier in an aerated tank (Ahansazan et al., 2014). In this tank, the wastewater 

is aerated to provide oxygen to the heterogeneous mixture of microorganisms and help in 

the mixing process. Microorganisms and bacteria available in the wastewater utilized the 

organic waste substrates to synthesize their cell material, thus reducing the amount of 
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organic and suspended solids in the effluent (Kumar & Chopra, 2017). In addition, aerobic 

bacteria played an important role in oxidizing organic matters and forming flocs (Orhon, 

2014; Am et al., 2019). 

Flocculation and coagulation of bacteria and the separation of biomass occurred in 

the secondary clarifier (Ahansazan et al., 2014). The size of floc particles is determined by 

the agglutination strength of the floc-forming bacteria, the existence of filamentous 

organisms, and the turbulence level in the tank (Anbalagan et al., 2016; Fergala et al., 2018). 

Typically, bacteria species such as Achromobacter sp., Aerobacter sp., Pseudomonas sp., 

and Zooglea sp. are used and reported to be highly prevalent and enormously contributed to 

the development of a well-flocculated sludge or solid biomass (Orhon, 2014). The 

wastewater proceeds to filtration and disinfection before it is safe to be released into the 

environment (Ahansazan et al., 2014). Figure 2.4 shows the basic model of an ASP treatment 

plant and the production of biomass. 

 

 
Figure 2.4: ASP basic model interpretation for biomass production 
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2.6 Biomass from Agricultural Wastes 
 

Biomass is a biological organic or non-organic solid product derived from living 

organisms (Tripathi et al., 2016). Biomass is often associated with plant-based materials or 

wastes generated from agricultural activities (Fahmy, 2020). Biomass is known as a 

sustainable source of renewable energy as well as helping the agriculture industries in terms 

of waste management (Kumar et al., 2018). Biomass from plants such as corn cob (Reddy et 

al., 2016), coffee residue (Chon, 2021), sago bark (Ngaini et al., 2017; Amin et al., 2019), 

and sago hampas (Hammado & Utomo, 2018; Rajan et al., 2018) are composed of 

lignocellulosic materials such as cellulose, hemicellulose, and lignin. 

Cellulose is the largest fraction contributing about 38 – 50% by weight of 

lignocellulosic biomass (Hensley et al., 2011a). Hemicellulose consists of 20 – 40% by 

weight of lignocellulosic biomass, the second-largest fraction in the compound. Lignin is an 

amorphous and high molecular weight compound that contributes to the third-largest fraction 

(15 – 25%) (Hensley et al., 2011b). Other trace materials such as nitrogen, phosphorus, 

potassium, silicon, chlorine, and sulphur might also be found in minutes quantity (Lehmann 

& Joseph, 2009). 

Biomass is not limited to plant-based solid wastes and may extend to any biologically 

formed matter such as wastewater from agricultural, sewage, and municipal (Fahmy, 2020). 

Many studies reported on biomass from municipal and sewage sludge via ASP and employed 

it as fertilizers, soil amender, and drought tolerance in vegetation (Tao et al., 2015; Hassard 

et al., 2018). Besides, biomass also supplies nutrients such as nitrogen and phosphorus and 

micronutrients such as nickel, copper, and zinc for plant growth (Amuda et al., 2008). 

Further biomass carbonization into biochar would produce a more versatile material 

for wider applications (Singh & Mishra, 2020). Biomass from ASP of sewage sludge (Tao 
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et al., 2015), treatment plant sludge biomass (Singh et al., 2020), olive mill effluent biomass 

(Haddad et al., 2017, 2021) has been utilized as the precursors for the production of biochar. 

The generated sludge or biosolids derived from ASP is usually rich in nitrogen and 

phosphorus and contain valuable micronutrients for gardening, commercial agriculture, 

greenways, and silviculture (Amuda et al., 2008; Tao et al., 2015). 

 
 

2.7 Pyrolysis of Biomass 
 

Biomass pyrolysis has been extensively studied at various reaction conditions to 

produce biochar (Duman et al., 2010). Biochar is a product from oxygen-starved combustion 

or pyrolysis, which is rich in carbon materials (Wang et al., 2020). Pyrolysis is a thermal 

decomposition of organic matter under high temperatures without the presence of oxygen to 

obtain an array of solid, liquid, and gas products (Li et al., 2020). Pyrolysis of biomass with 

high lignocellulosic content usually produces carbon-rich biochar (Roy & Dias, 2017). 

The pyrolysis of biomass into biochar involves three stages; Stage 1 (Pre-pyrolysis), 

Stage 2 (Main Pyrolysis), and Stage 3 (Formation of Carbonaceous Compound) (McBeath 

et al., 2014). Pre-pyrolysis occurs at the earliest stage of pyrolysis whereby the evaporation 

of moisture, volatile matter, and non-condensable gases such as CO2, CO, H2, and methane 

gas occurs at ambient temperature to 200 ºC (McBeath et al., 2014; Tomczyk, 2020). The 

moisture evaporation causes the breakage of bonds and forms hydroperoxide, -COOH, and 

-CO groups (Tomczyk, 2020). 
 

Stage 2 (Main pyrolysis) occurred at 100 – 500 ºC, where the devolatilization and 

decomposition of hemicellulose and cellulose took place. Lastly, stage 3 causes the 

degradation of lignin and other organic matter with stronger chemical bonds producing 
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carbon-rich residual solid (Demirbas, 2009; Tomczyk, 2020). The summary of pyrolysis 

stages is tabulated in Table 2.2. 

 
Table 2.2: Pyrolysis stages 

 
Stages Details 

Stage 1 (Pre-pyrolysis) Removal of moisture and volatile matter. Formation of 
hydroperoxide, -COOH, and -CO groups 

0 – 200 ºC 
Stage 2 (Main pyrolysis) Degradation of hemicellulose and cellulose 

200 – 500 ºC 
Stage 3 (Degradation) Degradation of lignin and other organic matter with stronger 

chemical bonds 

>500 ºC 

 
 

The pyrolysis of biomass occurs at different rates and pathways depending on the 

composition of the biomass. Lignin decomposed at a wider temperature range than 

hemicellulose and cellulose, which decomposed at a narrow temperature range (Bridgwater, 

2012). Pyrolysis of biomass is performed either at a fast or slow rate to produce the desired 

product depending on its application. 

Conventional or slow pyrolysis has been used ever since to produce biochar 

(Aliakbari et al., 2017). Slow pyrolysis requires heating at 500 °C with vapour residence 

time between 5 – 30 minutes (Mohan et al., 2008; Zhou et al., 2020). The heating rate of 

slow pyrolysis is 5 – 7 °C/min and produces up to 50% less liquid and 35% or more char 

than fast pyrolysis (Bridgwater, 2012). However, the yield of char produced greatly depends 

on the feedstock properties, processing temperature, heating rate, and heating environment, 

such as the presence of nitrogen or carbon dioxide as well as different bed materials (Roy & 

Dias, 2017). In contrast, fast pyrolysis is conducted at a very high temperature with low 

residence time for vapour (approximately less than 2 sec) (Bridgwater, 2018). Fast pyrolysis 
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produces up to 60% bio-oil and 20% biochar at a heating rate of 300 °C/min (Duman et al., 

2010). 

The characteristics of biochar produced at different pyrolysis rates are tabulated in 

Table 2.3. Different parameters produce different percentages of the desired yield of liquid, 

solid, and gas. Recent technology executes new pyrolysis technology using tube furnace, 

which is likely to produce large surface area biochar that is ideal for heavy metals (HM) and 

dyes adsorbent (Mohan et al., 2006; Divyashree & Hegde, 2015). 

The temperature of pyrolysis plays a vital role in determining the characteristic of 

biochar produced. Pyrolysis at high temperatures produces biochar with high surface area, 

microporous, and hydrophobic. Meanwhile, pyrolysis at a low temperature produces biochar 

which is suitable for removing inorganic contaminants by oxygen-containing functional 

group, electrostatic attraction, and precipitation (Hensley et al., 2011a). 

 
Table 2.3:   Typical product weight yields obtained by different modes of pyrolysis of 

wood (Bridgwater, 2012) 
 

Mode Conditions Liquid (%) Solid (Biochar) (%) Gas (%) 

Fast ~ 500 °C ~ 1 s 75 12 13 
Intermediate ~500 ºC, ~30 s 50 (2 phases) 25 25 
Slow ~400 ºC, ~1 d 30 35 35 
Gasification ~750 – 900 ºC 5 10 85 
Torrefaction ~290 – 60 ºC 0 (unless 

condensed – 5) 
80 20 

 
 

2.8 Biochar 
 

Biochar is a natural occurring material found in soils as the consequence of wildfire 

and/or after a long natural process (McBeath et al., 2014). Biochar is a carbon-rich 

compound comprised of carbon, hydrogen, oxygen, nitrogen, sulfur, and ash (Sohi et al., 
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2010). Nowadays, biochar from agriculture is used as the precursor to produce activated 

carbon due to its low-cost, easily produced, and environmentally friendly (Sizmur et al., 

2016). A wide range of biomass is used to produce biochar such as seaweed (Gelidiella 

accrosa) (Ahmed et al., 2019), Foxtail palm trunk (Wodyetia bifurcate) (Jean et al., 2019), 

coconut shell (Atikah et al., 2020), and Bermuda grass (Zeng et al., 2021). The biomass went 

through pyrolysis at different rates producing biochar with the desired properties for specific 

usage and study. 

The characteristics, such as the size of biochar produced after pyrolysis, are highly 

dependent on the type of feedstock and pyrolysis rate (Fahmy, 2020). The size of biochar is 

usually smaller than the particle size of its precursor due to shrinkage and attrition during 

carbonization (Roy & Dias, 2017). The physical properties of biochar depend on the 

composition of biomass which determines the pyrolytic yield. Biomass with high lignin 

content produces a high yield of biochar. This is due to the high stability of lignin to thermal 

degradation (Danish & Ahmad, 2018). Lower lignin content in biomass such as maize and 

rye produces low yield biochar, less robust, and low mechanical (Hensley et al., 2011b). 

The porosity of biochar determines the capacity of adsorption (Kharrazi et al., 2020). 

Biochar can be divided into three different categories, namely micropores, mesopores, and 

macropores. Micropores biochar have a pore size of less than 2 nm, while mesopores biochar 

have an internal pore size between 2 – 50 nm. Pore diameters more than 50 nm are classified 

as macropores (Lehmann & Joseph, 2009; McBeath et al., 2014). The excellence of biochar 

as an adsorbent mainly depending on the type of pore (micro, meso, or macro) and the size 

of pollutants. Table 2.4 Summarised the biochar pore properties with a different mode of 

pyrolysis. 
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Table 2.4: Biochar Pore Sizes at Different Mode of Pyrolysis 
 

Precursor Pyrolysis Mode Pore Size Citation 

Sewage sludge Slow pyrolysis 
500 – 700 ºC 
5 h 

Micro – 
mesopores 

(Zielinska et al., 
2015) 

Chipping chunks 
- Abies Altar M 
- Larix decidua 

Mill 
- Picea excelsa L 
- Pinus nigra A 
- Pinus sylvestris 

L 

Slow Pyrolysis 
450 ºC 
4 h 

Macropores (Baiamonte et al., 
2019) 

Miscanthus gigantus 
grass 

Fast pyrolysis 
450 ºC 
0.5 – 1 h 

Micropores (Duarte & Glaser, 
2019) 

Seaweed (Gelidiella 
acrosa) 

Fast pyrolysis 
800 ºC 
1.5 h 

Mesopores (Ahmed et al., 
2019) 

Endocarp (Wodyetia 
bifurcate) 

Intermediate – fast 
pyrolysis 
400 – 700 ºC 
2 h 

Micro- 
mesopores 

(Jean et al., 2019) 

Opuntia Ficus Indica Intermediate pyrolysis 
400 ºC 
1 h 

Micropores (Choudhary et al., 
2020) 

Coconut shell Fast pyrolysis 
700 ºC 
2 h 

Mesopores (Atikah et al., 
2020) 

Bermuda grass Fast pyrolysis 
800 ºC 
2 h 

Micropores (Zeng et al., 
2021) 
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Biochar has received enormous attention among scientists around the globe for its 

multi-functionality. Biochar from sewage sludge (Aliakbari et al., 2017) and other sludge- 

based biochar (Bian et al., 2018) pulled attention among researchers due to its high adsorbent 

function. In waste management, biochar is widely used in four different areas, mainly soil 

improvement and remediation (Pan, 2020), waste management, climate change mitigation 

(Sangon et al., 2017), and energy production (biofuels) (Thangavelu et al., 2020). Biochar 

from agricultural waste can increase soil fertility and is widely used to replace fertilizer 

(Inyang & Dickenson, 2015). Biochar can adsorb nitrate nitrogen, reduce contamination in 

farmland, to reduce contamination of groundwater with nitrate-nitrogen (Ch’ng et al., 2014; 

Jindo et al., 2014). Biochar with further activation to become activated carbon might enhance 

its features and versatility as well as porosity. 

 
 

2.9 Activated Carbon from Biochar 
 

Activated carbon (AC) is a carbon-rich material with high porosity and surface area 

(Makshut et al., 2020). Biochar activation to form activated carbon is divided into 2 types of 

activations, namely chemical activation, and physical activation. Physical activation 

involves thermal treatment on biochar which consists of carbonization and a controlled 

gasification process. For example, hydrothermal, steam, and pyrolysis (Daifullah et al., 

2007; Li et al., 2013; Mor et al., 2017). 

Chemical activation involves impregnating biochar with an oxidizing agent such as 

sodium hydroxide (NaOH) (Saad et al., 2020; Chon, 2021), potassium hydroxide (KOH) 

(Liu et al., 2020), zinc chloride (ZnCl2) (Ukanwa et al., 2019), sulphuric acid (H2SO4) (Jain 

& Gogate, 2017), phosphoric acid (H3PO4) (Liu et al., 2018) and aluminium chloride (AlCl3) 
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(Bhatnagar et al., 2013) prior to introduction to heat. The activations conducted on biochar 

enhanced its characteristics to be used as a more versatile value-added product. 

AC emits interesting and unique characteristics, making it more ideal to be used as 

an adsorbent for gas and aqueous solutions. It has high porosity and a significantly large 

surface area which makes them suitable to be used in air and gas filtration systems (Holkar 

et al., 2016) and removal of toxic components in wastewater (Islam et al., 2017). AC has 

been reported as an excellent adsorbent for HM such as lead (Pb(II)), chromium (Cr(VI)) 

(Kharrazi et al., 2020), and cadmium (Cd(II)) (Kavand et al., 2020) as well as dyes such as 

methylene blue (Yadav et al., 2021), and congo red (Lafi et al., 2018). 

2.10 Adsorption 
 

Adsorption is the activity of transferring adsorbate particles or ions from solution to 

adsorbent surfaces (Burakov et al., 2018; Thomas et al., 2019) via physical or chemical 

adsorption. Physical adsorptions involve non-specific van der Waals forces between 

adsorbent and adsorbate and are not dependent on the nature of substances, it is also 

reversible (desorption) when the concentration of adsorbate is high (Burakov et al., 2018). 

In contrast, chemical adsorption or chemisorption involves chemical reactions between 

adsorbent and adsorbate, which creates an ionic or covalent bond. Chemisorption involves 

thermal, very selective on the choice of substrate, and irreversible (Kan et al., 2017; Burakov 

et al., 2018). AC also is the cheapest and efficient adsorbent for excellent removal 

performance due to its large surface area (Thomas et al., 2019), porous structure, and high 

chemical stability (Xu et al., 2019; Utsev et al., 2020). 
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2.10.1 AC for Heavy Metals Adsorption 
 

Heavy metals (HM) such as cadmium (Cd(II)), nickel (Ni(II)), lead (Pb(II)), and 

chromium (Cr(IV)) occur naturally in the Earth’s crust (Karnib et al., 2014). They are high- 

density metallic elements with an atomic weight between 63.5 – 200.6 g/mol (Ghasemi et 

al., 2014). Exposure to HM in a trace amount causes toxicity effects on humans and other 

living organisms (Bashir et al., 2019). The development of industries such as metal plating 

facilities (Xie et al., 2018), fertilizer industries (Wilson et al., 2018), batteries, and tanneries 

increased the tendency of polluting the nearby streams with HM (Alguacil et al., 2018). 

Dumping waste containing HM into the environment affects the ecosystem, such as 

flora, fauna, and other biotic and abiotic components (Alipour et al., 2020; Zhang & Duan, 

2020). Since HM are stable and non-degradable, accumulation in the environment will 

contaminate the ecosystem (Kamari et al., 2019). Lead (Pb(II)) is a type of metal that is 

commonly found in industrial wastewater. According to the Agency for Toxic Substances 

and Diseases Registry, Pb(II) is in the second place after arsenic to be the highest priority 

based on exposure frequency and intrinsic toxicity (Gebrati et al., 2018). 

Untreated wastewater containing Pb(II) is released into the streams causing 

pollutions and accumulations of Pb(II) in the ecosystem. The polluted water from the streams 

flows to the sea and caused more serious problems to the aquatic organism as well as 

affecting humans’ health (Chaduka et al., 2019). It has been reported that a high 

concentration of Pb has been discovered in seafood and molluscs (Arnich et al., 2012). Pb(II) 

accumulates in seafood and is transferred to humans via the food chain, lead to serious 

disease and central nervous system damage (Fu & Wang, 2011). The toxicity of Pb(II) leads 

to anaemia, insomnia, dizziness, irritation (Abdelhafez & Li, 2016), weakening of muscles, 

hallucination, and renal damages (Arcibar-Orozco et al., 2015). Besides, Pb(II) is teratogenic 
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and able to disrupt enzyme activity to develop red blood cells and nerve in the human body 

(Kamaraj et al., 2020). 

Other metals such as zinc (Zn(II)) are needed in a permissible amount in human daily 

life, however, excess exposure to Zn(II) cause serious health issues such as stomach cramps, 

vomiting, nausea, and anaemia (Am et al., 2019). Mercury (Hg) is another harmful metal 

that causes acute and immediate effects. It is a neurotoxic chemical that affects the central 

nervous system of humans and living organisms (Wang et al., 2017). The most well-known 

example of mercury poisoning happened in Japan and caused Minamata disease. For so 

many years, the effect of mercury poisoning can still be observed in the people living in 

Hiroshima (Zahir et al., 2005). 

Several technologies have been developed for the removal of HM from wastewater 

namely chemical precipitation (Zhang & Duan, 2020), ion exchange, membrane filtration 

(Song et al., 2018), electrochemical treatment, and adsorption (Fu & Wang, 2011). In 

chemical precipitation, chemicals are added into the treatment chamber to react with HM to 

form a precipitate (Ibrahim et al., 2016). Adsorption is one of the most simplified techniques 

with excellent removal of HM (Chon, 2021). Adsorption employing AC has been reported 

to be excellent on HM such as lead (Pb(II)) (Kavand et al., 2020; Liu et al., 2020), chromium 

(Cr(IV)) (Kan et al., 2017), copper (Cu(II)), cadmium (Cd(II)) (Hodgson et al., 2016), and 

others such as nickel (Ni(II)) (Bouhamed et al., 2016) and mercury (Hg) (Wahi et al., 2009). 

AC from different precursors is employed for the removal of heavy metal. The 

removal efficiency and adsorption capacity of AC onto HM depend greatly on the types of 

precursors used and the activating conditions such as pyrolysis temperature and activating 

agent. Less sturdy precursor that has high hemicellulose, starch, and extracts composition 

generally requires lower pyrolysis temperature (<500 °C) to produce activated carbon 
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(Danish & Ahmad, 2018). Winemaking wastes (Alguacil et al., 2018) and marine microalgae 

(Ibrahim et al., 2016) for instance are rich in hemicellulose and starch because of the 

abundance of parenchyma cells. Wine wastes are activated with KOH at 250 °C to give 58.32 

mg/g adsorption capacity of Pb(II) (Table 2.5). Marine microalgae showed slightly higher 

Pb(II) adsorption capacity (83.3 mg/g) as the pyrolysis temperature was higher (600 °C). 

Sugar molasses are thick viscous sugar production residue that is rich in starch and give 

significantly high adsorption capacity on Pb(II) (303.03 mg/g) when activated with H3PO4 

at 500 °C (Legrouri et al., 2017). The adsorption capacity of the mentioned ACs is 

considerably high considering the low amount of adsorbent dosage used (1.0 x 10-4 to 8.0 x 

10-4 g/mL). 

The adsorption capacity of AC from palm shell (333.00 mg/g) (Gaya et al., 2015) 

and wood apple shell (151.51 mg/g) (Doke & Khan, 2017) are higher compared to a date 

stone (18.68 mg/g) (Bouhamed et al., 2016) due to the higher pyrolysis temperature (500 – 

600 °C). The date stone AC is pyrolyzed at 350 °C which is quite low since higher 

temperature is needed to break down the high lignin and cellulose content in a sturdier 

precursor. The removal of Cr(VI) using cotton textile AC showed high maximum adsorption 

capacity (267.12 mg/g) (Xu et al., 2019) compared to macadamia shell AC (17.51 mg/g) 

(Lesaoana et al., 2019) due to the activation of cotton textile biomass with FeCl3 which 

creates AC with higher total surface area, thus improving the adsorption. 
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Table 2.5: The adsorption capacity on heavy metals adsorption of different types of 
AC with different activation conditions 

 
No. Precursor Treatments and Adsorptions Pollutants Citation 

1. Palm shell AC Treatment: KOH, NaOH, ZnCl2 
Pyrolysis temperature: 500 °C 
Concentration: 2000 mg/L 
Adsorption time: 1 h 40 min 
Adsorbent dosage: 0.02 g/mL 
Mixing rate: 350 rpm 
pH: 6.0 
Qmax: 1000 mg/g (Cd(II)-KOH), 
333.00 mg/g (Pb(II)-KOH), 100 mg/g 
(Cd(II)-NaOH), 500.00 mg/g (Pb(II)- 
NaOH), 125.00 mg/g (Cd(II)-ZnCl2), 
250.00 mg/g (Pb(II)-ZnCl2) 

Pb(II), Cd(II) (Gaya et al., 
2015) 

2. Olive stones AC Treatment: H3PO4 
Pyrolysis temperature: 380 °C 
Concentration: 5.0 mmol/L 
Adsorption time: 10 h 
Adsorbent dosage: 0.006 g/mL 
Mixing rate: 400 rpm 
pH: 5 
Qmax: 0.268 mmol/g (Cu(II)), 0.559 
mmol/g (Cd(II)), 0.654 mmol/g 
(Pb(II)) 

Cu(II), Cd(II), 
Pb(II) 

(Bohli et al., 
2015) 

 
3. 

 
Date stones 

 
AC Treatment: H3PO4 
Pyrolysis temperature: 350 °C 
Concentration: 100 mg/L 
Adsorption time: 2 h 
Adsorbent dosage: 0.0025 g/mL 
Mixing rate: 350 rpm 
pH: 5.5 
Qmax: 18.68 mg/g (Cu), 16.12 mg/g 
(Ni), 12.19 mg/g (Zn) 

 
Cu(II), Ni(II), 
Zn(II) 

 
(Bouhamed 
et al., 2016) 

4. Marine 
microalgae 

AC Treatment: KOH 
Concentration: 60 mg/L 
Pyrolysis temperature: 600 °C 
Adsorption time: 1 h 
Adsorbent dosage: 8.0 x 10-4 g/mL 
pH: 5.0 
Qmax: 84.7 mg/g (Cu(II)), 81.9 
mg/g (Cr(II)), 84.6 mg/g (Cd(II)), 
83.3 mg/g (Pb(II)) 

Cu(II), Cr(II), 
Cd(II), Pb(II) 

(Ibrahim et 
al., 2016) 
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Table 2.5 continued 
 
5. Papaya peel AC Treatment: H3PO4 

Pyrolysis temperature: 450 °C 
Concentration: 200 mg/L 
Adsorption time: 2 h 
Adsorbent dosage: 0.05 g/mL 
Mixing rate: 150 rpm 
pH: 5.0 
Qmax: 38.31 mg/g 

Pb(II) (Abbaszadeh 
et al., 2016) 

6. Rice Husk AC Treatment: H3PO4 
Pyrolysis temperature: 105 °C 
(oven) 
Concentration: 200 mg/L 
Adsorption time: 3 h 
Adsorbent dosage: 0.02 g/mL 
pH: 6 
Qmax: 77.519 mg/g 

Pb(II) (Dada et al., 
2017) 

7. Molasses AC Treatment: H3PO4 

Pyrolysis temperature: 500 °C 
Concentration: 50 mg/L (Pb(II) and 
Cr(VI)), 70 mg/L (Cu(II)) 
Adsorption time: 8 h 
Adsorbent dosage: 1.5 x 10-4 g/mL 
Mixing rate: 150 rpm 
pH: 4 
Qmax:144.93 mg/g (Cr(VI)), 303.03 
mg/g (Pb(II)), 526.32 mg/g (Cu(II)) 

Cr(VI), Pb(II), 
Cu(II) 

(Legrouri et 
al., 2017) 

8. Wood Apple 
shell 

AC Treatment: H2SO4 
Pyrolysis temperature: 600 °C 
Concentration: 75 mg/L 
Adsorption time: 2 h 
Adsorbent dosage: 1.25 x 10-6 g/mL 
pH: 1.8 
Qmax: 151.51 mg/g 

Cr(VI) (Doke & 
Khan, 2017) 

9. Winemaking 
wastes 

AC Treatment: KOH 
Pyrolysis temperature: 250 °C 
Concentration: 500 mg/L 
Adsorption time: 3 h 
Adsorbent dosage: 1.0 x 10-4 g/mL 
Mixing rate: 750 rpm 
pH: 4 
Qmax: 58.31 mg/g 

Pb(II) (Alguacil et 
al., 2018) 
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Table 2.5 continued 
 
10. Shaddock 

peel 
AC Treatment: H3PO4 
Pyrolysis temperature: 450 °C 
Concentration: 50 mg/L 
Adsorption time: 3 h 
Adsorbent dosage: 0.001 g/mL 
Mixing rate: 140 rpm 
pH: 3 
Qmax: 50.76 mg/g 

Cr(VI) (Tao et al., 
2019) 

11. Macadamia 
nuts 

AC Treatment: H3PO4, H2SO4 
Pyrolysis temperature: 500 °C 
Concentration: 100 mg/L 
Adsorption time: 2 h 
Adsorbent dosage: 0.003 g/mL 
Mixing rate: 150 rpm 
pH: 9.0 (H2SO4), 4.0 (H3PO4) 
Qmax: 25.75 mg/g (H3PO4), 17.51 
mg/g (H2SO4) 

Cr(VI) (Lesaoana et 
al., 2019) 

12. Cotton 
textiles 
wastes 

AC Treatment: FeCl3 
Pyrolysis temperature: 700 °C 
Concentration: 200 mg/L 
Adsorption time: 24 h 
Adsorbent dosage: 0.002 g/mL 
Mixing rate: 150 rpm 
pH: 2 
Qmax: 267.12 mg/g 

Cr(VI) (Xu et al., 
2019) 

13. Corn cob AC Treatment: KOH 
Pyrolysis temperature: 800 °C 
Concentration: 0.06 mg/L 
Adsorption time: 2 h 
Adsorbent dosage: 2.0 x 10-5 g/mL 
Mixing rate: 200 rpm 
pH: 11.0 
Qmax: 2.39 mg/g 

Hg(II) (Liu et al., 
2020) 

14. Olive 
branches 

AC Treatment: H3PO4 
Concentration: 100 mg/L 
Adsorption time: 24 h 
Adsorbent dosage: 0.02 g/mL 
Mixing rate: 150 rpm 
pH: 5.0 (Pb(II), Cu(II), Cd(II)), 3.0 
(Zn(II)) 
Qmax: 41.32 mg/g (Pb(II)), 43.10 
mg/g (Cu(II)), 38.17 mg/g (Cd(II)), 
34.97 (Zn(II)) 

Pb(II), Zn(II), 
Cu(II), Cd(II) 

(Alkherraz 
et al., 2020) 
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2.10.2 AC for Dyes Adsorption 
 

Dyes contaminants in the wastewater are usually coming from textile industries that 

being released to the nearby stream. (Cheng et al., 2017). The industry would discharge the 

wastewater directly into the nearby river before treatment causes pollutions and damage to 

the aqueous environment. The effluent from the textile industry has high pH, temperature 

(Fazal et al., 2019), COD, BOD, vibrant colour, and low biodegradability (Shu et al., 2017). 

Apart from textile industries, other industries such as cosmetic (Sangon et al., 2017), printing 

(Danish et al., 2018), food, and stationaries industries are also contributing dye-containing 

wastewater as much as the textile industry (Li et al., 2021). 

It is reported that approximately 60,000 – 90,000 tons of dyes were used in 2016 

(Bedin et al., 2016) and increased to 178, 000 tons of dyes in 2021 (Araujo et al., 2021). 

Some industries conducted water treatment before the effluent is discharged into the 

environment however most of the dye runoff managed to escape the wastewater treatment 

and stays in the environment (Shu et al., 2017). Some dyes are refractory which means it is 

resistant to biological treatment, stable to light, temperature, water, and other chemicals 

(Herrera-gonzález et al., 2019) 

Among all, MB is one of the most commonly used dyes in industries. Reddy et al. 

(2016) stated that 10 – 20% of MB was found in the dye bath and released together with 

other deposits. MB is hazardous, toxic, and carcinogenic to humans and the environment. 

Besides, it is dangerous to aquatic life and might be transferred along the way through the 

food chain although in low concentration due to its low biodegradability (dos Santos et al., 

2019). Thus, it is necessary to remove MB from the environment. Many studies reported on 

the removal of MB from an aqueous environment through coagulation, flocculation, 

magnetic separation (Nayara et al., 2018), electrooxidation in filter press electrochemical 
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flow cells (Gharibian et al., 2020), solar irradiation (Salem et al., 2020) and electrolysis (Liu 

et al., 2020). However, the treatment methods have a huge downturn in terms of cost- 

effectiveness, practicality, and efficiency 

The adsorption employed AC has raised the attention of many researchers for its’ 

effectiveness, environmentally friendly and cheap approach (Teimouri et al., 2019). 

Besides, the unique physicochemical series of activated carbon as well as its mechanical and 

electrical properties with large surface areas make an ideal sorbent for the removal of dyes 

(Aliakbari et al., 2017). Table 2.6 reported the recent literature precedent of the employment 

of AC and the adsorption capacity on many types of dyes including MB. 

Acid activation for AC using various types of acids such as zinc chloride (ZnCl2), 

phosphoric acid (H3PO4), and sulphuric acid (H2SO4) reported to give good adsorption 

capacity for dyes in wastewater. Teimouri et al. (2019), utilizes ZnCl2-activated walnut shell 

(WS) and almond shell (AS) for the removal of MB with a maximum adsorption capacity of 

98.10 mg/g and 113.90 mg/g respectively. A year after, Li et al. (2020) suggested that the 

pyrolysis of WS at higher temperature (800 °C) resulted in higher adsorption capacity of MB 

(381.88 mg/g) as the high-temperature pyrolysis leads to the production of larger AC pore 

structures. The activation of peanut shells with Iron chloride (FeCl3) gave a significantly 

high removal of malachite green (1106.40 mg/g) due to the improvement of adsorbent 

surface area and porosity (Feiqiang et al., 2018). However, the drawbacks of acid-activation 

AC are highly corrosive, non-environmentally friendly, expensive and lack of practicality 

causes the attention to shift to base-activation over the years (Pan, 2020). 

Moreover, the activation of AC with NaOH and KOH resulted in a promisingly high 

surface area and adsorption capacity on various dyes especially MB. Sunflower pith AC 

shows high surface area when activated with NaOH (2690 m2/g) and KOH (2090 m2/g) 



32  

which resulted in high removal efficiency of MB 965 mg/g and 580 mg/g respectively 

(Baysal et al., 2018). Vinasses wastes AC is reported to have significantly high removal 

efficiency on MB (2000 mg/g). Li et al. (2021) mentioned that the vinasses wastes is 

activated with NaOH and pyrolyzed at different temperatures to give AC with high surface 

area when analysed with BET (2015 m2/g: 700 °C) (1999 m2/g: 800 °C). 

Table 2.6:   The adsorption capacity on dyes adsorption of different types of AC with 
different activation conditions 

 
No. Precursor Treatments and Adsorptions Pollutants Citations 

1. Tomato 

Wastes 

AC Treatment: ZnCl2 
Concentration: 550 mg/L 
Adsorption time: 24 h 
Adsorbent dosage: 6.0 g/L 
Mixing rate: 120 rpm 
pH: 6.33 (MB), 6.23 (MY) 
Qmax: 400 mg/g (MB), 385 mg/g 
(MY) 

MB, Metanil 

Yellow 

(MY) 

(Sayğılı & 

Güzel, 2016) 

2. Coconut 

shell 

AC Treatment: NaOH 
Concentration: 1000 mg/L 
Adsorption time: 150 min 
Adsorbent dosage: 0.1 g/L 
pH: 6.5 
Qmax: 916.26 mg/g 

MB (Cazetta et 

al., 2016) 

3. Elaeagnus 

stone 

AC Treatment: ZnCl2 
Concentration: 200 mg/L 
Adsorption time: 180 min 
Adsorbent dosage: 1 g/L 
Mixing rate: 150 rpm 
pH: 7 
Qmax: 288.18 mg/g (MB), 281.69 
mg/g (RB), 432.90 mg/g (MG) 

MB, 

Rhodamine 

B (RB), 

Malachite 

Green (MG) 

(Gecgel et 

al., 2016) 

4. Denim 

fabric wastes 

AC Treatment: H3PO4 
Concentration: 200 mg/L 
Adsorption time: 240 min 
Adsorbent dosage: 0.8 g/L 
Mixing rate: 200 rpm 
pH: 2.1 
Qmax: 292 mg/g 

Remazol 

Brilliant 

Blue R 

(RBBR) 

(Silva et al., 

2017) 
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Table 2.6 continued 

5. Rice straw 

wastes 

AC Treatment: H3PO4 
Concentration: 6 mg/L (MB), 22 
mg/L (CR) 
Adsorption time: 24 h 
Adsorbent dosage: 0.01 g/L 
Mixing rate: 250 rpm 
pH: 7.0 
Qmax: 167.50 mg/g (MB), 390.62 
mg/g (CR) 

MB, Congo 

Red (CR) 

(Sangon et 

al., 2017) 

6. Banana 

trunk 

AC Treatment: H3PO4 
Concentration: 150 ppm 
Adsorption time: 51 min 
Adsorbent dosage: 4.0 g/L 
pH: 7.0 
Qmax: 64.66 mg/g 

MB (Danish et 

al., 2018) 

7. Peanut shells AC Treatment: FeCl3 
Concentration: 800 mg/L 
Adsorption time: 24 h 
Adsorbent dosage: 1.0 g/L 
Mixing rate: 150 rpm 
pH: 8.0 
Qmax: 1106.40 mg/g 

Malachite 

Green (MG) 

(Feiqiang et 

al., 2018) 

8. Coffee 

wastes 

AC Treatment: CH3COOK 
Concentration: 50 mg/L 
Adsorption time: 120 min 
Adsorbent dosage: 2 g/L 
Mixing rate: 220 rpm 
pH: 3 
Qmax: 90.90 mg/g 

Congo Red 

(CR) 

(Lafi et al., 

2018) 

9. Empty 

Cotton 

Flower 

AC Treatment: KOH 
Concentration: 200 mg/L 
Adsorption time: 30 min 
Adsorbent dosage: 93.5 g/L 
pH: 5.9 
Qmax: 720 mg/4.67 g 

Reactive 

Orange 84 

(RO 84) 

(Charola et 

al., 2018) 

10. Sunflower 

pith 

AC Treatment: KOH, NaOH 
Concentration: 250 mg/L 
Adsorption time: 3 h 
Adsorbent dosage: 1 g/L 
Mixing rate: 200 rpm 
Qmax: 965 mg/g (NaOH), 580 mg/g 
(KOH) 

MB (Baysal et al., 

2018) 
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Table 2.6 continued 

11. Acai seeds 

(AS), Brazil 

nutshell 

(BS) 

AC Treatment: H3PO4 
Concentration: 250 mg/L 
Adsorption time: 24 h 
Adsorbent dosage: 3g/L 
pH: 5.8 
Qmax: BB26 (AS: 73 mg/g, BS: 71 
mg/g), BG1 (AS: 83 mg/g, BS: 82 
mg/g), BY2 (AS: 31 mg/g, BS: 58 
mg/g), BR1 (AS: 34 mg/g, BS: 39 
mg/g) 

Basic blue 26 

(BB26), 

Basic green 1 

(BG1), Basic 

yellow 2 

(BY2), Basic 

red 1 (BR1) 

(Nayara et 

al., 2018) 

12. Walnut and 

(WS) 

Almond 

shell (AS) 

AC Treatment: ZnCl2 
Concentration: 25 mg/L 
Adsorption time: 24 h 
Adsorbent dosage: 1 g/L 
Mixing rate: 3500 rpm 
Qmax: 98.1 mg/g (WS), 113.9 mg/g 
(AS) 

MB (Teimouri et 

al., 2019) 

13. Ziziphus 

lotus stone 

AC Treatment: H3PO4 
Concentration: 100 mg/L 
Adsorption time: 180 min 
Adsorbent dosage: 0.5 g/L 
Mixing rate: 300 rpm 
pH: 5.8 
Qmax: 423 mg/g (BY28), 306 mg/g 
(BR46) 

Basic yellow 

28 (BY28), 

Basic red 46 

(BR46) 

(Boudechiche 

et al., 2019) 

14. Corn cob AC Treatment: H2SO4 
Concentration: 100 mg/L 
Adsorption time: 250 min 
Adsorbent dosage: 1.2 g/L 
Mixing rate: 110 rpm 
pH: 5.6 
Qmax: 216.2 mg/g 

MB (Jawad & 

Mohammed, 

2019) 

15. Pineapple 

crown leaves 

AC Treatment: KOH 
Concentration: 20 mg/L 
Adsorption time: 180 min 
Adsorbent dosage: 6 g/L 
Mixing rate: 120 rpm 
pH: 5 
Qmax: 31.24 mg/g 

Methyl violet 

(MV) 

(Astuti et al., 

2019) 
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Table 2.6 continued 

16. Walnut shell 

(WS) and 

ashitaba 

wastes (AW) 

AC Treatment: ZnCl2 
Concentration: 200 mg/L (CR), 
100 mg/L (MB) 
Adsorption time: 9 h 
Adsorbent dosage: 0.1 g/L 
Mixing rate: 300 rpm 
pH: 7.0 
Qmax: 632 mg/g (AW-CR), 381.88 
mg/g (AW-MB), 442.45 mg/g (WS- 
CR), 400.11 mg/g (WS-MB) 

Congo Red 

(CR), MB 

(Li et al., 

2020) 

17. Vinasses 

wastes 

AC Treatment: NaOH 
Concentration: 500 mg/L 
Adsorption time: 300 min 
Adsorbent dosage: 0.25 g/L 
Mixing rate: 150 rpm 
pH: 8.0 
Qmax: 2000 mg/g 

MB (Li et al., 

2021) 

 

2.11 Chapter Summary 
 

In Summary, many studies reported on the utilisation of sago hampas and bark wastes 

as well as other lignocellulosic biomass as the precursor for AC. Various carbonization 

method and pyrolysis rate were reported that produces AC with enhanced pore structure, 

surface morphology and particle size. The application of lignocellulosic AC for the 

adsorbent for pollutants such as heavy metals and dyes were also reported (Bashir et al., 

2019; Fazal et al., 2019). However, this review revealed a lack of significant extant literature 

on the reutilization of SE as the adsorbent for pollutants in aqueous solutions. Previous 

studies conducted on SE are inconclusive and limited to its employment as medium of 

cultivations for various microorganisms. Thus, this review led to the development of 

experimental framework on the repurposing of SE into a value-added product. The high 

C:N:P ratio content in SE indicated that it is a suitable medium for biological treatment such 

as ASP to generate solid biomass (SE-B) which was further pyrolysed and activated to 

become SE-AC. Furthermore, the reutilisation of SE in this study provides a sustainable, 
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practical, and low-cost alternatives for sago industries’ environmental management. 



37  

CHAPTER 3 

METHODOLOGY 

3.1 Materials 
 

Sago effluent was collected from Herdsen Sago Industries Sdn Bhd located in Pusa, 

Sarawak. The sago mill effluent was filtered with gauge netting and kept in gallons as raw 

sago effluent and brought back to the laboratory for further analysis. 

Chemicals such as sodium hydroxide (NaOH), methylene blue (MB) powder, nitric 

acid, lead (Pb) solutions (1000 mg/L) were purchased from Merck. Hydrochloric acid (HCl) 

was obtained from Fischer Scientific and ethanol from HmBG. 

 
 

3.2 Preparation of Adsorbent 
 

3.2.1 Activated Sludge Process (ASP) 
 

Sago effluent was placed in three different tanks. Unoptimized tank (Tank C) (20 mL) was 

aerated for 7 days, filtered, and sun-dried for 2 days to give 52.2 g of sago effluent biomass 

(SE-B). Tank A: Optimization in Tank A was conducted following (Slade et al., 2011) with 

C:N:P ratio 100:10:1. A mixture of urea (24 g) in 1000 mL distilled water and phosphoric 

acid (200 mL) in 1000 mL distilled water was added into SE (20 L) in a 25 L tank. 

Optimization in Tank B was conducted following (Slade et al., 2011) with C:N:P ratio 

100:10:3. A mixture of urea (24 g) in 1000 mL distilled water and phosphoric acid (200 mL) 

in 1000 mL distilled water was added into SE (20 L) in a 25 L tank. 
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Oven-drying 
(100 °C, 24 hr) 

 
Washing 

Chemical 
activation, NaOH 

(20 mL, 5 M) 

Activated 
sludge process 

(ASP) 
Sago 

Effluent 
Pyrolysis 

(400 °C, 30 min) 

HCl 
treatment 

(5 M) 

Pyrolysis 
(500 °C, 90 min) 

3.2.2 Pyrolysis of SE-B 
 

The SE-B was sieved using a 45-micron sieve and samples with size <45-micron 

were collected for the pyrolysis experiment. Pyrolysis was conducted in a tube furnace (TI- 

01200-50SL) at 400 °C for 30 min with nitrogen gas flow to create an inert atmosphere. The 

solid product of pyrolysis, sago effluent biochar (SE-BC) was cooled to room temperature 

before being collected (Eum et al., 2012; Ahmad et al., 2014). 

 
 

3.2.3 Activations of SE-BC 
 

SE-BC (5 g) was chemically activated by soaking in NaOH (20 mL, 5 M) for 2 hr. 

The SE-BC was filtered and washed with distilled water until pH 7 was achieved. The solid 

obtained was oven-dried (100 °C) for 24 h. The dried solid was pyrolyzed again (500 °C) 

for 90 min (Cao et al., 2017) followed by treatment with HCl (5 M) to remove any 

impregnating salts. The solid was washed with distilled water till it reached pH 4 (Wahi et 

al., 2009). The solid was oven-dried (100 °C) for 1 hr to obtain sago effluent activated carbon 

(SE-AC) (3 g). Figure 3.1 summarizes the flow of preparing SE-AC. 

 

 
 

 

  

Figure 3.1: Flow chart of SE-AC preparation 

Oven-dying 
(100 °C, 1 hr) 

 
Washing 
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3.3 Characterization of Adsorbent 
 

3.3.1 Proximate Analysis 
 

The procedure for obtaining the moisture content, volatile matter content, and ash 

content of SE-B, SE-BC, and SE-AC was adapted from the American Society for Testing 

Materials (ASTM) ASTM D-3173, D-3175, and D-3174 respectively. 

 
 

Moisture Content 
 

Empty dried crucible (We) was weighed. A certain amount of samples was added 

into the crucible, weighed, and labelled as Ws. The sample was dried at 105 °C for 24 h. The 

sample was dried until a constant weight was obtained. The dried sample was weighed again 

and denoted as Wd. The moisture content of samples was calculated by using Equation 3.1, 

 
 
 

Moisture Content (%) = 𝑊𝑊𝑊𝑊−𝑊𝑊𝑊𝑊 
𝑊𝑊𝑊𝑊−𝑊𝑊𝑊𝑊 

× 100 % ................................................................. (Eq 3.1) 
 
 
 
 

Volatile Matter Content 
 

Empty dried crucible (We) was weighed. A certain quantity of samples was placed 

into the crucibles, weighed, and labeled (Ws). The sample was dried for 7 min in a furnace 

at 500 °C. The dried sample was then weighed and denoted as Wv. The volatile matter 

content of samples was calculated by using Equation 3.2, 

 
 
 

Volatile Matter Content (%) = 𝑊𝑊𝑊𝑊−𝑊𝑊𝑊𝑊 
𝑊𝑊𝑊𝑊−𝑊𝑊𝑊𝑊 

× 100 %........................................................ (Eq 3.2) 
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Ash Content 
 

An empty dried crucible was weighed (We). The sample was kept dry for 24 hr in a 

desiccator before the ashing process. The dried sample was placed into the crucible and 

weighed (Ws). The sample was burnt in the furnace for 3 hr with the first 1 hr at 500 °C and 

the subsequent 2 hr at 700 °C. The crucible with the dried sample was labeled (Wa). The ash 

content was calculated by using Equation 3.3, 

 
 
 

Ash Content (%) = 𝑊𝑊𝑊𝑊−𝑊𝑊𝑊𝑊 
𝑊𝑊𝑊𝑊−𝑊𝑊𝑊𝑊 

× 100 % ......................................................................... (Eq 3.3) 
 
 
 
 

Total Carbon Content 
 

Total carbon content in samples was calculated by using Equation 3.4, 
 
 
 

Total Carbon Content (%) = 100 % - (% Moisture + % Volatile + % Ash) ............... (Eq 3.4) 
 
 
 

3.3.2 Instrumental Analysis 
 

The characterization of the functional groups’ presence in SE-B, SE-BC, and SE_AC 

was conducted by using Fourier transform infrared spectroscopy (FTIR) (Thermo Scientific 

Nicolet iS10) at the Faculty of Resource Science and Technology, UNIMAS. The samples 

(2 mg) were ground and compressed with dried KBr powder into a pellet. The pellets with 

samples were analyzed and IR spectra were plotted over a frequency range from 400 – 4000 

cm-1. 
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The surface morphology and pore structure were analyzed using a scanning electron 

microscope (SEM) (JEOL JSM06390LA). The samples (SE-B, SE-BC, and SE-AC) were 

coated with think film of gold or platinum using Auto Fine Coater (JEOL JFC-1600). The 

beam was scanned across the samples’ surface at 1000x magnification and images of 

samples were collected. 

The total surface area of SE-B, SE-BC, and SE-AC was analyzed using Brunauer, 

Emmett, and Teller (Quantachrome Instruments Nova 3200e). The particle size of SE-BC 

and SE-AC was analyzed using Transmission Electron Microscope (JEOL 1230 Electron 

Microscope). 

 
 

3.4 Batch Adsorption 
 

3.4.1 Adsorption of Pb(II) 
 

3.4.1.1 Preparation of Pb (II) Stock Solution 

The stock of Pb solution (100 mg/L) was prepared by diluting the 1000 mg/L 

standard in a 1 L volumetric flask to make a 100 mg/L stock solution. 5 mL of 65% of nitric 

acid was added into the solution to preserve the stock solution. 

 
 

3.4.1.2 Factors Affecting the Adsorption of Pb(II) 

Adsorbent Dosage 
 

Pb (II) solution (5 mg/L) was prepared in 100 mL distilled water in a 250 mL conical 

flask. The procedure was carried out at room temperature. Various weights of adsorbent 

ranging from 0.1 – 0.5 g were added into the conical flask and agitated (260 rpm) for 30 min 
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(Bishnoi et al., 2004). The adsorbent was filtered and analyzed using ICP-OES (Kumar et 

al., 2009). 

 
 

Concentration of Pb (II) solution 
 

Various initial concentrations of Pb (II) were prepared (1 – 5 mg/L) in 100 mL 

distilled water in a 250 mL conical flask. The procedure was carried out at room temperature. 

Adsorbent dosage (0.5 g) was added into the conical flask and agitated (260 rpm) for 30 

mins. 

 
 

pH Value of Pb (II) Solution 
 

Pb (II) solution (5 mg/L) was prepared in 100 mL distilled water in a 250 mL conical 

flask. The procedure was carried out at room temperature. The solution was adjusted to a 

variety of pH values (2, 4, 6, 8, 10). Adsorbent (0.5 g) was added into the conical flask and 

agitated at 260 rpm for 30 min. 

 
 

3.4.2 Adsorption of MB 
 

3.4.2.1 Preparation of MB Stock Solution 

Stock solution 1000 mg/L was prepared by dissolving 0.1 g of MB powder in 1 L of 

distilled water/ The stock solution was wrapped with an aluminium sheet and stored in a 

dark area to avoid UV degradation. The stock solution was diluted into desired concentration 

(2 – 10 mg/L). 

3.4.2.2 Factors Affecting the Adsorption of MB 

Initial Concentration 
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MB solutions (100 mL) of different concentration (2 – 10 mg/L) was placed in a 250 

mL conical flask. Adsorbent (0.5 g) was added into the solution and the mixture was agitated 

(260 rpm) at room temperature for 30 mins. The final MB concentration in the flask was 

calculated based on the calibration curve obtained from the absorbance value noted using 

UV-Vis Spectrophotometer. 

 
 

Contact Time 
 

Adsorbent dosage (0.5 g) was agitated (260 rpm) in 100 mL of MB solution (10 

mg/L) in different contact times (5 - 30 min) respectively. The efficiency of removal was 

calculated and a graph of percentage removal against contact times was plotted. 

 
 

3.4.3 The Removal of Pb(II) and MB 
 

Final Concentration of MB 
 

A calibration graph of standard solution (2 – 10 mg/L) was plotted to obtain the graph 

linear expression whereby y is the final concentration and x is the absorbance value denoted 

from UV-Vis. 

 
 

Adsorption Capacity 
 

The adsorption capacity of Pb(II) and MB was calculated using Equation 3.5; 
 
 
 
 

𝑞𝑞𝑞𝑞 = 𝐶𝐶𝐶𝐶−𝐶𝐶𝐶𝐶 
𝑚𝑚 × 𝑉𝑉 ......................................................................................................... (Eq 3.5) 
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Where, Co = Initial concentration of MB, Ce = Final concentration of MB, V = Volume of 

solution (mL), and m = Adsorbent dosage (mg) 

 
 

Percentage of Removal 
 

The percentage removal of Pb(II) and MB was calculated using Equation 3.6; 
 
 
 
 

% 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐶𝐶𝐶𝐶−𝐶𝐶𝐶𝐶 
𝐶𝐶𝐶𝐶 

× 100 %..................................................................................(Eq 3.6) 
 

Where, Co = Initial concentration of Pb(II)/MB, and Ce = Final concentration of Pb(II)/MB 

respectively. 

 
 

3.4.4 Isotherm Study 
 

Adsorption isotherm indicates how the adsorption of molecules is distributed 

between the liquid phase and solid phase when the adsorption process reaches an equilibrium 

state (Üner et al., 2016). The adsorption isotherm is commonly divided into two types of 

namely Langmuir Isotherm and Freundlich Isotherm. 

 
 

Langmuir Isotherm 
 

In this study, the Langmuir sorption study is applied to equilibrium sorption 

assuming there is monolayer sorption onto a surface with a finite number of identical sites 

(Pathania et al., 2017). The Langmuir isotherm can be expressed in linear form (Equation 

3.7); 
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Langmuir isotherm: 𝐶𝐶𝐶𝐶 = 1  + 𝐶𝐶𝐶𝐶  …………………………………………….(Eq 3.7) 
𝑞𝑞𝑞𝑞 𝑄𝑄𝑄𝑄𝑄𝑄 𝑄𝑄𝑄𝑄 

 
Where, Qob = Ce/qe vs Ce graph slopes and linear intercepts 

 
 
 

Langmuir Isotherm describes the monolayer adsorption of solute on a finite number 

of localized sites over the homogenous adsorbent surface (Foo & Hameed, 2012; Pathania 

et al., 2017) In Langmuir, the value for Qo and b are obtained from the slopes and intercepts 

of the linear plot of (Ce/qe) vs Ce. The Qo and b are constants related to adsorption capacity 

and energy of adsorption respectively (Pathania et al., 2017). 

The separation factor (RL) was calculated to predict the affinity between sorbate and 

sorbent as a supporting value if only the adsorption is best fitted Langmuir Isotherm 

following Equation 3.8, 

 
 

Equilibrium parameter, RL: = 1        ……………………………………………..(Eq 3.7) 
(1+𝑏𝑏𝑏𝑏𝑏𝑏) 

 
Where, b = Langmuir constant (L/mg), and Ce = Initial concentration (mg/L) 

 
 
 

Freundlich Isotherm 
 

Freundlich isotherm is adsorption that occurs on a heterogeneous layer and interacts 

between adsorbed molecules with various kinds of energies (Gao et al., 2013). Freundlich 

isotherm can be written in Equation 3.8; 

Freundlich isotherm: log qe = log Kf + 1 log Ce ……………………………………..(Eq 3.8) 
𝑛𝑛 
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Where, Qe = Amount of adsorbed particles per unit mass, and Kf = Constant (Adsorption 

capacity) – graph of log qe against log Ce 

 
 

Freundlich Isotherm was applied for the heterogeneous surface where qe is the 

amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium. The values of Kf 

and 1/n are correlated to the sorption intensity and the adsorption capacity of the system 

(Alghamdi et al., 2019). 

 
 

3.5 Response Surface Methodology (RSM) 
 

RSM is a statistical method which one of the alternative methods to optimize the 

certain process by relating the mutual interactions among all variables and provides an 

estimation of the joined impact of these variables on results (Chaudan et al., 2006). A second- 

order design called Central Composite Design (CCD) based RSM was used in this study to 

determine and evaluate the optimum variables on the adsorption efficiency of Pb(II) and 

methylene blue. The operating variables chosen were adsorbent dosage, initial concentration, 

and contact time was chosen for the adsorption of Pb(II) (Table 3.1) while the operating 

variables chosen for the adsorption of MB are pH, initial concentration, and contact time 

(Table 3.2). Design Expert software 7.1.6 (trial version) was used for experimental design, 

ANOVA analysis, and generation of RSM plots. 
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Table 3.1: Experimental Factors and Response for the Adsorption of Pb(II) 
 

Standard  Parameters  
 Initial 

Concentration 
(mg/L) 

Adsorbent 
Dosage (g) 

Contact 
Time (min) 

1 1.00 0.10 30.00 
2 5.00 0.10 30.00 
3 1.00 0.50 30.00 
4 5.00 0.50 30.00 
5 1.00 0.10 90.00 
6 5.00 0.10 90.00 
7 1.00 0.50 90.00 
8 5.00 0.50 90.00 
9 3.00 0.30 60.00 
10 3.00 0.30 60.00 
11 1.00 0.30 60.00 
12 5.00 0.30 60.00 
13 3.00 0.10 60.00 
14 3.00 0.50 60.00 
15 3.00 0.30 30.00 
16 3.00 0.30 90.00 
17 3.00 0.30 60.00 

 
 

Table 3.2: Experimental Factors and Response for the Adsorption of MB 
 

Standard  Parameters  
 pH Initial 

Concentration 
(mg/L) 

Contact 
Time (min) 

1 2.00 2.00 30.00 
2 10.00 2.00 30.00 
3 2.00 10.00 30.00 
4 10.00 10.00 30.00 
5 2.00 2.00 90.00 
6 10.00 2.00 90.00 
7 2.00 10.00 90.00 
8 10.00 10.00 90.00 
9 6.00 6.00 60.000 
10 6.00 6.00 60.00 
11 6.00 6.00 60.00 
12 6.00 6.00 60.00 
13 2.00 6.00 60.00 
14 10.00 6.00 60.00 
15 6.00 2.00 60.00 
16 6.00 10.00 60.00 
17 6.00 6.00 30.00 
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Table 3.2 continued 
 
 

18 6.00 6.00 90.00 
19 6.00 6.00 60.00 
20 6.00 6.00 60.00 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 
4.1 The Yield of Sago Effluent Activated Sludge Process (ASP) 

 
The ASP was conducted in a 25 L tank at three different conditions, namely sago 

effluent modified at C:N:P ratio 100:10:1 (Tank A), C:N:P ratio 100:10:3 (Tank B), and 

unmodified sago effluent as a control experiment (Tank C). Seven-day aeration during ASP 

yielded biomass (SE-B) of 93.2 g in Tank A, 40.1 g (Tank B) and 52.2 g (Tank C). 

The aeration process conducted on the three tanks provides oxygen for the aerobic 

bacteria to degrade carbonaceous and nitrogenous matters in SE for energy and resulted in 

the growth of the bacterial population (Kristensen et al., 2018). Nitrifying bacteria available 

in Tank A utilises the N from urea and C in SE to carry out the nitrification process and 

produce energy. However, due to the relatively small quantity of energy produced during 

nitrification, the bacteria started to degenerate and form flocs (Khan et al., 2017). 

Filamentous bacteria utilizes P for growth and aid in the flocculation of the degenerated 

nitrifying bacteria (Gebrati et al., 2018). For this reason, dense and stable sediments are 

produced, which results in an improved yield of biomass (Ahansazan et al., 2014) in Tank 

A. 

In contrast, an excessive amount of P in Tank B reduced the efficiency of organic 

carbon removal during ASP as it disturb the growth of filamentous bacteria thus reducing 

the flocculating and coagulating ability to form stable sediments (Slade et al., 2011). Tank 

C had a lower yield compared to Tank A, which can be explained by the lack of nutrients 

that are readily available in SE thus the degeneration of bacteria took part before bacterial 

growth as the result of lack of energy production (Anbalagan et al., 2016). 
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Figure 4.1 shows the colour and physical appearance of effluent in all tanks after 

seven days of ASP. Tank A was observed to have significant layers of clear water on top 

and sediments settled at the bottom of the tank. This proves that the SE in Tank A underwent 

complete ASP at optimum nutrients adjustment and the clear water indicated that the BOD 

level was reduced throughout the process (Sepehri & Sarrafzadeh, 2019). On the other hands, 

Tank B shows dark coloured sludge with no visible separation between clear water and 

sediments. Slimy and squishy lumps were observed due to the poor settling. The observation 

proved that excess P disrupt the growth of filamentous bacteria that supposed to help the 

settling process of flocs (Grau, 2018). Meanwhile, in Tank C, there was sediments form at 

the bottom of the tank, however the layer of water on top was still very cloudy indicated an 

incomplete ASP due to the lack of important nutrients for excellent floc formation and 

settlement (Sepehri & Sarrafzadeh, 2019). 

 

Figure 4.1: ASP of SE with different C: N: P ratio of tank (a) 100:10:1; (b) 100:10:3; 
and tank (c) unmodified SE, at Day 7 of aeration and 5 days settling. 

 
 

4.2 Characterization of Sago Effluent Activated Carbon (SE-AC) 
 

The physicochemical characterization of SE-AC was conducted and compared to SE- 

B and SE-BC and described below. Results showed that the activated carbon exhibited a 

good adsorptive property. 
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4.2.1 Proximate Analysis 
 

Table 4.1 showed the proximate analysis of SE-B and SE-AC. The moisture content 

of SE-B (0.51%) was very low compared to other sago wastes such as sago bark (4.90%) 

and sago hampas (7.20%) (Siruru et al., 2019). This is due to the drying process of SE-B 

under the sun for two days that causes water evaporation. The low moisture content of an 

AC precursor is advisable because high moisture content (>30%) in biomass causes longer 

pyrolysis time, which subsequently increases the energy consumption. This is because more 

energy is required for the removal of moisture from biomass and for increasing the 

carbonization temperature for carbonization (Jankovi et al., 2019). The results also showed 

that SE-AC had very low moisture content, which could be due to the long pyrolysis period 

(Wahi & Senghie, 2011). 

The volatile matter content in SE-AC was also low, probably due to the dehydration 

and decarboxylation of SE-B during pyrolysis and chemical activation. The afore-mentioned 

processes released elements such as hydrogen, carbon and oxygen to produce carbonyl and 

carboxylic groups in the activated carbon (Menya, 2019; Siruru et al., 2020). The complete 

removal of volatile matter in SE-AC also indicated that there is very little possibility of 

clogged pores on its surface (Wahi et al., 2009; Zhang et al., 2015). The release of volatile 

fractions during the conversion of SE-B to SE-AC has broken the weak bonds in SE-B 

matrices (Park et al., 2013; Jankovi et al., 2019), resulting in well-developed porous 

structures (Zbair et al., 2018). 

The ash content of SE-B was also high compared to other agricultural precursors and 

was increased from 99.10% to 99.90% in SE-AC. High ash content is usually attributed to 

the high mineral content in the sample, such as calcium and potassium (Siruru et al., 2019; 

Pedicini et al., 2020). High ash content in SE-AC could clog the pore structure of AC, 
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causing low surface area and reduced ability of adsorption (Lam et al., 2017). The total 

carbon content in SE-B decreases from 0.22% to 0.08% in SE-AC. The low fixed carbon 

content in SE-AC was due to its high ash content. 

 
Table 4.1:   Proximate analysis results for SE-B and SE-AC 

 
Tanks SE-B SE-AC 

Moisture Content (%) 0.51 ± 0.02 0.00 ± 0.00 
Volatile Matter Content (%) 0.08 ± 0.02 0.00 ± 0.00 

Ash Content (%) 99.19 ± 0.03 99.92 ± 0.02 
Total Carbon Content (%) 0.22 ± 0.01 0.08 ± 0.01 

 
 

4.2.2 Fourier Transform Infrared (FTIR) Analysis 
 

The FTIR spectra of SE-B, SE-BC, and SE-AC are shown in Figure 4.2. The 

adsorption peak at 3408.43 – 3426.45 cm-1 in SE-B, SE-BC samples indicated the presence 

of ʋO-H attributed to the vibration of cellulose, lignin, carboxylic acid, phenols, and alcohol. 

The broad O-H peak was reduced significantly in SE-AC due to the dehydration of cellulose 

and ligneous compound during pyrolysis and chemical activation (Rafiq et al., 2016). The 

weakening of the peaks was also due to the decomposition of the O-H functional group and 

the liberation of volatile matters during pyrolysis (Barkauskas & Dervinyte, 2004; Foo & 

Hameed, 2012b). 
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Figure 4.2: FTIR Spectrum of SE-B, SE-BC, and SE-AC 
 

The weak peak at 2928.38 cm-1 in SE-B can be attributed to the presence of ʋC-H (- 

CH2, -CH3) from alkenes and alkanes (Syamsu et al., 2020). The peak disappears in SE-AC 

due to the complete removal of the hydrogen-containing aliphatic group after pyrolysis and 

activation (Baysal et al., 2018). The peaks at 1622.14 and 1703.33 cm-1 in SE-B and SE-BC 

respectively, were attributed to ʋC=C and ʋC-O from lignin, hemicellulose, phenols, ester, 

and ketone. These functional groups were reduced in SE-AC due to the carbonization 

process and the reaction with NaOH during activations (Baysal et al., 2018; Syamsu et al., 

2020). 

 
The ʋC-N, ʋN-H and ʋN-O stretching observed in SE-AC (1034.88 – 1563.56 cm-1) 

were due to the activation with NaOH at high molarity (Mary et al., 2016). The 

corresponding -OH and oxygen functional groups present on SE-AC is important for 
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adsorption. It is also capable to acts as the active sites and capture the adsorbate molecules 

(Norouzi et al., 2018). The main functional groups found in SE-AC was similar to other AC 

from different precursors such as rattan wastes AC (Islam et al., 2017) and date pressed cake 

AC (Norouzi et al., 2018) shows strong -OH peak, reduced C-O groups and eliminates 

aromatic functional groups upon activation with NaOH. 

 
 

4.2.3 Transmission Electron Microscope (TEM) Analysis 
 

Figure 4.3a and b show the TEM image of SE-BC and SE-AC particles respectively. 

The particle size of SE-BC was in the range of 45 – 75 nm while the particle size of SE-AC 

was as small as 37 nm with a wider range. Pyrolysis in tube furnace can produce nano-size 

particles compared to the pyrolysis in a microwave which produced micro-diameter biochar 

ranging from 0.47 – 1000 µm (Fu et al., 2015; dos Santos et al., 2019). Tube furnaces is 

operating in high temperature during carbonization and able to reduce the particle size of 

biochar from micro-diameter to nano-diameter (Hedge et al., 2015). 

During pyrolysis, the high temperature in the vacuum N2 environment creates high 

pressure which leads to the agglomeration of char particles to form fine carbon fragments 

that can be in nano-diameters (Deng et al., 2019). A similar study conducted by Zhang et 

al. (2018) on the pyrolysis of bituminous coal in a tube furnace has also reported a nano- 

sized diameter due to the rapid heating rate and pressure of the condition. Smaller sized 

biochar particles (<250 nm) plays an important role in creating high-quality biochar or 

activated carbon for adsorption (Ricordel et al., 2001; dos Santos et al., 2019). Smaller 

particle diameters have greater uptake and accessibility to pores as well as large surface areas 

for mass adsorption (Senthilkumar et al., 2015). Moreover, the activation with NaOH also 

contributes to the reduction of particle size. The evaporation of NaOH-derived compounds 
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during carbonization leaves space that was previously occupied by the reagents creating 

small holes and brittle linings that collapsed and creates smaller particles (Shokry et al., 

2019). Gaya et al. (2015) reported that the NaOH-AC have a smaller particle diameter (43.83 

nm) compared to KOH-AC (190.10 nm). 

 

a b 

 
Figure 4.3: TEM image of (a) SE-BC and (b) SE-AC (Magnification: 100,000X) 

 
 

4.2.4 Scanning Electron Microscope (SEM) Analysis 
 

The surface morphology and pore structure of SE-B, SE-BC and SE-AC were 

observed using SEM analysis. Figure 4.4 shows the surface morphology of SE-B, SE-BC 

and SE-AC. There was no evidence of porous structure observed on the surface of SE-B 

(Figure 4.4(a)). Starch granules are attached onto the SE-B surfaces, which is commonly 

observed on the surface of raw biomass (Min et al., 2018). The surface of raw biomass 

consists of solid cells that are strongly bonded together with no visible pore structure (Tan 

et al., 2018). 

Figure 4.4(b) shows that micropores (0.71 – 1.2 nm) were formed in SE-BC, and a 

relatively larger porous structure was observed in SE-AC (1.2 – 6.9 nm). Results indicated 

that the first pyrolysis at 400 °C had successfully generated pore structure via destruction of 
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starch granules on biomass surface (Siruru et al., 2020). Thermal degradation during 

pyrolysis has also caused the rigid SE-B structure to break and create pores in the afforded 

SE-BC (Shokry et al., 2019). Pyrolysis at a temperature of 400 °C resulted in the 

decomposition of hemicellulose at 220 – 315 °C, cellulose (at 300 – 400 °C) and a fraction 

of lignin which decomposed at a temperature above 190 °C. In addition, SEM image of SE- 

BC (Figure 4.5(b)) also showed the presence of particle debris on its surface. It is envisaged 

that the debris was resulted from the destruction of SE-B surfaces during pyrolysis. The 

debris must be removed in order to expose the porous network on SE-BC, increase its surface 

area and subsequently enhance the availability of adsorption sites on SE-BC surface. 

Figure 4.4(c) reveals that the particle debris which was previously attached to the 

surface of SE-BC disappeared. Chemical activation with NaOH has successfully removed 

the surface debris, at the same time unclogged the pores which were previously occupied by 

starch granules (Tan et al., 2018). The second pyrolysis of the chemically modified SE-BC 

at 500 °C further developed the porous surfaces on the afforded SE-AC through the release 

of volatile matters (Lam et al., 2018). The SEM image also shows that the SE-AC had 

irregular pore diameters. The observed non-uniformity of pores could be due to incomplete 

pyrolysis at medium pyrolysis temperature (400 - 500 °C) (Tan et al., 2018). Higher 

temperature (up to 800 °C) produces biochar with larger and more regular pores (Liew et al., 

2018; Siruru et al., 2019). 

The types of activating agents during chemical activation of SE-BC play a vital role 

in determining the porosity, surface area, and quality of SE-AC produced. In SE-AC, the 

activation with NaOH created additional adsorption sites due to the enlargement of pores 

and interactions between specific functional groups (Min et al., 2018). The release of 

gaseous components during NaOH treatment knocked down the weakening bonds and walls 
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a b 

c 

thus, aid the production of pores (Norouzi et al., 2018; Liu et al., 2020). The chemical 

activation process had also successfully enhanced the surface area and adsorptive properties 

of SE-AC compared to SE-BC, as discussed in Section 4.2.5, Section 4.3 and Section 4.4. 

Second pyrolysis is an important step during the preparation of SE-AC. The second 

pyrolysis resulted in degradation of organic matrices which further weakens the precursor 

pore structure and creates larger pores as observed in SE-AC (dos Santos et al., 2019). The 

second pyrolysis also promoted the further decomposition of lignocellulosic materials in SE- 

AC (Singh, 2020), particularly a fraction of lignin that has not been fully degraded during 

the first pyrolysis. In fact, lignin degradation occurs at a broad range of temperatures (150– 

900 °C) (Siruru et al., 2019). 

 

 
Figure 4.4: The SEM images for (a) SE-B, (b) SE-BC, and (c) SE-AC at magnification 

x10,000 
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4.2.5 Brunauer Emmett and Tellet (BET) Analysis 
 

The surface area of SE-B, SE-BC, and SE-AC was characterized by using Brunauer, 

Emmet, and Teller (BET) analysis and the result is tabulated in Table 4.2. The surface area 

increased from 1.303 m2/g (SE-B) to 8.044 m2/g (SE-BC) and 78.863 m2/g (SE-AC). Results 

indicated that pyrolysis and chemical activation by NaOH has successfully enhanced the 

surface area in SE-AC. The increase of surface area after the first pyrolysis of SE-B can be 

explained by the volatilization of cellulose and hemicellulose during the first pyrolysis 

(Siruru et al., 2020). Further activations with NaOH unclogged pores and enhanced the 

formation of pores in the internal carbon structure via NaOH-C reaction (Liu et al., 2020). 

The second pyrolysis further improved the total surface area due to the degradation of lignin, 

cellulose, and hemicellulose (Jawad et al., 2017). 

 
Table 4.2: The BET surface area of SE-B, SE-BC and SE-AC 

 
Samples Surface Area (m2/g) 

SE-B 1.303 
SE-BC 8.044 
SE-AC 78.863 

 
 

The surface area of the adsorbent was in direct relationship with the efficiency of 

adsorption as mentioned by Nasrullah et al., (2018), higher surface area provides more 

availability of active binding sites on the adsorbent. This is agreeable with Baysal et al. 

(2018), whereby AC that was activated with NaOH have 29% higher total surface area and 

removal efficiency compared with AC activated with KOH. 
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4.3 Adsorption of Pb (II) on SE-AC 
 

Batch adsorption was conducted to investigate the relationship of individual 

parameters on the adsorption of Pb(II). 

4.3.1 The Effect of Adsorbent Dosage 
 

Adsorbent dosage is an important factor affecting the rate of adsorption of particles. 

Figure 4.5 shows the effect of SE-AC adsorbent dosage (0.0 – 0.5 g) on the adsorption of 

Pb(II). In general, the adsorption of Pb(II) increased as the adsorbent dosage increased. At 

0.5 g of adsorption dosage, the percentage of removal was at the maximum (99.78%) while 

at 0.1 g adsorbent dosage, the percentage removal was the least (27.40%). When the 

adsorption dosage is high, the availability of active sites also increases, which provides more 

binding sites of Pb(II) ions (Choudhary et al., 2020). At lower adsorbent dosage, limited 

active binding sites are available for the abundance of Pb(II) ions available in the solution. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.5: The graph of the effect of adsorbent dosage on the adsorption of Pb(II) 

Many studies reported the same adsorption trend on increasing adsorbent dosage. 

Findings from this study are comparable to Krishnamoorthy et al. (2019) on the adsorption 

of Pb(II), whereby the adsorption showed a sharp increase when the adsorbent dosage 
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increased from 0.0005 to 0.002 g/mL. A similar study reported by Aboli et al. (2020) that 

the adsorption of Pb(II) increases with the adsorbent dosage where the adsorption increases 

from 83.43 to 98.32%. However, further increase in adsorbent dosage had no obvious effect 

on the adsorption due to the attainment of equilibrium and limited availability of Pb2+ ions 

to bind onto the surface of SE-AC (Gedam & Dongre, 2019). 

 
 

4.3.2 The Effect of Initial Concentration 
 

The effect of Pb(II) initial concentration on the removal of Pb(II) by SE-AC is shown 

in Figure 4.6. In general, the adsorption of Pb(II) decreased with increasing Pb(II) initial 

concentration. The highest Pb(II) removal (84.18%) was observed at the initial 

concentration of 1 mg/L, while the lowest removal (27.18%) was at a 5 mg/L initial 

concentration. The decreasing trend of Pb(II) removal as the initial concentration increase 

resulted from low availability of binding sites in SE-AC which limit the mass transfer of 

Pb(II) molecules at higher concentrations (Mehdizadeh et al., 2014; Anisuzzaman et al., 

2015). At lower concentrations, the ratio of adsorbent dosage to the number of Pb2+ ions 

was higher, resulting in higher uptake of Pb2+ ions on SE-AC (Krishnamoorthy et al., 2019). 
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Figure 4.6:  The graph of the effect of initial concentration on the adsorption of Pb(II) 

The results are in agreement with a previous study by Aboli et al. (2020) whereby 

the Pb(II) adsorption was higher at low initial concentration and decreases as the initial 

concentration increase. Similar finding by Krishnamoorthy et al. (2019) where high removal 

was achieved when the Pb(II) initial concentration was 5 mg/L and significantly reduced 

with the increase of initial concentration. However, most studies reported that adsorption 

increases with concentration until it reaches equilibrium. High Pb2+ concentration provides 

the enhancement in the motivating gradient and increases the tendency for effective collision 

between adsorbent and adsorbate (Alkherraz et al., 2020). Jawad et al. (2017) reported that 

the adsorption of Pb(II) increased rapidly from 50 – 350 mg/L however, more time is 

required to achieve higher removal efficiency. 

4.3.3 The Effect of pH 
 

The effect of pH in Pb(II) adsorption was studied at different pH values of the Pb(II) 

solution (pH 2, 4, 6, 8, 10). Figure 4.7 shows that the highest adsorption occurred at pH 8 

(95.06%) while the lowest was at pH 2 (12.00%). The pH of a solution affects both 

chemistries in the solution and the surface charge of the adsorbent (Dada et al., 2017). At 
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lower pH (<pH8), the abundance of H+ competes with Pb(II) ions that exist as Pb2+ and 

Pb(OH)+ in the solution. The presence of excess H+ ions reduces the interaction of adsorbate 

with predominant Pb+ species (Krishnamoorthy et al., 2019). 

Protons occupy most of the active sites on the adsorbent and fewer Pb2+ ions could 

be adsorbed due to the repulsion with protons on SE-AC (Dada et al., 2017). At higher pH 

(pH 4 – 7), it is evident that the adsorption of Pb(II) ions increased due to the reducing 

electrostatic repulsion, low competition between intercalating cations, and the availability of 

negative ligands for Pb(II) ions binding (Tao et al., 2015; Dada et al., 2017). 

The highest removal at pH 8 (95.05%) was possibly due to the simultaneous 

precipitation of Pb(OH)+ and sorption of Pb2+. At pH 7 – 11, different Pb species 

predominate the aqueous solutions, such as Pb(OH)+ and Pb(OH)2 that contribute to the 

decrease in Pb2+ concentration (Sajjadi et al., 2019). The decreased adsorption at pH 10 was 

due to the negatively charged surface of SE-AC. Soluble hydroxylated complexes were also 

formed at higher pH causing competition between the complexes and Pb(II) ions for the 

binding sites (Choudhary et al., 2020). 
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Figure 4.7: The graph of the effect of pH on the adsorption of Pb(II) 

Many studies, such as Sajjadi et al. (2019), Gedam & Dongre (2019), and Fauzia et 

al. (2018), obtained similar finding was reported whereby the maximum adsorption of 

cationic pollutants (Pb2+) was at pH between 6 – 8 . Further increase in pH resulted to the 

precipitation of Pb(OH)+ and Pb(OH)2. 

4.3.4 Isotherm Study on the Adsorption of Pb(II) 
 

Langmuir Isotherm 
 

Langmuir isotherm is based on the hypothesis on the ability of the heavy metal to be 

adsorbed at fixed sites where each site holds only one metal ion and actively equivalent sites 

with no interaction between metal ions (Nejadshafiee & Islami, 2019). Table 4.3 showed 

isotherm parameters that represent specific information. Figure 4.8a shows the graph of 

(Ce/qe) against Ce showed good linearity and fitted well with R2 (0.9308). The Qmax value, 

which represents a maximum monolayer adsorption capacity of SE-AC for Pb(II) removal, 

was 3.202 x 10-3 mg/g. The constant b was 0.5108 L/mg showed initial concentration with 

high adsorption energy. High adsorption energy describes an increase in adsorption at a low 

concentration of adsorbate (Alguacil et al., 2018). 
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The separation factor, RL was calculated to classify the adsorption shape of the 

Langmuir isotherm (Chon, 2021). When the value of RL>1, the adsorption following 

Langmuir isotherm is not favourable while the value of RL<1 indicates that the adsorption is 

irreversible (Doke & Khan, 2017). The RL value obtained was 0.999 which indicates that the 

adsorption onto SE-AC was favourable according to Langmuir adsorption isotherm 

(0<RL<1). 

 
Table 4.3:   Parameters and Values of Langmuir and Freundlich Isotherms for Pb(II) 

adsorption by SE-AC 
 

Isotherm Parameters Values 
Langmuir Qmax (mg/g) 3.202 x 10 -3 

 b (L/mg) 0.5108 
 R2 

RL 
0.9308 
0.999 

Freundlich n 2.5109 
 1/n 0.3999 
 Kf 1.131 x 10-3 
 R2 0.9084 

 
 

Freundlich Isotherm 
 

Table 4.3 shows the equilibrium constant of Pb(II) adsorption on SE-AC of 

Freundlich isotherm. The value of n showed the degree of non-linearity between solution 

concentration and adsorption (Desta, 2013). When n=1, the adsorption is assumed as linear. 

When n<1 the adsorption is a chemical process while n>1 shows that the adsorption is a 

physical process (Alguacil et al., 2018). The n value was 2.5109 (n>1), indicating that the 

adsorption of Pb(II) by SE-AC was a physical process. Physical adsorption occurs as a result 

of hydrogen bonding, van der Waals forces, electrostatic forces, and hydrophobic 

interactions (Zhang et al., 2016). Results also revealed that the adsorption intensity, 1/n was 

0.3999, indicating the heterolayer Pb(II) adsorption by SE-AC (dos Santos et al., 2019). 
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However, the R2 value was 0.9084 which was slightly lower than R2 obtained from the 

Langmuir isotherm. Figure 4.8b shows the Freundlich linear plot of Pb(II) adsorption. 

a 

b 

 
Figure 4.8: Linear plot of (a) Langmir isotherm and (b) Freundlich isotherm for the 

adsorption of Pb(II) 
 
 
 

Comparison on the removal of Pb(II) by SE-AC with adsorbents from previous studies 
 

The SE-AC has a relatively low maximum adsorption capacity (3.202 x 10-3 mg/g) 

compared to other adsorbents from previous studies (Table 4.4). One of the plausible reasons 

for the low adsorption capacity is the low adsorbent dosage used in this study (0.005 g/mL). 

Based on the table, high adsorption capacity was observed when the adsorbent dosage at 
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0.02 g/mL as more adsorbent sites area available for the binding with Pb(II) in the solution 

(Gaya et al., 2015). Another reason for the low adsorption capacity are the adsorption was 

conducted at a basic pH (pH 8) while most of the other studies were conducted at lower pH 

(pH 5 – 6). At a higher pH, Pb(II) ions tend to bind with the excess -OH ions available in 

the solution to produce Pb(OH)2 precipitate (Aboli et al., 2020). Even so, the removal of 

Pb(II) in the present study was considerably high (99.78%) despite the low Qmax value. 

 
Table 4.4:  Comparison of maximum adsorption capacity, Qmax obtained from 

Langmuir isotherm for the removal of Pb(II) by different adsorbent 
 

No. Activated 
Carbon 
Precursor 

Qmax (mg/g) Treatments and Adsorptions Reference 

1. Palm shell 500.00 Concentration: 50 mg/L 
Adsorption time: 1 h 40 min 
Adsorbent dosage: 0.02 g/mL 
Mixing rate: 350 rpm 
pH: 6.0 

(Gaya et al., 
2015) 

2. Marine 
microalgae 

83.30 Concentration: 60 mg/L 
Adsorption time: 1 h 
Adsorbent dosage: 8.0 x 10-4 g/mL 
pH: 5.0 

(Ibrahim et 
al., 2016) 

3. Papaya peel 38.31 Concentration: 200 mg/L 
Adsorption time: 2 h 
Adsorbent dosage: 0.05 g/mL 
Mixing rate: 150 rpm 
pH: 5.0 

(Abbaszadeh 
et al., 2016) 

4. Wood 77.52 Concentration: 200 mg/L 
Adsorption time: 3 h 
Adsorbent dosage: 0.02 g/mL 
pH: 6 

(Dada et al., 
2017) 

5. Molasses 303.03 Concentration: 50 mg/L 
Adsorption time: 8 h 
Adsorbent dosage: 1.5 x 10-4 g/mL 
Mixing rate: 150 rpm 
pH: 4 

(Legrouri et 
al., 2017) 



67  

 

Table 4.4 continued 
 
6. Winemaking 

wastes 
58.31 Concentration: 0.5 g/L 

Adsorption time: 3 h 
Adsorbent dosage: 1.0 x 10-4 g/mL 
Mixing rate: 750 rpm 
pH: 4 

(Alguacil et 
al., 2018) 

7. Olive 
branches 

41.32 Concentration: 100 mg/L 
Adsorption time: 24 h 
Adsorbent dosage: 1.0 x 10-4 g/mL 
Mixing rate: 150 rpm 
pH: 5.0 

(Alkherraz et 
al., 2020) 

8. Citrus 
limetta 
leaves 

62.89 Concentration: 5 - 100 mg/L 
Adsorption time: 1 h 
Adsorbent dosage: 0.02 g/mL 
Mixing rate: 200 rpm 
pH: 6.0 

(Aboli et al., 
2020) 

9. SE-AC 3.202 x 10-1 Concentration: 1 - 5 mg/L 
Adsorption time: 30 min 
Adsorbent dosage: 0.005 g/mL 
Mixing rate: 260 rpm 

                     pH: 8.0  

Present study 

 
 

4.4 Adsorption of MB on SE-AC 
 

Batch adsorption was conducted to investigate the relationship of individual 

parameters on the adsorption of MB. 

4.4.1 The Effect of Initial Concentration 
 

Figure 4.9 shows the result obtained by manipulating the initial concentration of MB 

(0 - 10 mg/L), in which the highest removal occurred at 2 mg/L (99.96%). The adsorption 

decreases as the concentration increases. However, the percentage removal increased 

slightly at 8 mg/L (98.18%) and decreased again at 10 mg/L (90.70%). The concentration 

of a solution is an important factor in determining the effectiveness of adsorption as it 

provides a driving force to improve mass transfer resistance from the aqueous phase to the 

adsorbent (Mahmuda et al., 2021). 
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As the concentration of MB increases, the adsorption of MB decreases. This is due 

to the limited availability of actives sites for the binding of MB on the adsorbent surface 

(Tharaneedhar et al., 2017). The aggregation and overlying of MB particles on the adsorption 

sites caused a decrease in effective adsorption at an increasing concentration ( Tharaneedhar 

et al., 2017; Somsesta et al., 2020). 

Since the initial concentration of MB solution provides a driving force for MB 

attachment, there might be some chances that the adsorption increases at a specific 

concentration. High concentration enhanced the interaction between adsorbent and adsorbate 

(Ghosh et al., 2020). Thus, the slight increment that occurred at 8 mg/L was due to higher 

effective collision that happened during agitation as more particles are colliding to the 

adsorbent causing more MB to bind on the surface of SE-AC (Pathania et al., 2017). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9:  The graph of the effect of initial concentration on the adsorption of MB 

Most studies are contradictory to the findings in this study. Generally, the adsorption 

removal efficiency of MB increases with initial concentration until an equilibrium is reached. 

Aljeboree et al. (2019) mentioned that the adsorption of MB increased rapidly at low 

concentrations and gradually slowed down as the reaction reaches equilibrium and decreases 
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at a further increase of concentration. This is due to the limited availability of active binding 

sites on the SE-AC surface (Fito et al., 2020). 

 
 

4.4.2 The Effect of Contact Time 
 

Figure 4.10 shows the effect of contact time on the removal of MB by SE-AC. Based 

on the result obtained at different contact times (0 - 30 min), the removal of MB increased 

as the contact time increase. The maximum adsorption occurred at 30 min where the removal 

was almost completed (98.55%). Longer contact time during adsorption on MB increased 

the tendency of effective collision between MB and SE-AC until it reaches equilibrium 

(Kausar et al., 2020). At a shorter contact time, less collision occurs compared to a longer 

time, thus reducing the efficiency of removal of MB (Somsesta et al., 2020). The adsorption 

of MB onto SE-AC is high considering the short contact time (0 – 30 min). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.10: The graph of the effect of contact time on the adsorption of MB 

Results from this study are comparable with previous studies on adsorption of MB 

by activated carbon whereby the adsorption increased rapidly at the first 20 – 30 min and 
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gradually as time increases until it reaches equilibrium. Similar findings by Nibret et al. 

(2019) stated that the adsorption of MB increased speedily in the first 20 min contact time 

and decreased after equilibrium at 60 min. Similar finding by Hu et al. (2019) reported that 

rapid adsorption of MB on the Oolong tea wastes biomass occurred in the first 30 mins and 

slightly decrease at higher contact time. The decrease in adsorption after equilibrium was 

due to the increase in desorption rate at a saturated active site (Araujo et al., 2021). 

 
 

4.4.3 Isotherm Study on the Adsorption of MB 
 

Langmuir Isotherm 
 

The plotted graph of Ce/qe vs Ce (Figure 4.11a) showed a high R2 value (0.9012) 

which indicates that the Langmuir model is the best model to describe the sorption of MB 

on SE-AC (Amode et al., 2016). The value of the correlation coefficient indicates the 

applicability of Langmuir isotherm, assuming a monolayer coverage and uniform activity 

distribution on the sorbent surface (Pathania et al., 2017). The constant b obtained from the 

Langmuir linear graph was 13.940 L/mg indicated high adsorption energy that contributed 

to the fast increment of MB adsorption at various concentrations. The maximum removal of 

MB was quite high (98.55%) considering the low adsorption capacity, Qmax (0.9012 mg/g). 

The separation factor, RL was 0.034 showed that the adsorption favourable with Langmuir 

isotherm. Table 4.5 shows the equilibrium constant for Langmuir and Freundlich isotherm. 
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Table 4.5: Parameters and Values of Langmuir and Freundlich for MB adsorption by 
SE-AC 

 
Isotherm Parameters Values 
Langmuir Qmax (mg/g) 0.9012 

 b (L/mg) 13.940 
 R2 

RL 
0.9225 
0.0340 

Freundlich N 1.5100 
 1/n 0.7191 
 Kf 0.8140 
 R2 0.8527 

 
Freundlich Isotherm 

 
The plotted graph of log qe vs log Ce (Figure 4.11b) where the R2 was 0.8527. 

However, the R2 value was lower than the R2 of the Langmuir isotherm. This suggested that 

the model is not suitable to describe the adsorption nature and process of MB onto sludge- 

activated carbon (Ahmed et al., 2019). The n value was 1.510 indicates that the adsorption 

of MB onto SE-AC is a physical process (n>1). 
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Figure 4.11: The linear plot of (a) Langmuir isotherm and (b) Freundlich isothem on the 
adsorption of MB 

 
 
 

Comparison on the removal of Pb(II) by SE-AC with adsorbents from previous studies 
 

The maximum adsorption capacity in this study is considerably lower (0.9012 mg/g) 

than previous studies as tabulated in Table 4.6. One of the reasons for this is that the reaction 

time was shorter (30 min) thus reducing the contact of SE-AC and MB. Most studies were 

conducted at a longer reacting time (60 – 180 min) and slightly acidic pH compared to this 

present study. Longer contact time increase the chances of effective collisions between the 

adsorbent and adsorbate (Araujo et al., 2021). Nevertheless, the highest was 98.55% which 

was high considering the low Qmax value. 
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Table 4.6:  Comparison of maximum adsorption capacity, Qmax obtained from 
Langmuir isotherm for the removal of MB by different adsorbent 

 
No. Activated 

Carbon 
Precursor 

Qmax 
(mg/g) 

Adsorption condition Reference 

1. Palm oil 
residue 

48.84 Concentration: 750 mg/L 
Adsorption time: 180 min 
Adsorbent dosage: 0.002 g/mL 
Mixing rate: 120 rpm 
pH: 7.0 

(Araujo et al., 
2021) 

2. Eucalyptus 
residue 

977.00 Concentration: 220 mg/L 
Adsorption time: 24 h 
Adsorbent dosage: 1.0 x 10-4 g/mL 
Mixing rate: 150 rpm 
pH: 7.0 

(Han et al., 
2020) 

3. Corn cob 198.15 Concentration: 200 mg/L 
Adsorption time: 180 min 
Adsorbent dosage: 0.005 g/mL 
Mixing rate: 110 rpm 
pH: 5.6 

(Jawad & 
Mohammed, 
2019) 

4. Pumpkin 
peeks 

198.15 Concentration: 100 – 400 mg/L 
Adsorption time: 120 min 
Adsorbent dosage: 1.6 x 10-4 g/mL 
pH: 5.45 

(Rashid et al., 
2019) 

5. SE-AC 6.85 Concentration: 5 – 10 mg/L 
Adsorption time: 30 min 
Adsorbent dosage: 0.005 g/mL 
Mixing rate: 260 rpm 
pH: 7.0 

Present study 
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4.5 Response Surface Methodology (RSM) 
 

4.5.1 The Utilisation of RSM for Optimization of Pb(II) Adsorption by SE-AC 
 

The RSM approach was employed to find the optimized conditions for adsorption 

Pb(II) by SE-AC. The experimental factors and response for the adsorption of Pb(II) by SE- 

AC are shown in Table 4.7. Results showed that maximum adsorption (99.87%) was 

achieved at Run 4, with Pb(II) initial concentration of 5 mg/L, adsorbent dosage (0.5 g), and 

contact time (30 min). Meanwhile, Run 6 afforded the lowest adsorption (22.55%), whereby 

the Pb(II) initial concentration was 5 mg/L, adsorbent dosage (0.1 g), and contact time (90 

min). The results indicated that lower adsorption dosage leads to low Pb(II) removal even 

though the adsorption time is prolonged. 

 
Table 4.7:   Experimental Factors and Response for the Adsorption of Pb(II) by SE-AC 

 
Run Parameters  Response 

Initial Concentration 
(mg/L) 

Adsorbent 
Dosage (g) 

Contact 
Time (min) 

Adsorption (%)* 

1 1.00 0.10 30.00 57.58 (57.81) 
2 5.00 0.10 30.00 36.89 (38.16) 
3 1.00 0.50 30.00 98.55 (98.46) 
4 5.00 0.50 30.00 99.87 (101.12) 
5 1.00 0.10 90.00 64.58 (64.52) 
6 5.00 0.10 90.00 22.55 (23.83) 
7 1.00 0.50 90.00 83.96 (83.88) 
8 5.00 0.50 90.00 64.56 (65.52) 
9 3.00 0.30 60.00 52.73 (58.66) 
10 3.00 0.30 60.00 52.09 (58.66) 
11 1.00 0.30 60.00 60.88 (58.66) 
12 5.00 0.30 60.00 41.55 (36.79) 
13 3.00 0.10 60.00 30.05 (27.33) 
14 3.00 0.50 60.00 70.54 (68.50) 
15 3.00 0.30 30.00 99.65 (97.00) 
16 3.00 0.30 90.00 84.65 (82.55) 
17 3.00 0.30 60.00 59.43 (58.66) 

*Note: Predicted values (%) are shown in brackets 
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Surface graphs (3D) for percent adsorption of Pb(II) are represented in Figure 4.12(a- 

c), showing the combined effect of initial concentration, adsorbent dosage, and contact time 

on the response of percent adsorption of Pb(II) using SE-AC. The combined effect of the 2 

variables was varied in the experimental runs while other variables were fixed at the centre 

(Kafshgari et al., 2017). The pH was adjusted to pH 2 to mimic the real acidic wastewater 

containing Pb(II) that comes from metal plating and battery manufacturing industries 

(Alghamdi et al., 2019). 

Figure 4.12(a) displays the dependency of Pb(II) adsorption on both Pb(II) initial 

concentration and adsorbent dosage. It can be seen that the adsorption is greatly affected by 

the adsorbent dosage. Based on the results shown in Figure 4.12a, the adsorption of Pb(II) 

increases when the adsorbent dosage increased from 0.1 g (36.89%) to 0.5 g (99.87%) with 

a fixed initial concentration (5 mg/L) and 30 mins contact time. 

Adsorbent dosage plays an important role in determining the effectiveness of 

adsorption and strongly affects the adsorption capacity (Aboli et al., 2020). As the adsorbent 

dosage increases, the number of adsorbent particles also increases which led to the 

availability of metal attachment (Acharya et al., 2009; Aboli et al., 2020). When the 

adsorbent dosage was low, the availability of actives sites on the SE-AC was also low, which 

make it unavailable for excess Pb(II) particles to bind (Suhada et al., 2013; Dada et al., 2017). 

Adsorbent dosage (0.5 g) was the optimum dose for optimum adsorption which proves that 

the equilibrium between Pb(II) and SE-AC was achieved (Tao et al., 2015). 
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(a)  (b) 

   

(c) 

 

Figure 4.12: The combined effects of (a) adsorbent dosage-initial concentration, (b) 
contact time-initial concentration, and (c) contact time-adsorbent dosage during 

Pb(II) adsorption by SE-AC 
 
 
 

Figure 4.12(b) shows the combined effect of contact time and initial concentration 

on the percent adsorption of Pb(II) using SAC at adsorbent dosage 0.1 g. Based on the data 

shown, the highest Pb(II) adsorption (64.58%) occurred when the initial concentration was 

1 mg/L while the lowest occurred at 5 mg/L (22.55%) when the contact time was fixed at 

90 min (Table 4.7). Lower adsorption occurred when the contact time was 30 mins 

(36.89%) compared to when the contact time was 60 min (41.55%) at a constant initial 

concentration (5 mg/L). 
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It can be deduced that a longer time is required to remove a higher concentration of 

Pb(II). The initial concentration of Pb(II) solution promotes a driving force to overcome the 

mass transfer resistance between the aqueous and solid phases (Hema & Srinivasan, 2010; 

Aboli et al., 2020). At lower concentrations, Pb(II) could interact with the binding site of 

adsorbents, increasing the adsorption rate (Anisuzzaman et al., 2015; Dada et al., 2017) 

However, at higher concentrations, the availability of the active sites is very low before the 

adsorbent with time. This has caused a limited mass transfer of Pb molecules to the outer 

surface of the adsorbent (Mehdizadeh et al., 2014; Aboli et al., 2020). 

Figure 4.12(c) shows the combined effect of the contact time and adsorbent dosage 

on the percent removal of Pb(II). At consistent initial Pb(II) concentration (5 mg/L), the 

highest adsorption (98.55%) was observed at 30 mins contact time and 0.5 g adsorbent 

dosage. The least adsorption (22.55%) was observed at 90 mins contact time and 0.1 g 

adsorbent dosage. The adsorbent at 60 mins increased at a higher adsorbent dosage (0.5 g). 

The adsorption at 60 mins was 41.55% when the adsorbent dosage was 0.3 g. The adsorption 

at 30 mins was higher than at 90 mins contact time with the same adsorbent dosage (0.1 g) 

and initial concentration (5 mg/L). Generally, the longer the contact time, the higher the 

adsorption (Pap et al., 2016). Longer contact time increased the chances of effective 

collisions occurring between adsorbent and adsorbate (Song et al., 2018). However, there is 

no prominent adsorption increment as the time increases further, indicating that the 

adsorption reaches equilibrium (Sajjadi et al., 2019). Based on the result obtained, 30 mins 

contact time was chosen to be the best time for the adsorption of Pb(II). 
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4.5.1 Development of Regression Model of RSM 
 

The model developed for the response percentage adsorption was depending on the 

highest order polynomials where additional terms were significant and the model was not 

aliased according to the sequential sum of squares (Arami-niya et al., 2012). In this study, a 

quadratic model was developed and the final empirical model in terms of coded factors are 

represented in the following equation: 

 
 

Percentage adsorption of Pb(II) = 56.11 - 10.01A + 20.58B - 7.22C + 5.58AB - 5.26AC - 

5.32BC - 8.75A2 - 9.67B2 + 32.18C2 ................................................................................................................ (Eq 4.1) 

where A = initial concentration, B = adsorbent dosage, and C = contact time. 
 
 
 

A positive symbol in front of the terms shows there are synergistic effects, while 

negative symbols mean antagonistic effects (Chowdhury et al., 2012). The coefficients 

multiplied between two (2) variables with the others showed the correlation between the two 

(2) variables and quadratic effect. The quality of the model developed was determined by 

the R2, adjusted R2, and standard deviation of R2 values. The R2 shows the ratio between the 

sum of squares (SSR) together with the total sum of the squares (SST), and determine how 

well the model fitted the experimental data points (Kumar et al., 2019). The performance of 

the model is depicted by observing the plots of predicted against experimental percentage 

adsorption (Appendix E1) respectively. Table 4.8 shows that the predicted values for 

percentage adsorption of Pb(II) were close to their experimental values, reflecting the 

suitability of the models depicted by the equation written. Appendix E1 shows the R2 data 
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from the result obtained. The predicted R2 of 0.9989 was reasonable with the adjusted R2 of 

0.9996. 

The model’s signal-to-noise ratio of 205.459 indicated an adequate signal of the 

model. Any ratio above 4 is preferable to show that this design is suitable to navigate the 

design space as the desired signal power is higher than the undesired background noise. The 

determination of Coefficient of Variance (CV) value is important as it shows the ratio 

between the standard error of estimate with the mean value of the observed response 

(0.73%) as a percentage where it measures the reproducibility of the model (Chowdhury et 

al., 2012; Zbair et al., 2018). 

Appendix E2 shows the outlier t plot for percentage adsorption of Pb(II) by SE-AC. 

The outlier was observed thoroughly for the successful resolution of designed experiments. 

Outlier t plots indicated a simple data recording error. It was observed from the data, most 

of the residuals fall between the interval of ± 3.00, which showed the data approximation for 

a fitted model to the response surface was a good and null error (Chowdhury et al., 2012). 

The competence and significance of the model were proven by analysis of variances 

(ANOVA). The ANOVA for response surface quadratic model for Pb (II) adsorption using 

sago activated carbon is shown in Appendix E3. The model F-value of 4604.84 indicated 

that the model is significant. Values of Probability > F less than 0.0500 indicates model 

terms are significant. In this case, A, B, C, AB, AC, BC, A2, B2, and C2 are significant model 

terms. Values greater than 0.100 indicate the model terms are not significant. If there are 

insignificant model terms, model reduction may improve the model. 
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4.5.2 The Utilisation of RSM for Optimization of MB Adsorption by SE-AC 
 

RSM was also employed to determine the optimized condition for the adsorption of 

MB by SE-AC. Results in Table 4.8 showed that maximum adsorption of MB (92.69%) was 

achieved at Run 16, with pH 6, initial concentration (10 mg/L), and contact time (60 min). 

Meanwhile, Run 2 afforded the lowest adsorption (58.15%), whereby the pH 10, initial 

concentration (2 mg/L), and contact time (30 min). 

Table 4.8:   Experimental Factors and Response for the Adsorption of MB 
 
 

Run  Parameters  Response 
 pH Initial Concentration 

(mg/L) 
Contact 

Time (min) 
Adsorption (%)* 

1 2.00 2.00 30.00 69.30 (69.27) 
2 10.00 2.00 30.00 58.15 (58.35) 
3 2.00 10.00 30.00 92.17 (92.19) 
4 10.00 10.00 30.00 88.11 (88.25) 
5 2.00 2.00 90.00 72.35 (72.30) 
6 10.00 2.00 90.00 67.15 (67.22) 
7 2.00 10.00 90.00 89.78 (89.68) 
8 10.00 10.00 90.00 91.45 (91.58) 
9 6.00 6.00 60.00 88.73 (88.87) 
10 6.00 6.00 60.00 89.25 (88.87) 
11 6.00 6.00 60.00 88.95 (88.87) 
12 6.00 6.00 60.00 88.95 (88.87) 
13 2.00 6.00 60.00 91.51 (91.66) 
14 10.00 6.00 60.00 87.70 (87.15) 
15 6.00 2.00 60.00 69.05 (68.85) 
16 6.00 10.00 60.00 92.69 (92.49) 
17 6.00 6.00 30.00 86.67 (86.33) 
18 6.00 6.00 90.00 89.57 (89.51) 
19 6.00 6.00 60.00 88.73 (89.43) 
20 6.00 6.00 60.00 88.95 (89.43) 

*Note: Predicted values (%) are shown in brackets 
 

Surface graphs (3D) for percent adsorption of MB are represented in Figure 4.13 (a- 

c), which show the effect of pH, contact time, and initial concentration on the response of 

percent adsorption of MB. The adsorbent dosage of 0.5 g and condition temperature at 27 

°C is maintained. Figure 4.13(a) shows the effect of pH on the adsorption of MB. The pH of 

the adsorbent surface and solution plays an important role in the adsorption of MB. The 
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adsorption of MB appears to be higher when the pH is higher. The highest adsorption 

(92.69%) occurred at pH 6 when the initial concentration was 10 mg/L and 60 min reaction 

time. Lower adsorption (89.78%) occurred at pH 2 when the initial concentration was 10 

mg/L and contact time 90 min. 

At lower pH, a high concentration of H+ ions interfere with the adsorption sites on 

SE-AC. At higher pH values, more OH- are available creating a negatively charged 

adsorbent surface (Cheenmatchaya & Kungwankunakorn, 2013). MB is a cationic dye that 

requires a negatively charged adsorbent surface for high adsorption capacity (Liu et al., 

2020). A similar result was reported by Jawad et al. (2016) where the removal of MB 

increased ad the pH increased from 3 to 6. The surface of the adsorbent adopts a negative 

surface at high pH which enhanced the uptake of positive dyes via electrostatic attraction 

(Jawad et al., 2016). 

 

(a)  (b) 
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Figure 4.13: The Combined Effect of (a) Initial Concentration-pH, (b) Contact Time- 
Initial Concentration, and (c) Contact Time-pH during MB adsorption by SE- 

AC 
 
 
 

Figure 4.13 (b) and (c) shows the effect of MB initial concentration and contact time 

on the removal of MB. Based on the observation in Table 4.8, 88.11% MB removal occurred 

when the initial concentration was 10 mg/L with a contact time of 30 min. Higher removal 

was observed (91.45%) when the time was increased to 90 min. An additional time is needed 

to remove a higher concentration of MB. This is because, longer time is required for MB to 

penetrated deeper into the SE-AC internal pore structure to be adsorbed (Jawad et al., 2016). 

Furthermore, a high concentration of MB increased the mass transfer driving force that 

causes an increment in adsorption (Nasrullah et al., 2018). 

The removal of MB decreased to 69.30% when the initial MB concentration was 2 

mg/L and 60 min contact time. The removal decreased further to 67.15% when the time 

increased to 90 min. At low concentrations, almost all MB ions can attach to the adsorbent 

surface in a shorter time. However, a long contact time causes MB ions to detach the 

adsorbent. In this situation, desorption occurs after the adsorption reached equilibrium 

(Nasrullah et al., 2018). 

(c) 
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4.5.1 The Development of Regression Model and The Analysis of Variance (ANOVA) 
 

A quadratic model was developed with final empirical coded factors represented in 

the following equations: 

Percentage adsorption of MB = 87.98 – 2.98A + 12.51 B + 1.55 C + 1.74AB + 0.730AC – 

0.6938BC – 0.0155A2 – 8.75B2 – 0.3751C2 ………………….…………………….(Eq 4.2) 

where, A = pH, B = initial concentration, and C = Contact time. 
 

Appendix F1 shows the R2 data from the result obtained. The predicted R2 of 0.9967 

was reasonable with the adjusted R2 of 0.9984. The adequate precision was 113.048, which 

was greater than 4 and is suitable to navigate the design space (Ghorbani et al., 2020). The 

model showed Coefficient of Variance values of 0.49% which proves the reproducibility of 

the model (Asfaram et al., 2015). Appendix F2 shows the outlier t plot percentage adsorption 

of MB. The outlier fall between ± 2.00 which showed the data approximation fitted the 

model and the response was good (Zbair et al., 2018). The model competency was proven 

by the analysis of variances (ANOVA). The ANOVA for the response surface quadratic 

model is shown in Appendix F3. The model F-value was 1283.44, indicated that the model 

is significant. 
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CHAPTER 5 
 
 

CONCLUSION AND RECOMMENDATIONS 
 
 

5.1 Conclusion 
 

This study investigated the production of activated carbon derived from sago effluent 

activated sludge process (SE-AC) via pyrolysis and chemical modification. Subsequently, 

the physicochemical properties of afforded SE-AC were determined, and the efficiency of 

the prepared SE-AC for the removal of Pb(II) and MB from an aqueous solution was 

explored. Physicochemical characterization indicated that SE-AC is consisted of nano-sized 

particles (37 - 82 nm) with relatively larger surface area (78.863 m2/g) and pore sizes (1.20 

– 6.9 µm) compared to the initial sample (sago effluent biomass, SE-B). 
 

SE-AC was successfully employed as an adsorbent for batch removal of Pb(II) in an 

aqueous solution. The maximum removal efficiency of Pb(II) by SE-AC was 99.78%. 

Higher adsorbent dosage and lower initial concentration resulted in higher Pb(II) removal 

efficiency, with ideal pH 8. The isotherm study showed that the adsorption of Pb(II) by SE- 

AC worked best under the Langmuir isotherm, with R2 value of 0.9308 and maximum 

adsorption capacity, Qmax of 3.202 x 10-3 mg/g. Finally, the response surface methodology 

(RSM) optimization study concluded that the optimum conditions for maximum adsorption 

of Pb(II) (99.87%) were at pH 2, 30 mins contact time, 0.005 g/L g adsorbent dosage, and 

5 mg/L initial concentration. 

SE-AC was also successfully applied for the removal of MB in aqueous solution. 

Results indicated that higher MB initial concentration led to low removal efficiency, 

whereby the highest was at 2 mg/L (99.96%). When the contact time is 30 mins, the 

adsorption was also high (98.55%). The isotherm study showed that the adsorption of MB 
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was best explained with Langmuir isotherm, with R2 value of 0.9225 with Qmax 0.9012 mg/g. 

The RSM optimization study concluded that the optimum condition for maximum adsorption 

of MB by SE-AC (92.69%) was at pH 6, 0.005 g/L adsorbent dosage, 10 mg/L initial 

concentration, and 60 min contact time. 

 
 

5.2 Recommendations 
 

This study has shown the potential of ASP as an effective way to treat SE to obtain 

solid SE-B for employment as the adsorbent for Pb(II) and MB in an aqueous solution. This 

study also suggested a low cost, practical and sustainable practise for the sago industries’ 

wastes management. However, for further recommendations, a study could be carried out to 

determine the properties of SE-B in terms of lignocellulosic compositions, extracts, and 

elemental components. Furthermore, a more concluded analysis should be conducted, such 

as pore size and particle size distributions, and the total surface area should be carried out in 

SE-B, SE-BC, and SE-AC. 

A different activating agent such as H3PO4 and KOH could be used to compare the 

effectiveness of adsorption on heavy metals and dyes and the enhancement of surface 

properties of samples. Furthermore, a kinetic study should also be conducted in the 

adsorption study. Finally, RSM with more optimized parameters is suggested to determine 

the nature of adsorption and the ideal conditions for the optimum removal of pollutants. 
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APPENDICES 
 
 
 

Appendix A: Activated Sludge Process 
Appendix A1: Total Carbon Content 

Weight of empty crucible = 46.694 g 

Weight of crucible + SE = 146.694 g 

Weight of crucible + dried SE = 146.814 g 

Weight of Carbon = 146.814 g – 146.694 g = 0.12 g 
 

In every 100 mL of SE contain 0.12 g of Carbon. 
 

Appendix A2: C:N:P Optimisation 
 

Optimisation C100: N10: P1 

C: 100 mL = 0.12 g C 

N: 10 mL = 0.012 g N 

P: 1 mL = 0.0012 g P 

Since 10 mL of SE require 0.012 g of N, 25 L tank of SE required 24 g of N. 
 

Since 1 mL of P is required in every 100 mL of SE, thus 20 L required 200 mL of P. 

Optimisation C100: N10: P3, 

Since 3 mL of P is required in every 100 mL of SE, thus 20 L required 600 mL of P. 
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Appendix B: Proximate Analysis 

Appendix B1: Proximate Analysis of SE-B 
 

Moisture Content 

Analysis Crucible 1 Crucible 2 Crucible 3 

Initial weight of crucible + sample (g) 53.168 57.635 56.306 

Final weight of crucible + sample (g) 52.953 57.395 56.031 

Weight loss (g) 0.215 0.240 0.275 

Moisture content (%) 0.404 0.416 0.488 

Average (%) 0.452 

Standard deviation 0.051 

Volatile Matter Content 

Analysis Crucible 1 Crucible 2 Crucible 3 

Initial weight of crucible + sample (g) 52.953 57.395 56.031 

Final weight of crucible + sample (g) 53.902 57.354 55.996 

Weight loss (g) 0.051 0.041 0.035 

Volatile matter content (%) 0.096 0.071 0.062 

Average (%) 0.080 

Standard deviation 0.018 

Ash Content 

Analysis Crucible 1 Crucible 2 Crucible 3 

Initial weight of crucible + sample (g) 53.165 57.633 56.311 

Final weight of crucible + sample (g) 52.718 57.180 55.863 

Weight loss (g) 0.447 0.453 0.448 

Ash content (%) 99.159 99.214 99.204 

Average (%) 99.190 

Standard deviation 0.026 

Fixed Carbon Content 

Analysis Crucible 1 Crucible 2 Crucible 3 

Fixed carbon content (%) 0.224 0.229 0.218 

Average (%) 0.224 

Standard deviation 0.005 
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Appendix A2: Proximate Analysis of SE-BC 
 

Moisture Content 

Analysis Crucible 1 Crucible 2 Crucible 3 

Initial weight of crucible + sample (g) 53.243 54.122 51.299 

Final weight of crucible + sample (g) 53.243 54.122 51.299 

Weight loss (g) 0.000 0.000 0.000 

Moisture content (%) 0.000 0.000 0.000 

Average (%) 0.000 

Standard deviation 0.000 

Volatile Matter Content 

Analysis Crucible 1 Crucible 2 Crucible 3 

Initial weight of crucible + sample (g) 53.243 54.122 51.299 

Final weight of crucible + sample (g) 53.243 54.121 51.299 

Weight loss (g) 0.000 0.001 0.000 

Volatile matter content (%) 0.000 0.002 0.000 

Average (%) 0.001 

Standard deviation 0.001 

Ash Content 

Analysis Crucible 1 Crucible 2 Crucible 3 

Initial weight of crucible + sample (g) 57.583 53.292 56.101 

Final weight of crucible + sample (g) 57.535 53.259 56.046 

Weight loss (g) 0.048 0.033 0.055 

Ash content (%) 99.917 99.938 99.902 

Average (%) 99.919 

Standard deviation 0.018 

Fixed Carbon Content 

Analysis Crucible 1 Crucible 2 Crucible 3 

Fixed carbon content (%) 0.080 0.070 0.090 

Average (%) 0.080 

Standard deviation 0.010 
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Appendix C: Batch Adsorption of Pb(II) 
Appendix C1: The Effect of Adsorbent Dosage 

 

Dose 

(g) 

MB 

(mg/L) 

n=1 

MB 

(mg/L) 

n=2 

MB 

(mg/L) 

n=3 

Ce SD Removal 

(%) 

qe Ce/qe Log Ce Log qe 

0.1 3.661 3.692 3.537 3.630 0.082 27.40 1.370 2.650 0.560 0.137 

0.2 2.997 3.002 3.001 3.000 0.003 40.00 1.00 3.00 0.477 0.000 

0.3 2.243 2.351 2.462 2.340 0.110 53.20 0.887 2.638 0.369 -0.052 

0.4 1.007 1.101 1.420 1.176 0.216 76.48 0.956 1.230 0.070 -0.019 

0.5 0.011 0.012 0.010 0.011 0.001 99.78 0.998 0.011 -1.959 -0.001 

 
Appendix C2: The Effect of Initial Concentration 

 

Conc 

(mg/L) 

MB 

(mg/L) 

n=1 

MB 

(mg/L) 

n=2 

MB 

(mg/L) 

n=3 

Ce SD Removal 

(%) 

qe Ce/qe Log Ce Log qe 

1 0.221 0.235 0.224 0.227 0.015 78.33 0.773 0.294 -0.644 -0.112 

2 0.671 0.652 0.645 0.656 0.013 67.18 1.344 0.488 -0.183 0.128 

3 1.256 1.272 1.252 1.260 0.011 58.00 1.740 0.724 0.100 0.241 

4 2.259 2.261 2.320 2.280 0.035 43.00 1.720 1.326 0.358 0.236 

5 3.771 3.652 3.500 3.641 0.136 27.18 1.359 2.679 0.561 0.133 
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Appendix C3: The Effect of pH 
 

pH MB 

(mg/L) 

n=1 

MB 

(mg/L) 

n=2 

MB 

(mg/L) 

n=3 

Ce SD Removal 

(%) 

qe Ce/qe Log Ce Log qe 

2 4.423 4.340 4.560 4.441 0.111 11.20 0.559 7.945 0.647 -0.253 

4 3.231 3.450 3.321 3.334 0.110 33.32 1.666 2.001 0.523 0.222 

6 0.568 0.652 0.646 0.622 0.047 87.56 4.378 0.142 -0.206 0.641 

8 0.251 0.259 0.231 0.247 0.014 95.06 4.753 0.052 -0.607 0.677 

10 0.920 0.951 0.952 0.941 0.018 81.18 4.059 0.232 -0.026 0.608 

 
Appendix D: Batch Adsorption of MB 

Appendix D1: The Effect of Initial Concentration 
 

Conc 

(mg/L) 

MB 

(mg/L) 

n=1 

MB 

(mg/L) 

n=2 

MB 

(mg/L) 

n=3 

Ce SD Removal 

(%) 

qe Ce/qe Log Ce Log qe 

2 0.0004 0.0004 0.0002 3.3 x 10-4 0.0058 99.98 0.1999 0.0017 -3.4771 -0.6990 

4 0.0488 0.0528 0.0912 0.0643 0.5853 98.39 0.3936 0.1633 -1.1920 -0.4049 

6 0.3960 0.3840 0.4830 0.4210 0.9005 92.98 0.5579 0.7546 -0.3757 -0.2534 

8 0.1944 0.1192 0.1232 0.1456 0.5289 98.18 0.7854 0.1854 -0.8368 -0.1049 

10 0.9080 0.9650 0.9170 0.9300 0.3064 90.70 0.9070 1.0253 -0.0315 -0.0424 
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Appendix D2: The Effect of Contact Time 
 

Time 

(min) 

MB 

(mg/L) 

n=1 

MB 

(mg/L) 

n=2 

MB 

(mg/L) 

n=3 

Ce SD Removal 

(%) 

qe Ce/qe Log Ce Log qe 

5 1.8782 1.8642 1.8645 1.8690 1.771 82.31 0.8131 2.2986 0.2716 -0.0899 

10 1.6845 1.6753 1.6805 1.6801 0.0451 83.20 0.8319 2.0194 0.2253 -0.0799 

15 1.0339 1.0551 1.0530 1.0473 0.1159 89.53 0.8953 1.1698 0.0201 -0.0481 

20 0.4883 0.5088 0.6019 0.4997 0.1185 94.98 0.9500 0.5259 -0.3013 -0.0223 

25 0.3850 0.3249 0.3123 0.3407 0.3894 96.59 0.9659 0.3538 -0.4676 -0.0151 

30 0.1942 0.1190 0.1212 0.1448 0.4246 98.55 0.9855 0.1469 -0.8392 -0.0063s 
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Appendix E: RSM of Pb(II) 

Appendix E1: Statistical parameters obtained from the Analysis of Variance (ANOVA) 
for the Model of Pb(II) adsorption 

 

Variables Adsorption (%) 
Std. Dev. 0.460 

Mean 63.540 
Coefficient of Variation (%) 0.730 

PRESS 9.910 
R-squared 0.999 

Adj R-squared 0.999 
Pred R-squared 0.999 
Adeq Precision 206.796 

 
Appendix E2: Outlier Plot of Residuals vs. Run 
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Appendix E3: Analysis of Variances (ANOVA) and lack-of-fit 
 

Source SOS df Mean 
square 

F value P- 
Prob 

Block 0.98 1 0.98   
Model 

<0.0001 (significant) 
9062.59 9 1006.95 4604.84  

A (0.0001) 1002.60 1 1002.60 4584.94 < 
B (0.0001) 4235.78 1 4235.78 19370.38 < 
C (0.0001) 521.86 1 521.86 2386.50 < 

AB (0.0001) 249.09 1 249.09 1139.10 < 
AC (0.0001) 221.13 1 221.13 1011.24 < 
BC (0.0001) 226.42 1 226.42 1035.42 < 
A^2 (0.0001) 192.25 1 192.25 879.16 < 
B^2 (0.0001) 234.28 1 234.28 1071.38 < 
C^2 (0.0001) 2595.87 1 2595.87 11871.00 < 

Residual 1.31 6 0.22   
Lack of Fit 

(not Significant) 
1.11 5 0.22 1.08 0.6196 

Pure Error 0.20 1 0.20   
Cor Total 9064.88 16    

 
Appendix E4: Graph of Predicted vs. Actual 
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Appendix F: RSM of MB 

Appendix F1: Statistical Parameters obtained from the Analysis of Variance (ANOVA) 
for the model of MB adsorption 

 

Variables Adsorption (%) 
Std. Dev. 0.407 

Mean 83.96 
Coefficient of Variation (%) 0.485 

PRESS 6.28 
R-squared 0.999 

Adj R-squared 0.998 
Pred R-squared 0.997 
Adeq Precision 113.0483 

 
Appendix F2: Outlier Plot of DFFITS vs. Run 
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Appendix F3: Analysis of Variance (ANOVA) and lack-of-fit 
 
 

Source SOS df Mean 
square 

F value P- 
Prob 

Block 112.00 1 112.00   
Model 

<0.0001 (significant) 
1916.07 9 212.90 1283.44 < 

A (0.0001) 67.89 1 67.89 409.26 < 
B (0.0001) 1193.10 1 1193.10 7192.56 < 
C (0.0001) 20.21 1 20.21 121.84 < 

AB (0.0001) 24.36 1 24.36 146.86 < 
AC (0.0001) 17.05 1 17.05 102.80 < 
BC (0.0001) 15.40 1 15.40 92.85 < 
A^2 (0.9520) 6.359E-004 1 6.359E-004 3.834E-003  
B^2 (0.0001) 205.53 1 205.53 1239.02 < 
C^2 (0.0002) 6.04 1 6.04 36.43  

Residual 1.49 9 0.17   
Lack of Fit 

(not Significant) 
1.33 5 0.27 6.62 0.054 

Pure Error 0.16 4 0.040   
Cor Total 2029.59 19    

 
Appendix F4: Graph of Predicted vs Actual 
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Appendix H: BET Analysis 

Appendix H1: BET analysis of SE-B 
 



130  

Appendix H2: BET analysis of SE-BC 
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Appendix H3: BET analysis of SE-AC 
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