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ABSTRACT (THAI)  อิเมลดา ออคตา แทมปุโบลอน : การกำจัดตะกั่วจากน้ำด้วยคาร์บอนกัมมันต์ดัดแปรท่ี

ผลิตจากลำต้นกล้วย. ( LEAD REMOVAL FROM WATER BY MODIFIED ACTIVATED 
CARBON PRODUCED FROM BANANA STEM) อ.ท่ีปรึกษาหลัก : นำพล อินสิน 

  
ถ่านกัมมันต์จากต้นกล้วย (BSAC) และถ่านกัมมันต์จากต้นกล้วยท่ีถูกดัดแปรจะ

ประกอบด้วยธาตุกำมะถัน ไนโตรเจน และออกซิเจน ท่ีได้จากการเผาต้นกล้วยซึ่งได้ทำการเตรียม
และศึกษาการกำจัดไอออนตะกั่ว Pb(II) วัสดุดังกล่าวถูกวิเคราะห์ด้วยกล้องจุลทรรศน์อิเล็กตรอน
แบบส่องกราด , การเล้ียวเบนของรังสีเอกซ์  การวิ เคราะห์พื้น ท่ีผิวและฟู เรียร์ทรานฟอร์ม
อินฟราเรดสเปกโทรสโกปี ผลจากภาพถ่ายด้วยกล้องจุลทรรศน์ อิเล็กตรอนแบบส่องกราดแสดงให้
เห็นว่าวัสดุมีรูพรุน และการเล้ียวเบนของรังสีเอกซ์ยืนยันได้ว่าโครงสร้างท่ีได้มีลักษณะอสัณฐาน
และกับโครงสร้างหกเหล่ียมแบบกราไฟท์  ถ่านกัมมันต์จากต้นกล้วยมีพื้นท่ีผิวของวัสดุอยู่ในช่วง 
517.67 ตารางเมตรต่อกรัม สำหรับถ่านกัมมันต์จากต้นกล้วยท่ี ดัดแปลงด้วยกำมะถัน, ออกซิเจน, 
กำมะถันและออกซิเจน และถ่านกัมมะถันดัดแปลงด้วยอิมิโน-ไทโอบิยูเรต มีพื้นท่ีผิว 234.03, 
453.74, 252.97 และ 22.96 ตารางเมตรต่อกรัม ตามลำดับ สำหรับการดูดซับ ถ่านกัมมันต์ต้น
กล้วย (S-BSAC) ท่ีมีหมู่ฟังก์ชันท่ีมีกำมะถันเป็นตัวดูดซับมีความสามารถในการกำจัดตะกั่ว ได้ดี 
สภาวะท่ีเหมาะสมคือ 100 มิลลิลิตรต่อลิตร ของตะกั่ว(II) ไอออน, ในเวลา 2 ช่ัวโมงท่ี pH 6 และ
ใช้ปริมาณสารดูดซับ 0.8 มิลลิกรัม  การวิเคราะห์ทำโดยเครื่องอินดักทีพลีคัพเปิลพลาสมา โดยมี 
ประสิทธิภาพในการกำจัดตะกั่วสูงถึง 99.78% ท่ีความเข้มข้น 100 มิลลิกรัมต่อลิตร และสามารถ
ใช้ซ้ำได้ถึง 3 รอบ 

 

สาขาวิชา เคมีสีเขียวและความยั่งยืน ลายมือช่ือนิสิต ................................................ 
ปีการศึกษา 2565 ลายมือช่ือ อ.ท่ีปรึกษาหลัก .............................. 
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ABSTRACT (ENGLISH) # # 6478039623 : MAJOR GREEN CHEMISTRY AND SUSTAINABILITY 
KEYWORD: ACTIVATED CARBON, BANANA STEM, ADSORPTION, LEAD 
 Imelda Octa Tampubolon : LEAD REMOVAL FROM WATER BY MODIFIED 

ACTIVATED CARBON PRODUCED FROM BANANA STEM. Advisor: Asst. Prof. 
Numpon Insin, Ph.D. 

  
Banana stem-activated carbon (BSAC) and modified banana stem-activated 

carbon, containing sulfur, nitrogen, and oxygen-containing groups derived from 
banana stem, were prepared and studied for Pb(II) ion removal. The materials were 
characterized by scanning electron microscopy, X-Ray diffraction, surface area 
analysis, and Fourier transform infrared spectroscopy. SEM images showed that the 
materials are porous, and XRD confirmed that the structures are amorphous and 
resemble the graphitic hexagonal structure of carbon materials. Surface areas of 
these materials ranged from 517.67 m2/g for the bare banana stem activated 
carbon to 234.03, 453.74, 252.97, and 22.96 m2/g for sulfur, oxygen, sulfur and 
oxygen and imino-thiobiuret modified activated carbon. For the adsorption, sulfur-
containing functional groups banana stem activated carbon (S-BSAC) was used as 
the adsorbent for lead removal. The optimized condition were 100 mg/L of lead(II) 
ions, 2 h of contact time, pH at 6, and 0.8 mg of adsorbent dosage. The analysis 
was done by inductively coupled plasma optical emission spectroscopy.  The 
removal efficiency was as high as 99.78% for Pb(II) at 100 mg/L and could be used 
for 3 cycles. 
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CHAPTER 1 
INTRODUCTION 

 
1.1 Statement of the problem 

Lead, known as the second most toxic metal, is primarily utilized in 
automobile and battery manufacturing, painting, mining, and metal plating [1]. The 
presence of lead(II) ions poses significant environmental concerns due to their 
persistence (non-biodegradable nature) and toxicity [2, 3]. Even a trace level of 
lead(II) ions can harm humans. Some reports have mentioned that adults absorb 5-
15% of lead(II), and retained approximately 5%in their bodies. If the blood of living 
organisms contained 0.5-0.8 mg/mL of lead(II), it can lead to widespread health 
disorders, including dysfunction of brain, liver, kidney damage, pregnancy miscarriages 
in woman, hypertension lead shows toxicity in the liver, brain, nervous and 
reproductive systems [4, 5]. Children are more vulnerable to lead effects; their 
bodies absorb lead faster and higher than grown-ups, which is highly detrimental as 
they are developing [6]. 

Numerous treatment methods have been employed to remove lead(II) ions 
from water, including filtration [7], chemical precipitation [8], electrochemical 
treatment [9], liquid-liquid extraction [10], flocculation [11], ion exchange [12], 
adsorption, etc. Among the widely used methods, adsorption is preferred due to its 
cost-effectiveness, high efficiency, design flexibility, and various adsorbents' 
availability [13]. Adsorption is capable of removing heavy metal pollutants at lower 
than 100 mg L−1 [14]. Moreover, the reversible nature of many adsorption processes, 
using suitable desorption processes, made the adsorption ideal for multiple uses. 
Showing some superior characteristics, which are large surface area, high porosity and 
well-develop structure, makes the activated carbon as a promising and widely used 
for adsorbent heavy metal [15]. Banana stem is a high potential precursor for 
producing activated carbon, as it is rich in lignin and cellulose contents, giving a high 
production yield, large surface area, and high fixed carbon content. This application 
gives a benefit in recycling the banana stem residues effectively.
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Modifying the surface of activated carbon is done in purpose to increase its 
adsorption capacity towards Pb(II), the surface of activated carbon can be modified. 
Previous studies have demonstrated that the surface modification can be achieved 
by incorporating specific functional groups. Sulfur-containing and nitrogen-containing 
groups have been mainly utilized for Pb(II) ions removal [16]–[18]. These groups 
provide active sites to bond with Pb(II) through chelation to obtain higher adsorption. 
In this work, we chose activated carbon as a sorbent material due to its excellent 
properties. Doping the sulfur and nitrogen-containing groups onto the surface of 
activated carbon to enhance the lead(II) ion uptake and adsorption capacity.  

 

1.2 Objectives 

1. To synthesize banana stem-based activated carbon  
2. To functionalize the activated carbon with amine-thiol functional groups to 

enhance lead removal capacity 
3. To study the adsorption capacity and reusability of modified-banana stem-

based activated carbon in removing lead(II) ions from water 
 
1.3 Scopes of the thesis 

This research consists of 3 parts: synthesized BSAC, modification of BSAC, and 
adsorption of lead(II) experiments in batch operation.  

 

1.3.1 Synthesis of BSAC 
BSAC was synthesized from pyrolysis of banana stem impregnated with H2SO4 

with a ratio of H2SO4 to the banana stem of 1:1 (w/w) at 600 °C under N2 
atmospheric. The characterization was done using instruments such as scanning 
electron microscopy (SEM), surface area analyzer, Fourier-transform infrared 
spectroscopy (FTIR), and X-ray diffractometer (XRD). 
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1.3.2 Modification of BSAC 
The modification of BSAC  was conducted with 3 different methods, oxidation 

by using HNO3 20%, grafting by using 2-imino-4-thiobiuret, and modification by 
flowing NH3 gas. These modifications aimed to increase the number of some 
functional groups including sulfur, nitrogen, and oxygen-containing groups to improve 
the adsorption efficiency and capacity for lead(II) ion uptake from the water. 
 

1.3.3 Lead(II) ions adsorption experiments 
Batch operation model was used to study the the adsorption of lead(II) ions. Some 
parameters that we reviewed here are the initial concentration of lead(II) ions, the 
effect of contact time, pH, dosage of adsorbent and foreign cations. The 
concentration of lead was measured using Inductively coupled plasma-optical 
emission spectrometry (ICP-OES).  
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CHAPTER 2 
THEORY AND LITERATURE REVIEW 

 

2.1 Contamination of lead in water reservoirs and its toxicity 

Heavy metals occur naturally in the environment. However, anthropogenic or 
industrial activities can enrich them in a specific environment and even exceed the 
water quality or drinking water guidelines. Lead, a well-known heavy metals, is 
extensively utilized in industries such as mining, printing, painting, metallurgy, and 
electroplating [19]. Industrial waste from the abovementioned industries represents 
the primary source of lead(II) ions in water bodies. Lead is considered toxic if it is 
present in the environment, even at low concentrations. The accumulation of lead(II) 
ions in the body can cause severe and chronic diseases such as kidney damage, 
cancer, lung damage, and hypertension [20]. Lead(II) ions in drinking water mainly 
originate from the corrosion of household plumbing systems and natural deposits 
erosions.. Lead exposure has irreversible negative effects on children's cognitive 
function and development. A recent study highlighted that approximately 1 in 3 
children worldwide (800 million children) currently have elevated blood lead levels 
which can significantly contribute to intellectual disabilities, decreased IQ, and 
reduced lifelong learning potential [21]. 
 

2.2 Banana stem  

Banana is the world's acknowledged favourite fruit, first domesticated in 
Southeast Asia, then shifted to the most consumed and exported worldwide [22], 
[23]. Banana is widely ranked the fourth most-grown food crop worldwide. This fruit 
provides the essential nutrition source of potassium, vitamins A and C [23]. The high 
number of banana cultivation leads to a large amount of waste from the banana 
tree; mainly, the stem contributes 78% of the total waste [24]. After harvesting, the 
stems are left end ended in the field for months for natural degradation [25]. The 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 5 

banana stem is rich in carbon content, composed of cellulose, hemicellulose, and 
lignin with the percentage of 43.3%. 20.6% and 27.8%, respectively [26].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Activated carbon  

Activated carbon is a porous carbonaceous material with excellent properties: 
well-developed pore structure, large specific surface area, and different surface 
functional groups. It finds extensive applications in wastewater treatment, air 
purification, and supercapacitor electrode material [27, 28]. The advantages of using 
activated carbon as an adsorbent are a simple process design, easeof 
implementation, resistance to corrosive and toxic environments, high adsorption 
potential for gas and liquid purification, and its ability to serve as supportive catalysts 

c 

Figure 2. 1 Lignocellulosic compound a) cellulose b) hemicellulose c) lignin. 
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 6 

[29]. Multiple raw materials can be used for producing activated carbon, including 
food crops, animals, petroleum byproducts, coal, and organic substances [30]–[32]. 
These materials are carbon-rich and undergo the carbonization process. The major 
functional groups are present in activated carbon including quinine, hydroxyl, 
carbonyl lactone and phenol contribute to the adsorption of water contaminants. 
Additionally oxygen, hydrogen, sulfur, and nitrogen may be present as functional 
groups or chemical atoms within the structure of activated carbon. 

 

Figure 2. 2 Oxygen groups on activated carbon[33]. 
 

The adsorption behavior are influenced by various factors, including the 
functional groups present on the surface of activated carbon, precursor, activation 
processes, and thermal purification [34, 35].  
 

2.4 Preparation of activated carbon  

2.4.1 Physical activation 
Physical activation is a two-step procedure comprising carbonization 

carbonization (pyrolysis) under a neutral atmosphere, followed by activation using 
oxidizing gases like carbon dioxide, and nitrogen or air mixtures. The temperature 
range for activation typically varies from 800–1100 °C [36]. This method is regarded as 
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cost-effective and environmentally friendly since it does not involve the use of 
chemicals [37, 38]. However, physical activation does have some drawbacks, 
including long activation time, relatively lower adsorption capacity of synthesized 
activated carbon, and high energy consumption [38]. 

 
2.4.2 Chemical activation 

Activated carbon can be prepared by wet oxidation, which involves  
activation in the presence of chemicals at high temperatures [38]. In the case of 
chemical activation, the process begins by saturating the raw material with highly 
dehydrated and oxidizing chemicals, called impregnation. Then, the suspension is 
dried, and the remaining mixture is then heated for a specified duration. 

The temperature range for chemical activation can vary from 400 to 900 °C, 
depending on the activating material and the desired properties of the final product. 
During this process, cellulose undergoes degradation. The resulting mixture is 
subjected to repeated washing to obtain the activated carbon, and the final rinsing 
also aids in the recovery of active substances [39]. The chemical used in the 
activation agents act as dehydrating agents, influencing pyrolytic decomposition and 
inhibiting bitumen formation. This increases the carbon content of activated carbon 
and leads to changes in the thermal degradation of precursors, ultimately 
contributing to the development of the carbon’s porous structure [40, 41]. These 
activating agents deeply penetrate the carbon structure, resulting in the formation of   
small pores in the activated carbon and an increase in surface area [41]. Unlike 
physical activation, in chemical activation, carbonization and activation occur 
simultaneously. This method is cost-effective as it requires lower activation 
temperatures, shorter processing times, and exhibits higher carbon efficiency. 
Additionally, chemically activated carbon tends to have a more porous structure 
compared to  physically activated activation [42]. The chemical activation process 
involves the investigation of factors, such as  the effect of chemical agent, 
impregnation ratio, carbonization temperature, and carbonization time [43, 44]. 
Commonly used chemicals as activators including potassium hydroxide (KOH), 
sodium hydroxide (NaOH), calcium chloride (CaCl2), and potassium carbonate (K2CO3), 
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Figure 2. 3 Pore diagram of activated carbon. 

acidic groups such as phosphoric acid (H3PO4) and sulfuric acid (H2SO4), intermediate 
metal salts such as ZnCl2 and other activating agents [45]. 
  
2.4.3 Surface modification of activated carbon 

Surface modification of activated carbon has been a subject of investigation 
for many years and has been shown to improve its the performance. The adsorption 
capacity and removal efficiency are strongly influenced by factors such as the pore 
structure, surface area, and surface chemistry. The surface modification of material 
can enhance the adsorption capacity and removal efficiency by increasing the 
presence of active functional groups on the adsorbent surface that have a high 
affinity for metals. The most well-known methods for modification are impregnation, 
doping, and grafting. These modifications involve introducing functional groups, 
thereby altering the chemical properties, as well as affecting physical properties such 
as surface area and pore volume.  
 

 

 

 

 

 

 

 

 

 

 

 

The key factors in controlling the adsorption of heavy metals on activated carbon 
are: 
a. Specific surface area 

A large specific surface area is generally associated with a superior adsorption 
performance because it provides adsorption more space for adsorption to occur  
[46].  
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b. Pore structure 
Activated carbon possesses a porous structure, and its adsorption capacity for 

heavy metals is determined by  its morphological structure, especially the pore 
size distribution [46]. Figure 2. 3 illustrates a schematic representation of the 
pores of the activated carbon. According to The IUPAC classifies, micropores have 
a radius of less than 2 nm, mesopores have a radius between 2 nm and 50 nm, 
and macropores have a radius greater than 50 nm [47].  The main sites of 
adsorption are micropores, while the mesopores aid in intra-particle diffusion, 
reducing the adsorption time. The macropores, also known as transport pores, 
serves as channels for the movement of heavy metals ions during adsorption. 
The metal ions enter the mesopores through the macropores, then migrate into 
the micropores, ultimately reaching the interior of activated carbon particles for 
adsorption.  

 
c. Functional groups 

Functional groups present on activated carbon play an important role in 
adsorption process. The major functional groups attached to the activated 
carbon are oxygen, nitrogen, and sulfur, which act as the active sitesfor 
adsorption. The pollutants adhere to the surface of the activated carbon through 
various mechanism, including ion exchange, hydrogen bonding, electrostatic 
interaction, acid–base interaction, and complexation with the adsorbent [48]. The 
adsorption of heavy metals by activated carbon involves a combination of 
physical and chemical interaction, with the chemical chemical functional groups 
on the surface of activated carbon playing a significant role alongside the 
morphology of activated carbon itself.  

 

2.5 Adsorption  

Adsorption refers to the process in which an adsorbate, which can be an ion 
or molecule present in liquid or gas, adheres to the surface of a solid adsorbent via 
mass transfer. This is a surface phenomenon, where only the surface of the 
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adsorption is involved, and the adsorbate does not penetrate the structure of the 
adsorbent. Unlike absorption, which involves the distribution of substance into bulk-
phase materials, adsorption is a distinct mechanism. The reverse process, where 
molecules detach from the surface, is known as desorption. 
 
2.5.1 Physical adsorption 

Physical adsorption occurs ascribed to intermolecular forces, such as van der 
Waals, such as gas adsorption on activated carbon. It typically occurs at low 
temperatures, exhibits rapid adsorption rates, has a low heat of adsorption, and is 
non-selective. Since the effect of intermolecular attraction is weak, the structure of 
the adsorbate molecules hardly changes, leading to low adsorption energy and easy 
separation of the adsorbed substance. The process is reversible and the enthalphy of 
adsorption is typically around 20-40 kJ/mol. 
 

2.5.2 Chemical adsorption 
Chemical adsorption takes place through the formation of chemical bonds, 

usually covalent bonds, between the adsorbate and the surface of adsorbent. 
enthalpy change involved in chemical adsorption ranges from 40-400 kJ/mol. The 
process involves the formation and destruction of chemical bonds. It is irreversible 
and the chemical adsorption first increases and then decreases with the temperature 
increases.  
 
Hard/Soft Acid/Base (HSAB) theory 

The principle of hard-soft acid-base (HSAB) was introduced by Pearson. HSAB 
is often employed to predict chemical reactivity, stability, and selectivity. Hard acids 
and bases are small and non-polarizable species, while soft acids and bases are large 
with more diffused electron distributions. The borderline acids are intermediate 
between hard and soft acids, possessing lower charge and larger size compared to 
soft acids. According to the HSAB principle, soft bases preferentially and strongly bind 
with soft acids, while hard bases exhibit a preference for hard acids [49]. Lead(II) ion 
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is categorized as a borderline acid, and making it challenging to find the bases that 
can form a stable complex.  
 

2.5.3 Adsorption isotherm 
Adsorption is characterized by a relationship that is independent of time 

representing the quantity of adsorbate attached to the adsorbent's surface in relation 
to the amount present in the surrounding environment. This relationship is expressed 
as if it is a gas or concentration for solutions. In wastewater treatment, the Langmuir, 
Freundlich, and BET models are commonly used as isotherm models to study the 
removal of heavy metal ions [50].  
 
The Langmuir isotherm [51] 

The Langmuir isotherm is an empirical model that proposes adsorption 
occurring at and equally definite localized sites on the adsorbent surface, forming a 
monolayer of adsorbed molecules [27]. According to this model, at a constant 
temperature, the adsorbate molecules undergo monolayer adsorption on a 
homogeneous adsorbent surface. The distribution of compounds between the two 
phases is controlled by the equilibrium constant when a monolayer of adsorbed 
material is formed over a uniform adsorbent surface. At equilibrium, the rates of 
adsorption and desorption are equal. The surface of the adsorbent has a specific 
number of sites where adsorbate molecules can be adsorbed. The Langmuir 
isotherm is mathematically described in Eq. 2.1. 

    𝑞
𝑒= 

𝑞𝑚𝐾𝐿𝐶𝑒
1+𝐶𝑒𝐾𝐿

    (2.1); 

where 
qe = the amount of metal adsorbed per gram of the adsorbent of equilibrium (mg/g); 
Ce = the equilibrium concentration of adsorbate mg/L); 
qm = maximum adsorption capacity (mg/g); 
KL = Langmuir isotherm constant (L/mg) 
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The linear form of the Langmuir equation is shown in Eq. 2.2  

   
𝐶𝑒

𝑞𝑒 
=  

1

𝑞𝑚𝐾𝐿

+ 
1

𝑞𝑚
𝐶𝑒                            (2.2) 

 
The Freundelich isotherm [27] 
According to this model, adsorbate molecules undergo multilayer adsorption onto a 
heterogeneous adsorbent surface composed of several adsorption sites at a constant 
temperature. The Freundelich isotherm is shown in E.q 2.3 
 

    𝑞𝑒 = 𝐾𝑓𝐶𝑒
1/𝑛

             (2.3); 

where 
Kf = Freundelich isotherm constant (mg/g); 
n = adsorption intensity; 
Ce = the equilibrium concentration of adsorbate (mg/L); 
qe = the amount of metal adsorbed per gram of the adsorbent at equilibrium (mg/g) 
The values of n and 1/n are temperature-dependent and provide information about 
the adsorption conditions such as adsorption intensity or surface heterogeneity. The 
linear representation of the Freundelich equation is given by Eq. 2.4. 
 

 𝑙𝑛𝑞𝑒 =  
1

𝑛
𝑙𝑛𝐶𝑒 + 𝑙𝑛𝐾𝑓 (2.4) 

Kf and 1/n values can be determined from the linear plots of log qe versus log Ce. 
 
 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 13 

2.6 Literature reviews 

Table 2. 1 Surface modification of activated carbon for lead removal 

Adsorbent Functional groups 
Adsorption 

capacity (mg/g) 
References 

Triazine-based 
functionalized 
activated carbon 

 

237.40 [16] 

Functionalized corn 
husk derived 
Activated carbon 

 

7.95 [52] 

Activated carbon 
fibres modified by 
L-cysteine 

 

179.53 [17] 

Amine and thiol 
functionalized 
activated carbon 

 

232.02 [53] 

2-aminothiazole 
functionalized 
activated carbon 

 

310.90 [54] 

EDTA functionalized 
activated carbon 

 

123.45 [55] 

Fe-doped activated 
carbon 

Fe2O3 124.30 [56] 
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Activated carbon is widely utilized for lead removal due to its favorable 
properties of large surface area, highly developed porosity, and high adsorption 
capacity. However, the bare activated carbon is not efficient enough for lead 
adsorption and needs to be modified with some functional groups to achieve higher 
adsorption capacity and efficiency. Table 2.1 summarizes the use of different 
functional groups for modifying activated carbon surfaces in lead removal from 
wastewater. 

 
El-Wakil et al. [16] synthesized a novel chelating activated carbon (MT-MAC) 

by functionalizing activated carbon derived from water hyacinth (WH) with melamine 
thiourea (MT). The amidation was the main route for grafting between carboxyl 
groups of activated carbon and the amino groups of melamine thiourea (MT). 
Dicyclohexylcarbodiimide (DCC) was used as a coupling agent. The surface area of 
the material was 452.62 m2/g and its significant potential for adsorbing Pb2+, with an 
adsorption capacity of 237.4 mg/g.  

 
Ismail et al. [52] synthesized the activated carbon from the corn husk waste, 

and then functionalized the surface of activated carbon with amine functional groups 
(the material label as AF-CHAC) by employing a series of chemical reactions involving 
epichlorohydrin, N-dimethylformamide, ethylenediamine. The BET surface area of the 
material was 442.70 m2/g, and it demonstrated a maximum adsorption capacity of 
7.95 mg/g for Pb(II) ions.  

 
For Zhu, L. et al. [17], the L-cysteine modified-activated carbon was 

synthesized by mixing sodium bisulfate (NaHSO4), activated carbon fibres (ACFs), and 
L-cysteine in the presence of hydrochloric acid solution and ethanol. Then, ACFs 
were added to the organic solvent, followed by Na2S as a reducing agent, to reduce 
the oxidized sulfhydryl group. The maximum adsorption capacity for Pb2+ by L-cyst-
ACF, determined using the Langmuir model, was 179.53 mg/g. 
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For Tang, N. et al. [53], thiol-functionalized AC (activated carbon) was 
prepared by dispersing the amine-AC into THF (tetrahydrofuran) followed by the 
addition of cyanuric chloride (CC) and N, N′- diisopropylethylamine (DIPEA). The 
product from the previous step was then mixed with sodium sulfide (Na2S·9H2O) in 
water, then added addition of sodium carbonate. The Langmuir isotherm indicated 
the maximum adsorption capacity of 232.02 mg/g for Pb2+ at room temperature. 

 
Waly, S. et al.[54] modified activated carbon derived from water hyacinth 

(HW) by chemical modification of activated carbon (AC) derived from water hyacinth 
(WH) via functionalization with 2-aminothiazole chelating agent (AT). The modification 
began with the oxidation of AC in nitric acid, named oxidized activated carbon (OAC). 
AT-MAC was prepared by dispersing OAC in an anhydrous DMF, followed by the 
addition of AT and DCC as coupling reagents. This material was utilized to effectively 
remove Pb(II) ions from polluted water. The AT-MAC adsorbent exhibited high 
sorption capacities for Pb(II) ions, with a value of 310.9 mg/g at pH 5.5 and a contact 
time of 60 min.  

 
Lv, D. et al. [55], developed bamboo activated carbon (BAC)  with ethylene 

diamine tetraacetic acid (EDTA) functionality by direct grafting in the presence of 
tetraethyl orthosilicate (TEOS) as a crosslinking agent. The values of surface area, 
mean pore diameter and pore volume of BAC@SiO2-EDTA were 69.92 m2/g, 4.83 nm, 
and 0.08 m3/g. The N2 adsorption-desorption isotherm classified this material as Type 
IV isotherm (mesoporous material) according to the IUPAC classification of adsorption 
isotherms. The BAC@SiO2-EDTA material demonstrated a maximum adsorption 
capacity of  123.45 mg/g for Pb(II) ions, and the presence of EDTA promoted the 
formation of chemical complexes.  

 
Chatla, A. et al. [56] employed wetness impregnation to dope the granular 

activated carbon (GAC) with Fe under various conditions. The conditions were varied, 
including the ratio of Fe to GAC (5% and 10%), water and ethanol served as solvent, 
and the nitrogen gas and air were used to study the effect of atmosphere of 
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pyrolysis. Then the Fe-doped materials were utilized for the adsorptive removal of 
lead(II) ions from the aqueous solution. The 5 wt%  Fe-doped GAC impregnated in 
ethanol and calcined under nitrogen exhibited the highest surface area (715 m2 /g) 
and pore volume. The Langmuir isotherm model yielded a maximum adsorption 
capacity of 124.3 mg/g for Pb2+ ions at pH 4.7 at room temperature. 

 
Adly, M. et al. [57] reported high adsorption capacity for Hg(II) removal by 

grafting 2-imino-4-thiobiuret onto MIL-125 metal–organic framework. The Hg(II) 
adsorption capacity of this adsorbent was 946 mg/g. 2-imino-4-thiobiuret-
functionalized activated carbon is a promising compound for functionalization of 
activated carbon. It has five active sites including two primary amines, two secondary 
amines and sulfur, that are ready to interact with Pb(II) through coordination bond, 
resulting in high adsorption capacity will be obtained. Moreover, 2-imino-4-thiobiuret 
modified activated carbon has not drawn much attention as an adsorbent for Pb(II). 

 
The literature review showed that modifying by grafting amine and sulfur-

containing groups or doping enhances adsorption capacity. This work used banana 
stem-activated carbon prepared by pyrolysis as an adsorbent. In order to obtain the 
high adsorption capacity, the BSAC was modified using sulfuric acid, ammonia gas, 2-
imino-4-thiobiuret, and nitric acid and examined for lead(II) removal from water. 
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CHAPTER 3 
EXPERIMENTS 

 

The preparation of modified-banana stem activated carbon for lead(II) ions removal 
was divided into four parts: 
Part 1: Preparation of banana stem-activated carbon 
Part 2: Modification of banana-stem activated carbon 

• Modification of BSAC with sulfur-containing group 

• Modification of BSAC with nitrogen-containing group 

• Modification of BSAC with oxygen-containing group 
Part 3: Characterization of the modified-banana stem-activated carbon 
Part 4: Adsorption study of lead 

• Effect of time 

• Effect of lead solution pH 

• Effect of adsorbent dosage 

• Effect of initial concentration 

• Effect of foreign ions in Pb(II) removal operation 

• Reusability of the materials 
 

3.1 Apparatus  

• Fourier transform infrared spectroscopy (FT-IR), model: Impact 410 (Nicolet) 

• X-ray diffraction (XRD), model: DMAX 2200/Ultima (Rigaku) 

• Surface area analyzer, model: BELSORP-mini (BEL Japan) 

• Scanning electron spectroscopy (SEM), model: JSM-54 10LV (JOEL) 

• Inductively coupled plasma-Optical emission spectroscopy (ICP-OES), model: 
Thermo Scientific Icap 6000 SERIES  
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3.2 Chemicals and reagents 

All chemicals were used without purification 
3.2.1 Chemicals and reagents 
 

Table 3.1 List of chemicals 
Chemicals Suppliers 

Sulfuric acid (conc.) Merk 
1000 g/ml of lead standard solution Sigma-Aldrich 
Nitric acid (conc.) Merk 
Nitrogen gas (Ultra High Purity grade) Linde 
Ammonia gas (Ultra High Purity grade) Linde 
2-immino-4-thiobiuret Sigma-Aldrich 
Sodium Hydroxide (99%) Merk 
Dimethylformamide (99%) Merk 
Hydrochloric acid (conc.) Merk 
N.N'-Dicyclohexylcarbodiimide Sigma-Aldrich 

 

3.3 Preparation of bare and modified-activated carbon 

3.3.1 Synthesis of banana stem-activated carbon 
Approximately 10 kg of banana stem waste was initially obtained from a local 

banana farm in Salaya, Nakhon Pathom, Thailand. The collected banana stem 
biomass underwent washing and was subsequently dried under the sunlight for a 
duration of 5 days. To ensure constant mass, the drying process was continued using 
an oven. Then, the dried banana stem was finely ground into a powder using a 
grinding machine (Ji Gong Yi, JGB-800B) and sieved to achieve a size ranging between 
30 – 70 µm (200 mesh). The pretreated banana stem waste powder was mixed with 
H2SO4 with a ratio (1:1 w/w). After allowing overnight impregnation, the resulting 
carbon slurry was washed with deionized water until a neutral pH solution was 
obtained. Finally, the slurry was dried at 100 ºC for 24 h. Pyrolysis was conducted in 
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a muffle furnace at temperature of 600 °C for a duration of 30 min, while 
simultaneously flushing nitrogen gas at a flow rate of 3 ºC/min. The resulting 
material, known as BSAC was then cooled to room temperature under nitrogen gas 
and stored in a vacuum desiccator for further use. 

 

3.3.2 Oxidation of banana stem-activated carbon 
1 g of BSAC was subjected to treatment with 30 mL of 20% HNO3  under 

reflux at 90 ºC for 3 h. The obtained material was washed with deionized water until 
a neutral pH was achieved and subsequently dried at 50 ºC for 12 h. This material 
was labeled as BSAC-COOH [58]. 

 

3.3.3 Sulfur-impregnation banana stem-activated carbon 
The pretreated banana stem waste powder was mixed with H2SO4 with a ratio 

(1:1 w/w). After undergoing overnight impregnation, the slurry was calcinated in a 
muffle furnace at 600 °C for 30 min, while simultaneously being flushed with nitrogen 
gas at a flow rate of 3 ºC/min. Then the material was washed with water until a 
neutral pH solution was obtained. The BSAC will then be cooled to room 
temperature under nitrogen gas and stored in a vacuum desiccator for further use. 
This material was labeled as S-BSAC. 

 

3.3.4 Ammonia-impregnation banana stem-activated carbon 
The oxidized BSAC was then calcinated at 600 °C in a muffle furnace for 60 

min with ammonia gas being simultaneously flushed at a flow rate of 3 ºC/min. After 
cooling down at room temperature, the gas was replaced with nitrogen. This material 
was labeled as S-N-BSAC. 
 
3.3.5 Modification of BSAC using 2-imino-4-thiobiuret 

0.20 g of BSAC-COOH was dispersed in anhydrous DMF (8 mL) through stirring 
at room temperature for 30 min. Then, 0.18 g of 2-imino-4-thiobiuret was added to 
the mixture, followed by 0.18 g of N,N′-Dicyclohexyl carbodiimide (DCC). Then, the 
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mixture was refluxed at 120 °C for 24 h, washed with DMF, then DI water, and finally 
dried at 60 °C for 24 h. This material was labeled as IT-BSAC [54]. 
 

The route of synthesis : 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IT-BSAC 

Washing, drying 
      sieving 

Chemical  
activation 

Pyrolysis  
600 °C, 30 min 

BSAC S-BSAC 

HNO3 20% 

BSAC-COOH BSAC 
2-imino-4-thiobiuret 

DMF 
DCC 
 

Figure 3. 1 Preparation and modification of BSAC. 
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3.4 Characterization 

The synthesized materials underwent characterization using an X-Ray 
diffractometer. The XRD patterns were obtained at 2 theta (2θ) analysis angles in the 
range of 5 to 80 degrees, with a voltage at 40 kV, and an applied current of 30 mA. 
The diffractometer employed a fixed monochromator and a Cu Kα radiation source. 
The divergent, scattering, and receiving slits were set at 0.5°, 1°, and 0.3 mm, 
respectively.  

To determine the functional groups, present on the surface of the materials, 
FT-IR measurements were conducted in transmission mode, covering wavelength 
ranges from 4000 cm-1 to 500 cm-1. Prior to analysis, the samples were mixed with 
potassium bromide with a ratio of 1:100 and then pressed to make a thin layer. 

SEM analysis was performed to characterize the surface morphology and 
conduct the elemental analysis of the materials. The small amount of samples were 
subjected to the carbon tape, and then analysis was done with the conditions: the 
voltage at 15 kV, WD in the range of 10 – 12.  

The materials' specific surface area and mean pore diameter were 
determined using a surface area analyzer. Prior to analysis, the samples underwent 
pretreatment at 200 °C for 7 hours, followed by the adsorption-desorption of 
nitrogen gas at -196 °C. 
 

3.5 Batch adsorption experiments 

Batch adsorption experiments were used to investigate the adsorption of 
Pb(II) onto bare BSAC and modified BSAC. In each experiment, 0.02 g of the 
adsorbent was added into 25 mL of 10 to 100 mg/L Pb(II) solution at temperature of 
30 ºC. The pH of solutions was adjusted using HNO3 (0.01 M) or NaOH (0.01 M). The 
mixture was stirred for a duration of 2 h. Subsequently, the solid was separated from 
the solution through filtration. The initial and final concentrations of the metal were 
determined using Inductively coupled plasma optical emission spectroscopy (ICP-
OES).  
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 The removal efficiency, R (%), was determined using Eq. (3.1), where C0 and 
Ce are initial and final concentrations (mg L-1), respectively. 
 

   𝑆𝑜𝑟𝑝𝑡𝑖𝑜𝑛% =
𝐶0−𝐶𝑒

𝐶0
𝑥100%           (3.1) 

 
The adsorption capacity was calculated using the following Eq. (3.2): 

     𝑞𝑒=
𝐶0−𝐶𝑒

𝑚
𝑥𝑉            (3.2) 

 
Where C0 and Ce (mg/L) are initial and equilibrium concentrations of Pb(II), 
respectively; V (cm-3) is the volume of solution, and m is the mass of sorbent (g) 
used. 
 
3.5.1 Effect of adsorption time 

25 mL lead(II) solution was in contact with 0.02 g of adsorbent in a series 
range of time in 5, 15, 30, 60, 90, 120, and 150 min at 30 ºC. The initial concentration 
of lead(II) ion was 100 mg/L. The pH was fixed at 6.  
 

3.5.2 Effect of initial lead concentration 
The initial lead concentrations were studied at different concentrations, which 

are 10, 25, 50, 100,150, 200, and 250 mg/L. The pH was fixed at 6 and the 
temperature at 30 ºC. This experiment's contact time is when the maximum 
adsorption was obtained. 

 

3.5.3 Effect of lead solution pH 
The effect of solution pH on lead adsorption (Pb2+ initial concentration of 100 

mg/L) was studied in the initial pH range of 3, 4, 5, and 6. The pH of the initial 
solution of Pb2+ was adjusted to the desired values using 0.01 M HNO3 or 0.01 M 
NaOH.  
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3.5.4 Effect of co-existing cations 
Wastewater is prepared by adding various metal ions into lead solutions. In 

each experiment, 0.02 g sorbents were added into a 25 mL mixture containing 
Zn(II)/Pb(II), Mg(II)/Pb(II), and Cu(II)/Pb(II) with concentration 100 mg/L. Zn2+ is the 
borderline acid, Mg2+ is the hard acid naturally present in water, and Cu2+ is a soft 
acid. Study the series of metals to see the selectivity of adsorbent is important. The 
mixture is stirred for two h at room temperature. The sorbents are filtered, and the 
final Zn(II), Mg(II), Cu(II), and Pb(II) concentrations are determined using Inductively 
Coupled Plasma Optical Emission spectroscopy (ICP-OES).  

 

3.5.5 Reusability of the sorbent 
In a batch operation, 0.02 g of S-BSAC was investigated after the sorbent was 

used in lead adsorption. The pH of the solution, the concentration of Pb(II), and the 
duration of the process were set to optimize the adsorption capacity. The amount of 
adsorbent was stirred with Pb(II) solution and then separated from the mixture 
through centrifugation. The spent adsorbent was treated by suspending it in 50 mL of 
1.0 mol L−1 HCl for 2 h. After centrifugal separation, the adsorbent was throughly 
washed with deionized water to completely remove any remaining chloride ions. The 
treated adsorbent was reused for adsorbing Pb(II) again. This procedure was repeated 
3 times using the same method and the levels of Pb in the supernatant after 
centrifugation were measured. 
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Batch operation 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

25 ml 
Pb2+ solution 

20 mg 
adsorbent 

Stirred at 300 rpm, 
90 min 

Centrifuged at 4000 
rpm, 7 min 

Equilibrium 
concentration 
of adsorbate 

Adsorbent Regeneration 

ICP analysis 

Figure 3. 2 Batch adsorption. 
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CHAPTER 4 
RESULTS AND DISCUSSION 

 

4.1 Characterization of bare BSAC and modified BSAC 
4.1.1 X-Ray diffraction 

BSAC and modified BSAC materials were characterized by using an X-Ray 
diffractometer. This analysis aims to see the amorphousness of all the carbon 
materials. The powdered X-ray diffractogram has been carried out for BSAC and 
modified BSAC in the 2θ range of 5° to 80° to identify the nature of the materials. 
 

 
 

Figure 4.1 XRD pattern of a) BSAC, b) BSAC-COOH, c) S-BSAC, d) S-N(IT)-BSAC, e) S-
N(Am)-BSAC. 
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a 

The prominent broad peak at 2θ value of 23° and a faint broad hump peak at 
43.1° corresponded to the reflection planes (0 0 2) and (1 0 0) respectively, 
suggesting the presence of a hexagonal and disordered structure and coherent, 
parallel stacked graphene-like sheets in both BSAC and modified-BSAC [28]. This 
finding indicates a similarity to the graphitic hexagonal structure commonly found 
carbon-based materials, as confirmed by the JCPDS 00-056-0159. The graph (Figure 
4.1) shows the amorphous nature of the adsorbents as a significant portion of the 
materials constitutes a carbon base. The pyrolysis at 600 °C and modification of BSAC 
did not create the crystal structure.  
 

4.1.2 Surface area analysis 
The surface area of both bare and modified activated carbon was determined 

using nitrogen adsorption-desorption. The data obtained from the adsorption-
desorption isotherm were utilized to calculate the specific surface area (SSA) by BET 
method (SBET), as well as to determine the mean pore diameter of materials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Adsorption isotherm of a) BSAC.  
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Figure 4.3 Adsorption isotherm of b) BSAC-COOH  c) S-N(am)-BSAC. 
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Figure 4. 4 Asorption isotherm of d) S-BSAC e) IT-BSAC. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 29 

Table 4.1 Surface area and pore diameter of the materials at 
 

 

 

 

 

 

 

 

 

 

BSAC (Figure 4. 2) and S-BSAC (Figure 4. 3 c) exhibited Type 1 (microporous) 
but still had some mesoporous due to the narrow hysteresis loop H1. The hysteresis 
loop occurred at P/P0>0.4. The absorbance of Type 1 isotherm increases rapidly at 
low relative pressure (0<P/P0<0.2) and steadily increases at moderate pressure 
before attaining a constant value at P/P0>0.95, revealing that the adsorbent has a 
micropore and mesopore. The surface area and mean pore diameter of BSAC and S-
BSAC are 517.61 m2/g, 234.03 m2/g, 1.94 nm, and 1.69 nm, respectively. BSAC-COOH 
and S-N(am)-BSAC displayed a Type 1 adsorption isotherm, characterized by an open 
loop, the loop that remains unclosed, even at low relative pressure (P/P0<0.1). This 
open loop could be attributed to the expansion of the adsorbent during the 
adsorption process or the presence of both physical and chemical adsorption 
mechanism to some extent [59]. Another possibility is that there may be limited 
development of micropore volume, or the pores are too small to accommodate the 
nitrogen molecules. Due to this phenomenon, it is suggested that the analysis may 
be conducted by using CO2 gas at 0 °C. The CO2 molecule is smaller than nitrogen, 
and the measurement temperature is high, so it will be a good way to accelerate 
diffusion. The surface area and mean pore diameter of BSAC-COOH and S-N(am)-
BSAC are 234.03 m2/g, 252.97 m2/g, 1.97 nm, and 2.02 nm, respectively. 

Modification using 2-imino-4-thiobiuret resulted in a large mean pore 
diameter. Nitrogen adsorption capacity IT-BSAC is less than 40 cm3.g-1, indicating that 

Materials 
Surface area 

(m2/g) 
Mean pore diameter 

(nm) 

Total  
pore volume 

(cm3/g) 
BSAC 517.61 1.94 0.25 
BSAC-COOH 234.03 1.97 0.12 
S-BSAC 453.74 1.69 0.19 
S-N-BSAC 252.97 2.02 0.13 
IT-BSAC 22.96 8.87 0.06 
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the amount of nitrogen adsorbed was reduced after oxidation and modification. The 
isotherm demonstrated as Type IV (mesoporous). 

 
4.1.3 Surface morphology by scanning electron microscopy (SEM) 

The SEM images reveal the surface morphology of all the adsorbents. SEM 
images of the adsorbents are shown in Figures 4. 5 - 4. 9.  

The morphology of BSAC and modified BSAC was rough, with broken edges 
arranged in a parallel-layered graphene-like sheet. The main composition of all 
materials is carbon, with a percentage of more than 70%, which confirms that the 
banana stem is rich in carbon content. The elemental mapping confirms that the 
BSAC only contains carbon and oxygen (Table 4.2). The nature of this material is 
highly hydrophobic compared to the other materials because the composition of 
carbon is more than 90%. The particle size distribution ranged from 30 – 70 microns, 
as the banana stem was sieved in 200 mesh sieves while activated carbon was 
prepared. The surface porosity was enhanced upon pyrolysis because of the volatile 
matter released. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C O 

Figure 4. 5 SEM image and the elemental mapping of BSAC. 

O C 

Figure 4. 6 SEM image and the elemental mapping of BSAC-COOH. 
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The roughness was increased when the modification occurred, and the 

wrinkled surface was observed due to the exfoliation and etching on the surface of 

C 

S N 

O 

Figure 4. 7 SEM image and elemental mapping of S-BSAC. 

C 

S O 

Figure 4. 8 SEM image and elemental analysis of IT-BSAC. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 32 

BSAC in the presence of nitric acid as a strong oxidizer (Figure 4. 6), promoting more 
oxygen groups attached to the surface of activated carbon. The nitrogen-functional 
group was introduced (Table 4.2) onto the activated carbon surface when ammonia 
gas and 2-imino-4-thiobiuret. After further modification with 2-imino-4-thiobiuret 
(Figure 4. 8) and ammonia gas (Figure 4. 9), the wrinkled surface of the activated 
carbon was observed due to the grafting of 2-imino-4-thiobiuret ligand into the 
surface and edges of BSAC and the presence of nitrogen from the ammonia gas on 
the surface of activated carbon. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 4.2 Elemental analysis of BSAC and modified BSAC 

Materials 
Elemental analysis (Wt%) 

C O N S 
BSAC 90.38 9.62 - - 
BSAC-COOH 74.87 25.13 - - 
S-BSAC 73.21 23.66 - 3.13 
S-N-BSAC 82.66 12.72 2.71 1.88 
IT-BSAC 70.79 26.14 1.46 1.61 

C 

S N 

O 

Figure 4. 9 SEM image and elemental mapping of S-N(am)-BSAC. 
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4.1.4 FTIR 
FT-IR determined the qualitative characteristic of surface functional groups of 

BSAC and modified BSAC. The features of BSAC are displayed in Figure 4. 10. The FTIR 
spectra showed a weak band between 3400 – 3200 cm-1 for the O-H bond stretching. 
A signal at 1583 cm-1 corresponds to C=C in the aromatic ring [60]. After the oxidation 
by nitric acid, there is a significant increase in the intensity of the bands at 3400 – 
3200 cm-1 and 1724 cm-1, indicating that more carboxylic groups have been created 
on the surface of BSAC. 1610 cm-1 corresponds to C-O stretching vibrations of 
carboxylic groups, ketones, aldehydes, or lactones observed [61].  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 4. 10 FT-IR spectra of a) BSAC, b) BSAC-COOH. 
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Figure 4. 11 FT-IR spectra of a) S-N-BSAC, b) S-BSAC, c) IT-BSAC. 
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The surface modification of BSAC into S-N(Am)-BSAC by flowing ammonia gas 
does not significantly change the surface of activated carbon. The amount of oxygen-
containing groups such as hydroxyl reduced as the sample was carbonized for 
second time at 600 °C for 60 min. The nitrogen was introduced but hardly seen from 
the FTIR spectra; it could be overlapped with the O-H stretching at wavenumber 
3200 cm-1. 
 Sulfur-containing groups were introduced onto the surface of activated 
carbon by impregnation. Prior to the calcination, the sample was dehydrated by 
using sulfuric acid. The FTIR spectra showed a new peak at 1400 cm-1 corresponding 
to S=O stretching of sulfoxide, an adsorption peak at 3146 cm-1 corresponding to O-H 
stretching of the hydroxyl group. Stretching vibrations in alkyl C-H groups can be seen 
in the adsorption bands 2980 cm-1.  

The functionalization with 2-imino-4-thiobiuret created new bands at 3175 
cm-1 and 3338 cm-1 in the BSAC-IT spectra. Those peaks are attributed to the C-N 
stretching vibration of the amide group and the N-H stretching vibration of the NH2 

[62]. Bands at 1089 and 1256 cm-1 are characteristic of -C=S vibrations [63].  
 

4.2 Adsorption study 

4.2.1 Study the adsorption of lead(II) at 100 mg/L of Pb2+ solution 
By batch operation, the adsorbents were studied for removing lead(II) ions in 

25 mL Pb(II) solutions at room temperature. The pH of the solution was adjusted to 
6. 

To test the adsorption capacity of each batch. 20 mg of each material were 
introduced to 100 mg/L Pb(II) solution for 90 min. The removal efficiency and 
adsorption capacity of all materials are presented in Table 4.3. 
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Table 4. 3  Adsorption efficiency and adsorption capacity of BSAC 
and modified BSAC at 100 mg/L 

Materials 
% Removal 

(%) 
Adsorption capacity 

(mg/g) 
BSAC 23.52 29.40 
BSAC-COOH 39.95 49.94 
S-BSAC 99.82 124.78 
IT-BSAC 36.03 45.04 
S-N(Am)-BSAC 69.82 87.28 

 

 

 

 

Figure 4. 12 The removal efficiency of a) BSAC, b) BSAC-COOH, c) S-BSAC 

                           d) IT-BSAC and e) S-N(Am)-BSAC 
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This study showed that the only sorbent that worked well at the high 
concentration was S-BSAC, and it indicated that the S-BSAC performed as a promising 
sorbent for lead(II) ions removal from solutions. For BSAC, as mentioned above, 
ascribed to the high carbon content and the small number of oxygen-containing 
groups, this material became hydrophobic, resulting in low adsorption efficiency and 
capacity. Hydrophobicity caused this material could not be dispersed well in water, 
so the chance to bind by physical or chemical interaction to Pb2+ was limited.  

Adsorption efficiency and adsorption of BSAC-COOH increased slightly 
because the oxidation introduced some carboxyl groups to the surface of BSAC, 
given the higher number of carboxylic on the surface of BSAC-COOH. However, 
oxidation caused the micropores were broken and collapse due to the harsh 
condition, as nitric acid is a strong oxidation agent and led to a low surface area, 
affecting the efficiency and adsorption capacity. The electrostatic interaction seems 
to be between Pb2+ and oxygen-containing groups. The modification with 2-imino-4-
thiobiret, caused the destruction even more significant to the pores. The pores 
became mesopores with a diameter of 8 nm. This sorbent showed great adsorption 
efficiency at low concentrations but became less effective at high concentrations 
due to less micropores and low surface area.  
 S-BSAC and N-BSAC performed well at high concentrations due to nitrogen 
and sulfur. S-BSAC is the best material in this work. It’s main characteristics are high 
surface area (453.74 m2/g), rich in micropores and sulfur-containing groups (including 
thiophene, sulfone and sulfide, caused by the pyrolysis). On batch operation, it 
showed the adsorption capacity reached 124.78. The presence of sulfur-containing 
groups contributes in removing Pb2+, and the chelating and electrostatic interaction is 
the primary interaction in this work.  

From all the results mentioned above, later in this work, the subsequent 
stages of this study focused on using S-BSAC to investigate the effects of initial 
concentration, adsorbent dosage, time, and pH. Furthermore, the influence of 
interfering cations in Pb(II) solutions and the reusability of S-BSAC were also 
examined. 
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4.2.2 Effect of initial concentration 
The initial concentration of lead solution was tested at various initial 

concentration of Pb2+ ranging from 10, 25, 50, 100, 150, 200, and 250 mg/L.  The 
experiments were conducted at room temperature and at pH 6. 

 

Figure 4. 13 Effect of initial concentration on % removal efficiency of S-BSAC. 
 

 

 

Figure 4. 14 Effect of initial concentration on adsorption capacity of S-BSAC. 
 

0

20

40

60

80

100

120

0 50 100 150 200 250 300

%
 R

e
m

o
v
a

l 
(%

)

Initial concentration (mg/L)

0

20

40

60

80

100

120

140

0 50 100 150 200 250 300

A
d

s
o

rp
ti

o
n

 c
a

p
a

c
it

y
 (

m
g

/g
)

Initial concentration (mg/L)



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 39 

Figures 4. 13 and 4. 14 demonstrated the high adsorption capacity and 
efficiency of BSAC. The removal efficiency of S-BSAC remained, reaching 99.8%, for 
initial concentration ranging from 10 – 100 mg/L, about 99.8%, but decreased as the 
initial concentration rose due to the saturation of sulfur-containing groups' binding 
sites in the adsorbent. 
 

4.2.3 Adsorption isotherms 
The lead(II) adsorption data was used to study the sorption isotherms of the 

sorbent material. The adsorption behavior of the S-BSAC is investigated on the 
adsorption capacity at different initial concentrations using the Langmuir isotherm 
model and the Freundlich isotherm model. The Langmuir isotherm model was based 
on the assumption of the monolayer adsorption mechanism and homogenous 
chemisorption on the adsorbent surface. In contrast, the Freundlich isotherm model 
relates to the assumption of the irregular multilayer adsorption on the adsorbent 
surface. The adsorption isotherms were studied at the initial Pb(II) concentration of 
100 – 250 mg/L, pH 5, adsorbent dosage 0.02 g, Pb(II) solution 25 mL, and contact 
time 90 min.  

 
Langmuir isotherm model: 

   
𝐶𝑒

𝑞𝑒 
=  

1

𝑞𝑚𝐾𝐿

+ 
1

𝑞𝑚
𝐶𝑒              (4.1) 

Freundlich isotherm model: 

   𝑙𝑛𝑞𝑒 =  
1

𝑛
𝑙𝑛𝐶𝑒 + 𝑙𝑛𝐾𝑓           (4.2); 

 
where  
qe:  the adsorption capacity at equilibrium (mg/g),  
Ce: the equilibrium concentration (mg/L), 
qm:  the maximum adsorption capacity (mg/g), 
 K: the Langmuir isotherm constant  
Kf: the Freundlich isotherm constant  
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Figure 4. 15 The Langmuir isotherm for Pb(II) sorption using S-BSAC. 
 

 

Figure 4. 16 The Freundelich isotherm for Pb(II) sorption using S-BSAC. 
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Adsorption isotherm Pb2+ S-BSAC was suitable to be described by the 
Langmuir isotherm model, as the correlation coefficients value of the Langmuir 
isotherm of S-BSAC (R2>0.99) is better than the correlation coefficient value of the 
Freundelich isotherm (R2>0.034) as depicted in Figures 4.15 and 4. 16. The maximum 
capacity of lead(II) sorption by S-BSAC was determined to be 126.85 mg/g, which 
closely aligned  with the maximum observed adsorption capacity in the experiment.  
 

4.2.4 Effect of contact time  
The effect of contact time at various time intervals (5 to 150 min) of S-BSAC 

(0.8 g/L) for lead removal with a concentration of 100 mg/L at pH 6 is presented in 
Figures 4. 17 and 4. 18.  
 

 

Figure 4. 17 Effect of contact time on lead(II) ion removal efficiency of S-BSAC. 
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Figure 4. 18 Effect of contact time on lead(II) removal adsorption capacity of S-BSAC. 
 

The lead removal efficiency and adsorption capacity exhibited an increasing 
trend over time until the equilibrium was achieved between the absorbed lead on S-
BSAC and the remaining solution within 90 min. The aforementioned figures illustrate 
that the lead adsorption gradually increases from 5 min to 60 min and then reaches 
the plateau towards at the end of the experiment. This suggests that the adsorption 
process is initially fast, then gradually slow down and is constant after the optimum 
period at 90 minutes. The reason is the availability of the active sites at the initial 
period time. Once the active sites become saturated, equilibrium was reached at the 
90 min mark, as the active sites became saturated. The removal efficiency at 
equilibrium was 99.82%, and the adsorption capacity reached 124.78 mg/g. 
 

4.2.5 Adsorption kinetics 
Understanding the adsorption kinetics is crucial for assessing the adsorbent's 

performance, as it provides insights into the underlying chemical (reaction) and 
physical interaction. Adsorption kinetic is used to elucidate the mechanisms and 
reaction rate of the adsorption process. The relationship between the amount of  
adsorption and contact time is exhibited in Figure 4. 19. The fast rate of adsorption 
could be observed in the first 30 minutes, and after that, it became slower. It can be 

0

20

40

60

80

100

120

140

0 20 40 60 80 100 120 140 160

A
d

s
o

rp
ti

o
n

 c
a

p
a

c
it

y
 (

m
g

/g
)

Contact time (min)



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 43 

understood that the remaining adsorption site is decreased caused by the 
occupation of lead(II) ions. The equilibrium was achieved within 90 minutes. Two 
kinetic models were employed to study the adsorption process: the non-linear 
pseudo-first-order kinetic model and the non-linear pseudo-second-order kinetic 
model. Non-linier models are generally preferred as they maintained error 
distribution characteristics, unlike linear techniques. These models are expressed in 
equations (4.3) and (4.4), respectively: 
 

   𝒒𝒕 = 𝒒𝒆(𝟏 − 𝒆−𝒌𝟏𝒕)            (4.3) 
 

     𝒒𝒕 =
𝒌𝟐𝒒𝒆

𝟐𝒕

𝟏+𝒌𝟐𝒕𝒒𝒆
                 (4.4); 

 

 

where : 
qt: is the adsorption capacity (mg/g) at time t 
qe: is the adsorption capacity (mg/g) at the equilibrium 
  t: is the contact time (min) 
 k1: is the first order rate constant (min-1) 
 k2: is the second order rate constant (g/mg min).  
 

Non-linear plots of qt versus t and the results of kinetic adsorption are 
presented in Figure 4. 19 and in Table 4.4 respectively. 
 

Table 4.4 The kinetic adsorption parameters 
Pseudo-first-order model Pseudo-second order model 

k1 qe R2 k2 qe R2 
0.1052 122.19 0.79 0.0013 130.97 0.91 
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Figure 4. 19 Adsorption kinetic data of lead (II) ions. 
 

Figure 4. 19 shows the adsorption kinetic of both pseudo-first-order and 
pseudo-second-order. By plotting the graph, the parameters such as k1, k2, qe, and R2 
could be obtained. The linear coefficient of the pseudo-second-order (R2=0.99) was 
higher than the pseudo-first-order kinetic model (R2=0.79). It indicated that the 
adsorption of lead(II) ions depends on the concentration of two molecules, which 
are Pb2+ and active sites of S-BSAC. The qe from this model is 130.97 mg/g, close to 
the qe of experimental data, which is 124.78 mg/g. 
 

4.2.6 Effect of pH 
pH is an important parameter when studying the adsorption. This work 

conducted experiments using 20 mg S-BSAC in 25 mL of 100 mg/L  of lead solution. 
The pH range in 3-6, and the experiments were performed at room temperature for 
90 min. The results are shown in Figures 4. 20 and 4. 21.  
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Figure 4. 20 Effect of pH on lead(II) ion removal efficiency of S-BSAC. 
 

 

Figure 4. 21 Effect of pH on lead(II) ion adsorption capacity of S-BSAC. 
 

Figures 4. 20, and 4. 21 show that the removal efficiency and adsorption 
capacity of S-BSAC increase with the increase in pH. At low pH, protons in acid 
solution (H+) can protonate binding sites of the chelating molecules. The surface of 
S-BSAC, rich in sulfur-containing groups, was in the protonated form of the 
corresponding functional groups. In other words, the number of positively charged 
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sites increased due to the protonation in an acidic environment. Thus, the lead(II) 
ions have to compete with protons (H+) to enter the sorbents' active site at low pH. 
The small size of the H+ ion makes it a strong competitor for this adsorption. As the 
pH increased, the solution became more basic, and sulfur-containing groups on the 
surface of S-BSAC were deprotonated and became more negatively charged, so the 
less number of competing protons for lead(II) ions adsorption on the active sites. 
With the increase of pH solution from 3 to 6, the adsorption capacity increased from 
75.21 mg/g to 124.78 mg/g, and the removal efficiency increased from 60% to 
99.82%. The highest adsorption capacity and removal efficiency were achieved at pH 
6. If the pH is higher than 6, the result is unreliable due to the precipitation of lead(II) 
as Pb(OH)2.  
 
4.2.7 Effect of adsorbent dosage 

The adsorption efficiency of lead(II) ions with different adsorbent dosages was 
investigated. From Figure 4. 22, the removal rate of Pb2+ increased significantly as the 
dosage increased. When the dosage increased from 0.2 g/L to 0.8 g/L, the removal 
efficiency increased from 20% to 99.78%. This result may be ascribed to increased 
adsorption sites for lead(II) ions with increasing adsorbent dosage. When the dosage is 
greater than 1 g/L, the removal efficiency is limited, indicating that the adsorption 
dosage had a greater impact on removing lead(II) ions. The opposite situation occurs 
in the amount of metal ions adsorbed per weight unit of the adsorbents (Figure 4. 
22), which could result from less contact between metal ions and per unit mass of 
the adsorbent. That is, more unoccupied active sites would no longer contribute to 
the adsorption process. Thus in this work, we select the optimum dosage of S-BSAC 
to be 0.8 g/L for the subsequent removal process. 
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Figure 4. 22 Effect of adsorbent dosage on lead(II) ion removal efficiency and 
adsorption capacity of S-BSAC. 

 
 

4.2.8 Effect of co-existing cations 
The influence of interfering cations on the selectivity of the adsorbent was 

investigated by introducing three metal ions (Mg2+, Cu2+, and Zn2+) into the lead 
solutions. The impact of co-existing cations on the adsorption of Pb2+ ions was 
examined in 25 mL solutions containing 100 mg/L of mixed metal ions. As illustrated 
in Figure 4.23, the reduction in the quantity of Pb2+ ions in the presence of co-
existing ions was comparatively lower than the decrease observed in the absence of 
co-existing ions (achieving a removal efficiency of 99.8%) within the solution. Both 
Mg2+ and Cu2+ are classified as hard and soft acids, and when these ions were mixed 
with the Pb2+ solution, the adsorption of lead(II) was high. This can be attributed to 
the relatively smaller number of hard and soft bases available on the surface of the 
activated carbon, which could bind with these acids. Another possible interaction 
mechanism was physical interaction through the pores of the activated carbon. On 
the other hand, Zn2+ and Pb2+ are categorized as borderline acids, leading to 

0

50

100

150

200

250

0

20

40

60

80

100

120

0 0.2 0.4 0.6 0.8 1 1.2 1.4

A
d

s
o

rp
ti

o
n

 c
a

p
a

c
it

y
 (

m
g

/g
)

%
 R

e
m

o
v
a

l 
(%

)

Adsorbent dosage (g/L)

% Removal

Adsorption capacity



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 48 

competition for binding with the sulfur-containing groups (thiophene, sulfone and 
sulfide) present in the solution. 

Consequently, the adsorption capacity for lead(II) ions significantly decreased 
when mixed with zinc(II) ions. However, the results still indicated that S-BSAC 
exhibited favorable selectivity for Pb2+ ions even in the presence of co-existing ions. 
Generally, the competitive adsorption ability varies among metal ions, potentially 
influenced by factors such as ion charges, molecular mass, and hydrated ionic radius. 
The co-existing cations compete with Pb2+ ions for active sites containing sulfur and 
oxygen-containing groups. Consequently, the number of active sites on the 
adsorbent's surface available for the adsorption of Pb2+ ions in the solution is 
reduced.  

 
 

 

Figure 4. 23 Selective adsorption of Pb(II) on S-BSAC. 
 

4.2.9 Reusability of S-BSAC 
Assessing the practical application potential of prepared adsorbents relies 

heavily on their reusability. To evaluate this factor, regenerative experiments were 
conducted using 1 M HCl as an eluting agent. The adsorption capacities of S-BSAC for 
Pb2+ were observed to remain above 85% even after three consecutive cycles of 
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adsorption and desorption, as depicted in Figure 4.24. This can be attributed to the 
strong affinity between S-BSAC and Pb2+, which is likely due to the robust bonding 
ability between the metal ions and the sulfur-containing groups present on the 
surface of S-BSAC. Although HCl failed to completely desorb Pb2+ from the active 
sites on S-BSAC, the outcomes of the regeneration experiments indicate that S-BSAC 
can be repeatedly utilized as an effective adsorbent for practical wastewater 
treatment.  
 

 

Figure 4. 24 Reusability study of S-BSAC in 3 cycles. 
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CHAPTER 5 
CONCLUSION 

 

S-BSAC was prepared by one-step impregnation and pyrolysis of banana stem 
with sulfuric acid. The characterization of the material was done using  XRD, SEM, 
surface area analyzer, and FTIR, confirming that the material was successfully 
prepared. The SBET of the S-BSAC was 453.74 m2/g. The sulfur-containing groups 
attached to the surface of BSAC were based on the qualitative analysis using FTIR. 
The size of particles of S-BSAC were ranged from 70 - 100 µm, as the banana stem 
was sieved in a 200 mesh sieve. 

Adsorption studies of S-BSAC were investigated towards Pb2+ in water. The 
behaviour of lead(II) removal mechanism predominantly through the chemical 
interaction, which is chelating of thiophene (C-S and Pb(II), electrostatic interaction of 
sulfonate and sulfide and Pb (II), and this result agreed with the Langmuir isotherm 
and pseudo-second-order.  

 
Table 5. 1 The adsorption behaviour of S-BSAC and optimal conditions for the 

removal of Pb2+ 
Parameters Adsorption behaviours 

Initial concentration to reach adsorption 
equilibrium (mg/L) 

100 

Adsorption isotherm Langmuir isotherm 
Time to reach adsorption equilibrium  90 min 
Solution pH 6 
Maximum adsorption capacity (mg/g) 126.85 
 

 

This material's maximum adsorption capacity is lower than some reported results, as 
mentioned in the literature reviews session. This result could be happening due to 
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the biomass used as the source of carbon material affecting the surface area, which 
is quite low compared to other carbon sources.  
 
 

Suggestions for further research  

• Find the suitable condition to modify the BSAC. 

• Optimize the preparation of activated carbon with some activating agents, the 
effect of time and temperature of pyrolysis. 

• Investigate the effect of different eluent on the reusability of the S-BSAC for 
lead(II) removal. 
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