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Due to untreated wastewater disposal from a growing population and industry, 

biological and chemical pollutants have accumulated in the environment. Benzene, 

toluene, and xylene (BTX) are among the most common pollutants in industrial 

wastewater.  Due to their toxic and carcinogenic nature, BTX-containing industrial 

wastewater requires proper treatment prior to discharge to open water. The low 

adsorption capacity and low recyclability of the current sorbents have motivated the 

search for more efficient sorbent for BTX removal. In this study, polydimethylsiloxane 

(PDMS) foam was prepared and used to remove BTX from water. A facile and green 

synthesis was developed for the preparation of PDMS foam. Using the gas foaming 

method, PDMS was polymerized with the addition of NaHCO3 as a blowing agent and 

acetic acid as the catalyst. The prepared PDMS foams were characterised by their 

density, morphology (FESEM), hydrophobicity (water contact angle), and mechanical 

properties. By changing the NaHCO3: acetic acid ratios and the curing temperature, 

foams with varying properties were obtained. The PDMS foam produced at a 1: 2 
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NaHCO3: acetic acid ratio and cured at 100°C (1:2(100) foam) has the highest 

hydrophobicity of all the PDMS foams. All PDMS foams can be compressed to a 

maximum strain of 95% and retained their original size, showing excellent mechanical 

properties.  With increasing curing temperatures, the porosity of the foams increases 

while their density, elastic modulus, and compressive strength decrease. However, the 

PDMS characteristics does not depend on the NaHCO3: acetic acid ratio, as no clear 

trend in feature change is observed with the changing of the NaHCO3: acetic acid ratio. 

The potential of the synthesised PDMS foams as sorbents to remove BTX from water 

was evaluated.  The absorption of BTX by PDMS foams was studied at high BTX 

concentrations (higher than the solubility of BTX compounds in water). In contrast, 

the adsorption study was applied to remove low- concentration BTX when these 

organic compounds are dissolved in water. In the absorption method, the 1:2(100) 

PDMS foam exhibited the highest absorption capacity with 7.5 g/g, with 95% uptake 

occurring within the first minute, attributed to its higher hydrophobicity and medium 

porosity. The absorption capacity of PDMS foam followed the order: X>T>B. The 

PDMS foam retained its high absorption capacity for B, T, and X even after 10 

absorption-desorption cycles, indicating its excellent stability and reusability. For the 

adsorption study, batch experiments were carried out for B, T, and X uptake from 

aqueous solution onto PDMS foam in mono-component systems at varied operating 

conditions. 1:2(100) PDMS foam was found to have the highest adsorption capacity 

with 4.2 mg/g at 50 mg/L of benzene concentration. BTX adsorption also increased 

with increasing concentration. The adsorption data were well-fitted with Freundlich 

isotherms and a pseudo-second-order kinetic model. The adsorption capacity of 

PDMS foam followed the order X>T>B. Based on experimental findings, PDMS foam 

is a promising sorbent with high stability and reusability for BTX removal from water. 
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Oleh kerana pembuangan air sisa yang tidak dirawat daripada populasi manusia dan 

industri yang semakin meningkat, bahan pencemar biologi dan kimia telah terkumpul 

di alam sekitar. Benzena, toluena, dan xilena (BTX) adalah antara bahan pencemar 

yang paling biasa dalam air sisa industri. Disebabkan sifat toksik dan karsinogeniknya, 

air sisa industri yang mengandungi BTX memerlukan rawatan yang betul sebelum 

dibuang ke air terbuka. Kapasiti penjerapan dan kebolehkitar semula yang rendah bagi 

sorben semasa telah mendorong pencarian sorben yang lebih cekap untuk 

penyingkiran BTX Dalam kajian ini, busa polidimetilsiloksana (PDMS) telah 

disediakan dan digunakan untuk menyingkirkan BTX daripada air. Sintesis yang 

ringkas dan mesra alam telah digunakan untuk penyediaan busa PDMS. Menggunakan 

kaedah pembusaan gas, PDMS telah dipolimerkan dengan penambahan NaHCO3 

sebagai agen perongga dan asid asetik sebagai pemangkin.  Busa PDMS yang 

disediakan telah dicirikan dengan ketumpatan, morfologi (FESEM), 

keterhidrofobiikan (sudut sentuhan air), dan sifat mekanikal. Dengan mengubah 
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nisbah NaHCO3: asid asetik dan suhu rawatan , busa dengan sifat yang berbeza-beza 

telah diperolehi. Busa PDMS yang dihasilkan pada nisbah 1:2 NaHCO3: asid asetik 

dan dirawat pada 100°C (busa 1:2(100)) mempunyai keterhidrofobikan tertinggi antara 

semua busa PDMS. Semua busa PDMS boleh dimampatkan kepada kemampatan 

maksimum 95% dan mengekalkan saiz asalnya, menunjukkan sifat mekanikal yang 

sangat baik. Dengan peningkatan suhu rawatan, liang rongga meningkat manakala 

ketumpatan, modulus keanjalan, dan kekuatan mampatannya berkurangan. Walau 

bagaimanapun, ciri PDMS tidak bergantung pada nisbah NaHCO3: asid asetik, kerana 

tiada trend yang jelas dalam perubahan ciri diperhatikan dengan perubahan nisbah 

NaHCO3: asid asetik. Potensi busa PDMS yang disintesis sebagai penyerap untuk 

menyingkirkan BTX daripada air telah dikaji. Penyerapan BTX oleh busa PDMS 

dikaji pada kepekatan BTX yang tinggi (lebih tinggi daripada keterlarutan sebatian 

BTX dalam air). Sebaliknya, kajian penjerapan digunakan untuk menyingkirkan BTX 

berkepekatan rendah di mana sebatian organik ini dilarutkan dalam air. Dalam kaedah 

penyerapan, busa PDMS 1:2(100) menunjukkan kapasiti penyerapan tertinggi dengan 

nilai 7.5 g/g, dengan 95% penyerapan berlaku dalam minit pertama, yang dikaitkan 

dengan keterhidrofobikan dan liang rongga sederhana yang lebih tinggi. Kapasiti 

penyerapan busa PDMS mengikut susunan: X>T>B. Busa PDMS mengekalkan 

kapasiti penyerapan yang tinggi untuk B, T, dan X walaupun selepas 10 kitaran 

penyerapan-penyahserapan, menunjukkan kestabilan dan kebolehgunaan semula yang 

sangat baik. Untuk kajian penjerapan, eksperimen secara kelompok telah dijalankan 

untuk penyingkiran B, T, dan X daripada larutan bercampur air menggunakan busa 

PDMS dalam sistem monokomponen pada keadaan operasi yang berbeza-beza. Busa 

1:2(100) PDMS didapati mempunyai kapasiti penjerapan tertinggi dengan 4.2 mg/g 

pada 50 mg/L kepekatan benzena.  Penjerapan BTX juga meningkat apabila kepekatan 
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meningkat. Data penjerapan menunjukkan kesesuaian yang baik dengan isoterma 

Freundlich dan model kinetik tertib pseudo kedua. Kapasiti penjerapan busa PDMS 

mengikut urutan X>T>B. Berdasarkan penemuan eksperimen, busa PDMS adalah 

penyerap yang menjanjikan kestabilan dan kebolehgunaan semula yang tinggi untuk 

penyingkiran BTX daripada air. 

 

Kata kunci: Busa PDMS, Isoterma Jerapan, Kinetik Jerapan, Penyingkiran BTX 
Proses Pembusaan Gas. 
 
SDG: MATLAMAT  6: Kebersihan Air dan Sanitasi, MATLAMAT 14: Kehidupan 
di dalam Air 
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CHAPTER 1 

 

1 INTRODUCTION 

 

1.1 Research Background 

 

Fresh water is vital for the survival of both humans and wildlife on the planet. 

However,  sea water constitutes about 97.5% of the total water resources on Earth, and 

human beings are still confronted by a significant freshwater shortage. The availability 

of safe drinking water is critical to living a healthier life. As a result of the rapidly 

growing population and industrial activity, biological and chemical pollutants have 

accumulated in the environment due to the disposal of untreated wastewater (Sajid et 

al., 2018; Wang et al., 2020a). Industries such as plastics, resins, detergents, paints, 

inks, adhesives, and the pharmaceutical industry are significant contributors that 

enhance the concentration of contaminants present in wastewater. The disposable 

wastes of these industries contain volatile organic compounds such as benzene, 

toluene, and xylene (BTX), as they are used as starting compounds. (Fayemiwo et al., 

2017; Tursi et al., 2020). BTX has harmful effects on human health, even at low 

concentrations, due to its highly toxic and carcinogenic properties. Moreover, 

exposure to BTX can lead to irritation of the skin, eyes, and mucous membranes, fatal 

nervous system deficiencies, and leukemia (Kuppusamy et al., 2020; Tursi et al., 

2020). Thus, removing such harmful pollutants from wastewater is a critical global 

concern. 
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The two main types of techniques applied to control BTX are destruction and recovery. 

Catalytic and thermal oxidation and biodegradation are examples of destruction 

techniques, while absorption, adsorption, and membrane separation are examples of 

recovery techniques (Lima et al., 2017; Nourmoradi et al., 2012). The sorption process 

(absorption and adsorption) is proven to be a technically and economically efficient 

method for organic compound removal from water. Different sorbents, such as 

commercial organoclay (Lima et al., 2017), activated sludge (Ramteke & Gogate, 

2016), activated carbon (Saha et al., 2018), and periodic mesoporous organosilica 

(Moura et al., 2011), have been used for BTX removal from water. However, there are 

some difficulties in using these sorbents, such as complex preparation, low working 

capacity, and low recyclability. Moreover, removing sorbents from the solution 

requires pre-treatment processes such as filtration or centrifugation, which limits large-

scale application. In addition, some of these sorbents produce toxic by-product that 

cause secondary contamination. Therefore, there is a strict need to develop low-cost, 

non-toxic, and eco-friendly materials.  

 

Porous polymeric materials such as polydimethylsiloxane (PDMS) have recently 

attracted significant attention due to their excellent characteristics. PDMS foam has 

many applications in different fields because of its hydrophobicity, simple fabrication, 

low cost, remarkable reusability, large surface area, high flexibility, elasticity, and 

thermal stability. Some of its applications involve sensors, microfluidics, adsorbents, 

absorbents, and oil/water separation (Michel et al., 2019; Zhao et al., 2014; Zhu et al., 

2017). 
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Many approaches have been applied to prepare PDMS foams, such as porogen 

leaching (the template method), emulsion templating, and gas foaming. In the porogen 

leaching method, a porogen like salt, sugar cubes, ZnO powders, Ni foam, or polymer 

particles is added to the PDMS mixture before it cures. Once cured, the porogen is 

removed by leaching, leaving a porous structure behind (Choi et al., 2011; Jiang et al., 

2023; Sosnin et al., 2020; Turco et al., 2019; Vadalà et al., 2023; Wang et al., 2023a). 

Although porogen leaching methods have been utilised in numerous studies, they are 

time-consuming and cannot be used for large-scale synthesis.  

 

The emulsion templating method involves the formation of an emulsion of two 

immiscible liquids, where one liquid is a continuous phase and the other is a dispersed 

phase. After polymerization, the dispersed phase is removed, resulting in the formation 

of a porous structure. Typically, PDMS foams are produced from prepolymer-water 

emulsions. Several variables, including emulsifier type, polymerization circumstances, 

and processing parameters, have a substantial impact on the form and properties of the 

PDMS foams that result (Dong et al., 2022; Juchniewicz et al., 2007; Kovalenko et al., 

2016; Kwak et al., 2021; Timusk et al., 2022; Turco et al., 2017; Zhang et al., 2019). 

However, the emulsion method is also time-consuming and requires hazardous 

solvents, and the surfactants used in the emulsion method affect the foam's properties 

and need to be removed. 

 

In the gas foaming technique, a foaming agent is introduced into the processes to 

produce an inert gas that generates pores with various structures. The gas foaming 

technique can be physical or chemical (Chen et al., 2016; Tebboth et al., 2015; Wang 

et al., 2020a). The reported studies that used the gas foaming method to prepare the 
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PDMS foam were either combined with other methods or used additional harmful 

solvents, making it complicated and time-consuming. Pore structures and absorption 

capacity of PDMS foam can be controlled by using different diluent ratios due to their 

effect on generating gas in the gas foaming technique. 

 

In this work, the PDMS foam was prepared using a new, simple, effective, and time-

saving method. In this method, PDMS was polymerized with the addition of  NaHCO3 

as a blowing agent and acetic acid as the catalyst. This method is suitable for large-

scale production. A synthesised PDMS foam was tested as an absorbent and adsorbent 

to remove BTX from water. The sorption capacity of BTX was investigated. To the 

best of my knowledge, no previous attempts have been reported on the same method 

of preparation of the PDMS foams as a facile and green synthesis. 

 

1.2 Problem statement 

 

The rapid development in the petrochemical industries has led to water pollution with 

volatile organic compounds such as BTX components that are threatening humans and 

the environment. BTX is considered one of the most common contaminants present in 

surface and groundwater. Because of its severe hazardous and carcinogenic properties, 

BTX has negative impacts on human health, even at low concentrations. In addition, 

BTX exposure can cause skin, eye, and mucous membrane irritation, as well as 

catastrophic nervous system deficits and leukaemia. Therefore, BTX-containing 

industrial wastewater requires proper treatment prior to discharge to open water. 
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The sorption process is proven to be a technically and economically efficient method 

for organic compound removal from water. Different sorbents have been used for BTX 

removal, such as commercial organoclay, activated sludge, activated carbon, and 

periodic mesoporous organosilica. However, there are some difficulties in using these 

sorbents, such as complex preparation, low working capacity, and low recyclability. 

Recyclability of the sorbents and BTX recovery are significant factors because they 

permit a decrease in both the cost of waste-water remediation and uncontrolled toxic 

waste generation. Moreover, removing sorbents from the solution requires pre-

treatment processes such as filtration or centrifugation, which limits large-scale 

application. Hence, The low adsorption capacity and low recyclability of the current 

sorbents have motivated the search for more efficient sorbent for BTX removal 

 

PDMS foam as a porous polymeric material has many excellent properties, such as its 

hydrophobicity, simple fabrication, low cost, remarkable reusability, high flexibility, 

elasticity, and thermal stability. Different techniques have been used to fabricate 

PDMS foams, including porogen leaching, gaseous blowing agents, and emulsion 

techniques. However, the porogen leaching technique is time-consuming and requires 

hazardous solvents, while the surfactants used in the emulsion method affect the 

foam’s properties and need to be removed. Additionally, the reported studies that used 

the gas foaming method to prepare the PDMS foam were either combined with other 

methods or used additional harmful solvents, making it a complicated, time-

consuming, and non-eco-friendly method. Therefore, there is a strict need to develop 

non-toxic and eco-friendly materials using low-cost, simple, fast, and green synthesis 

methods.  
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1.3 Significance of the research 

 

There is tremendous stress on global environments and natural resources due to the 

growing population and rapid industrial development. The use of these resources must 

be efficient and economically viable in order to achieve sustainable development. The 

use of these resources must be efficient and economically viable in order to achieve 

sustainable development. Therefore, it is important to monitor and manage human 

activities in terms of potential environmental impacts and apply cost-effective and 

efficient remediation techniques. This study involves the use of PDMS foam to 

improve water quality by effectively removing BTX, which can be harmful to both 

human health and the environment, even at low concentrations. The foam is made from 

eco-friendly components, no toxic ingredients are used, and no waste materials result 

from the preparation process, which promotes green chemistry. The outstanding 

reusability of the PDMS foam makes it a practical and sustainable choice for clean-up 

tasks. Additionally, the foam has excellent selectivity, ensuring that it only absorbs the 

desired contaminants, leaving the surrounding water or environment relatively 

unaffected and helping in the recovery of spilled oils and organic compounds. The 

findings of this research will be useful in developing effective methods of water 

treatment instead of the conventional methods that require more effort to remove 

sorbent materials from the treated water, making them suitable for large-scale 

applications and easy to handle. The results can be used to optimise the foam synthesis 

process and tailor the material properties to meet the specific requirements of 

applications. Additionally, the sorption of BTX by PDMS foam can be applied both in 

situ and ex situ to achieve economical treatment efficiencies. 
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1.4 Research Goal and Objectives  

 

The main goal of this project is to fabricate an efficient PDMS foam, via green method, 

for removing BTX from water. These goals would be achieved through the following 

objectives:  

 
i. To determine the best formulation and reaction conditions for the preparation 

of the PDMS foam by gas foaming method. 

ii. To characterise PDMS foams and evaluate the effect of preparation conditions 
on the mechanical and physical properties of the PDMS foam. 

iii. To evaluate the absorption and reusability of PDMS foam for BTX absorption. 

iv. To evaluate the efficiency of PDMS foams to remove BTX from water by 
adsorption technique. 

 

1.5 Scope of the Study  

 

This research focused on the preparation and application of PDMS foam as a non-toxic 

and eco-friendly sorbent to remove BTX from water. Sorption is a general term that 

includes both absorption and adsorption. At low concentrations, the process of 

adsorption occurs, while at high concentrations (higher than the solubility of BTX 

compounds in water), the absorption process dominates. Both cases were studied for 

the removal of BTX from water by PDMS foam, depending on the conditions of the 

experiment. In the absorption experiment, the ability of PDMS foam to absorb pure 

BTX as well as absorb it from the water surface. In addition, the reusability of the 

PDMS foam for the absorption process of BTX would be studied. In the adsorption 

experiment, the effect of several operating parameters, such as preparation condition, 

initial BTX concentration, contact time, and sorbent dosage, on the BTX removal 
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efficiency of the PDMS foam would be investigated. Figure 1.1 schematically 

illustrates the main scope of this research. 

 

 

Figure 1.1: The main scope of the research work 

 

1.6 Novelty of the Research   

 

This work introduces a new method for the preparation of PDMS foam, which involves 

green materials and processes with minimal environmental impact. PDMS foam was 

prepared using sodium bicarbonate as the chemical blowing agent, and acetic acid 

acted as a catalyst. The gas foaming method is an established method to produce foam. Based 

on a literature search, there is limited work reported on the formation of PDMS foam by this 

method. HCl and HNO3 (strong acid) are the most commonly used catalysts for the gas 

foaming method. This is the first work to report the use of acetic acid, a weak acid, as a catalyst 

in the gas foaming method to produce PDMS foam. Acetic acid promotes the chemical 

decomposition of sodium bicarbonate to produce carbon dioxide gases that form the 
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foam structure. Using sodium bicarbonate and acetic acid can be considered more 

environmentally friendly than traditional methods using different types of hazardous 

solvents. These materials are non-toxic, eco-friendly, and can be easily removed from 

the foam after foaming, leaving no residues and reducing the environmental impact. 

This method is extremely facile, low cost, fast, and green. 
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