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ABSTRAK 

Hidrogen sulfida (H2S) (ak) adalah salah satu bahan pencemar yang paling toksik dalam 

air sisa dari kilang penapisan petroleum. Ia sangat berbahaya kepada kesihatan manusia 

dan menyebabkan masalah terhadap alam sekitar dan ekonomi. Penyingkiran H2S (ak) 

dari simulasi air sisa penapisan petroleum menggunakan karbon teraktif yang dihasilkan 

daripada produk sampingan pertanian seperti tempurung kelapa (CNS), cengkerang biji 

sawit (PKS), dan habuk kayu papan (WSD) telah dikaji. Karbon teraktif yang diperolehi 

daripada CNS, PKS, dan WSD diaktifkan secara kimia menggunakan KOH. Karbon 

teraktif (ACs) diubah suai dengan penghamilan kalsium (Ca) yang diekstrak daripada 

kulit telur untuk menghasilkan karbon teraktif (IACs) iaitu Ca-ACCNS, Ca-ACPKS dan 

Ca-ACWSD. Ciri-ciri AC dan IAC yang disediakan akan dianalisis menggunakan SEM 

/ EDX, FTIR, BET, TGA, XRD dan XPS. Kajian perbandingan antara enam penjerap 

untuk penyingkiran H2S (ak) daripada simulasi air sisa telah dijalankan. Kajian 

penjerapan menunjukkan bahawa karbon teraktif PKS berasaskan Ca (AC-ACPKS) 

menunjukkan prestasi terbaik untuk penyingkiran H2S (ak). Kajian pengoptimuman 

untuk keadaan penyediaan penjerap terpilih (Ca-ACPKS) telah disiasat menggunakan 

Kaedah Permukaan Tindak Balas (RSM). Keadaan penyediaan seperti suhu kalsinasi, 

kepekatan larutan kalsium, dan masa penyentuhan kalsin dioptimumkan. Keadaan 

penyediaan optimum Ca-ACPKS diperolehi pada suhu kalsinasi 880 °C, kepekatan 

larutan kalsium 49.31 V%, dan masa hubugan penyentuhan kalsinasi selama 57.5 min. 

Selain itu, faktor-faktor keadaan seperti kepekatan awal H2S (ak), masa penyentuhan 

jerapan, dos, larutan pH, dan kelajuan pengocakan pada mulanya ditapis menggunakan 

dua pendekatan tahap faktorial. Keputusan menunjukkan bahawa kesan kepekatan awal 

H2S (ak), masa penyentuhan jerapan dan dos adalah penting untuk penyingkiran H2S (ak). 

Tambahan pula, ketiga-tiga parameter keadaan ini disiasat menggunakan teknik reka 

bentuk composite pusat (CCD) melalui RSM dan keadaan optimum yang diperoleh bagi 

kepekatan awal H2S (ak) ialah 440 mg / L, masa penyentuhan jerapan sebanyak 585 min, 

dan 1.05 g Ca -ACPKS. Keadaan operasi yang optimum menghasilkan kecekapan 

penyingkiran sebanyak 99.5% dengan kepekatan pada keseimbangan (0.5-2.2 mg/L) yang 

berdekatan dengan piawaian Jabatan Alam Sekitar (JAS) B (0.5 mg/L) menggunakan air 

sisa sebenar. Kajian kinetik mengenai keadaan penjerapan Ca-ACPKS telah 

menunjukkan bahawa isotherm penjerapan Freundlich lebih sesuai dan proses penjerapan 

mengikuti model kinetik urutan Pseudo-kedua. Kapasiti penjerapan maksimum Ca-

ACPKS adalah 543.4 mg/g. Disimpulkan bahawa CaACPKS adalah penjerap yang 

berkesan untuk penyingkiran H2S (ak) dari air sisa simulasi. 
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ABSTARCT 

Hydrogen sulfide (H2S) (aq) is one of the most toxic pollutants in petroleum refinery 

waste water. It is very harmful to human health and causes environmental and economic 

problems. The removal of H2S (aq) from a simulated petroleum refinery waste water 

using activated carbons produced from agricultural by-product such as, coconut shell 

(CNS), palm kernel shell (PKS), and wood sawdust (WSD) were investigated. The 

activated carbons obtained from the CNS, PKS, and WSD were chemically activated 

using KOH. The activated carbons (ACs) were modified by impregnating with calcium 

(Ca) extracted from egg shells to produce impregnated activated carbons (IACs) namely 

Ca-ACCNS, Ca-ACPKS and Ca-ACWSD. The prepared ACs and IACs were 

characterized using SEM/EDX, FTIR, BET, TGA, XRD and XPS. Comparative studies 

between all the six adsorbents for the removal of H2S (aq) from the simulated waste water 

were carried out. The adsorption studies revealed that Ca-modified PKS-based activated 

carbon (Ca-ACPKS) has shown best performance for the removal of H2S (aq). An 

optimization studies for the preparation conditions of the selected adsorbent (Ca-ACPKS) 

was investigated using Response Surface Methodology (RSM) and the optimum 

preparation conditions were found to be calcination temperature of 880 °C, calcium 

solution concentration of 49.31 %v, and calcination time of 57.5 min with removal 

efficiency of 99.2% and yield of 33.8%. Moreover, operating factors such as initial 

concentration of H2S (aq), adsorption contact time, dosage, pH of solution, and agitation 

speed were initially screened using 2 level factorial approach and the resulted significant 

factors were initial concentration of H2S (aq), adsorption contact time, and dosage were 

significant on the removal of H2S (aq). Furthermore, the effect of these three operating 

parameters were investigated using the central composite design (CCD) techniques of 

RSM and the optimum conditions obtained were initial concentration of H2S of 440 mg/L, 

adsorption contact time of 585 min, and dosage of 1.05 g Ca-ACPKS. The optimum 

operating conditions resulted in a removal efficiency of 99.5% with equilibrium 

concentration (0.5-2.2 mg/L) which was close to Department of Environment (DOE) 

standard B (0.5 mg/L) using real waste water. The kinetic studies of the adsorption 

behaviour of Ca-ACPKS have shown that Freundlich adsorption isotherm was fitted well 

and the adsorption process followed Pseudo- second order kinetic model. The maximum 

adsorption capacity of Ca-ACPKS was 543.4 mg/g. It can be concluded that Ca-ACPKS 

has an effective adsorbent for the removal of H2S (aq) from simulated waste water. 
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CHAPTER 1 

 

 

INTRODUCTION 

1.1 Study Background 

The activities of downstream petroleum processing such as catalytic 

hydrocracking and refining of different crude-oil fractions often result in the discharges 

of huge amount of toxic and inorganic compounds of nitrogen and sulfide (in the form of 

ammonia (NH3) and hydrogen sulfide (H2S), respectively) into water bodies. In a 

petroleum refinery process, waste water (sour water) is generated during the start-

up/cooling process. Purged water can be generated as well from hydro-desulphurization 

units (HDS), Liquefied Petroleum Gases (LPG), Fluidized Catalytic Crackers (FCC), and 

hydrocrackers units. In addition, Natural Gas (NG) and Liquefied Petroleum Gas (LPG) 

refining plants generate spent caustics containing high levels of sulfide compounds (El-

Naas et al., 2009; Coelho et al., 2006). The refinery sulfidic spent caustic (RSC) is 

generated during the absorption process of sulfide compounds such as thiols and 

hydrogen sulfide (H2S) in caustic scrubber (Hariz et al., 2013). 

Moreover, H2S is formed naturally in many gas wells due to the desulfurization 

of petroleum stocks where the sulfur compounds are reduced to H2S (aq) through refining 

process such as distillation, wash system, water from knockouts and amine systems 

(Zaman and Chakma, 1995;Reverberi et al., 2016). There are three forms of H2S in waste 

water, namely sulfide ions (S2-), hydrosulfide ions (HS-) and hydrogen sulfide (H2S (aq)) 

(Kalapala, 2014; Jacukowicz et al., 2015; Edathil et al., 2017). H2S (aq) is one of the most 

toxic pollutants which causes environmental and economic damages (Vollertsen et al., 

2008; Xu et al., 2017). The odour threshold for human has been reported to be 0.13 ppm 

and it is very harmful to health at concentrations greater than 13 ppm (Boumnijel et al., 

2016). Health issues such as respiratory problems that lead to difficulties in breathing are 

some of the effects of untreated H2S (aq)-contaminated waste water. H2S (aq) test can be 
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detected in water with concentration as low as 0.05 mg/L. The acceptable limit in waste 

water is 0.5 mg/L as recommended by Department of Environment (DOE), Malaysia, 

standard (A). Besides, process facilities are easily corroded due to the presence of 

dissolved H2S (aq) in process water found in petroleum refinery. In addition, poisonings 

of many catalysts occur even at low H2S (aq) concentration because of sulfur is present 

during the shift reaction, it attacks the catalyst surface and gets oxidized, thereby 

poisoning the catalyst (Pourzolfaghar et al., 2014). The environmental and economic 

damages stemming from the releases of these inorganic compounds of sulfur (major water 

pollutant) have attracted the attentions of many researchers. 

Since the past decades, several measures have been proposed to manage the 

discharge of refinery waste water in order to protect the environment and to ensure human 

well-being. Several factors such as availability of space for construction of treatment 

facilities, reliability of process equipment as well as capital and operating costs are 

usually considered in the selection of waste water treatment process (Estrada et al., 2010). 

The main aim is to find a cost-effective and environmental friendly way to deal with these 

toxic pollutants. Several technological options such as stripping (Almasvandi et al., 

2016), catalyst oxidation (Nguyen and Bandosz, 2005), biofiltration (Lestari et al., 2016), 

wet scrubbing (absorption) (Lien et al., 2014), and adsorption (Kazmierczak et al., 2015; 

Xu et al., 2014) have been explored to treat H2S contaminated waste water.  

Techniques such as the biological and chemical cleanings as well as the 

physicochemical sorption methods have been used for treating H2S-contaminated waste 

water (Siefers et al., 2010). Although these techniques are somewhat efficient, they incur 

high operating cost and they are not environmentally friendly due to it is difficult to 

control during the removal of pollutant. Thus, some of undesired by-product might be 

occurred (White, 2010). Furthermore, the biological method is relatively slow and 

sensitive to operating conditions and contamination level (Lestari et al., 2016). Similarly, 

chemical treatment method is not preferred because the reactor vessels can be easily 

corroded due the presence of H2S (aq). These drawbacks would lead to high operating 

costs (Couvert et al., 2008).  

The removal of H2S from waste water via adsorption is a promising method 

because this process is environmentally friendly due to can be easily operated and control 

during the adsorption process and it does not incur high operating cost (Bagreev, 2001; 
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Edathil et al., 2017). Adsorption process is straight forward and it is easy to maintain (Foo 

and Hameed, 2010; Jacukowicz et al., 2015). However, the treatment of waste water using 

adsorption requires the use of high quality adsorbent. Therefore, several materials such 

as silica and graphene oxide, alumina, zeolites and activated carbons have been 

extensively investigated for waste water treatment (Bae et al., 2009; Esmaeili et al., 2014; 

Sitthikhankaew et al., 2014; Ozekmekci et al., 2015). Among these adsorbents, activated 

carbon is the most popular adsorbent in waste water treatment because its surface 

properties can be easily modified using various physical and chemical methods. However, 

the use of activated carbon for waste water treatment is often limited by high preparation 

cost of raw material (Foo and Hameed, 2010). Hence, recent research works have been 

concentrating on developing low-cost adsorbents for treating waste water.  

Raw materials such as those obtained from agricultural wastes can be employed 

to prepare low-cost activated carbon. These raw materials are abundant, inexpensive, rich 

in organic content and low in inorganic content. Hence, these raw materials can be easily 

activated (Bansaland Goyal, 2005). Low-cost adsorbents prepared from agricultural 

wastes are environmental friendly. Several types of low-cost adsorbents have been 

prepared by using agricultural products such as sugar canes (Rufford et al., 2010), nut 

shells (Yang and Qiu, 2010), fruit stones (Kazemipour et al., 2008), coconut shells (Yang 

et al., 2010), macadamia nut shells (Martins et al., 2015), fibres of oil palm empty fruit 

bunches (Farma et al., 2013), rice straws (Gao et al., 2011), sun flower straws (Foo and 

Hameed, 2011), cotton stalks (Deng et al., 2010; Chen et al., 2013), palm kernel shells 

(Jalani et al., 2016), wood saw dusts (Foo and Hameed, 2012) and date stones (Sekirifa 

et al., 2013).  

All these adsorbents have shown different degree of performance in removing 

toxic pollutants from waste water. However, studies have shown that the performance of 

these adsorbents can further be enhanced by modifying their surface properties (Guijarro 

et al., 2011). Various studies have been conducted to enhance the surface chemistry of 

activated carbons (ACs) via impregnation. Specifically, in order to enhance the 

adsorption capacity, it is necessary to study the structure of raw materials and the proper 

activation agent prior to enhancing the surface chemistry of adsorbents. Different 

impregnated agents have been used to enhance the adsorption capacity of ACs in H2S (g) 

removal such as metal hydroxides and oxides (Li et al., 2008; Bashkova et al., 2009; Cui 
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et al., 2009), carbonates (Chen et al., 2010), and urea/melamine (Seredych and Bandosz, 

2008). ACs can be also impregnated with metal oxides like graphite oxide (Mabayoje et 

al., 2012; Seredych et al., 2011), and Cu (II) (Liu et al., 2017). 

Furthermore, studies on adsorption of H2S (g) using ACs derived from various 

sources such as oil palm shell (Guo et al., 2007), coffee industry waste materials (Kante 

et al., 2012), agricultural/forestry wastes (Shang et al., 2016) and petroleum coke 

(Mochizuki et al., 2016) have been reported. Many researchers have performed the 

removal of H2S (aq) using different materials such as carbonated steel slag (Asaoka et al., 

2013), cupric oxide (CuO) and zinc oxide (ZnO) (Haimour et al., 2005), crushed oyster 

shell (Asaoka et al., 2009), Fe2+ with Ca(OH)2 (Altaş & Büyükgüngör, 2008) and ACs 

prepared from empty fruit bunch (EFB) (Amosa, 2016). 

1.2 Problem Statement 

The removal of H2S from waste stream (liquid or gaseous) is considered as one of 

the major problem in energy industries such as natural gas, liquefied petroleum gas, tail 

gas, fuel cells, transportation gases (e.g. diesel, gasoline), palm oil mill and jet fuels 

(Ozekmekci et al., 2015; Almasvandi et al., 2016). The traces of small concentrations of 

H2S (aq) in waste water could be detrimental to human and aquatic lives.  

Many researchers have reported that humidity can enhance the removal efficiency 

(RE) of H2S (g) due to the dissociation of H2S (g) into its ionic form during the adsorption 

process (Xu et al., 2014; Sitthikhankaew et al., 2014). However, studies related to the 

removal of H2S (aq) from solution are limited. The main concern in treating contaminated 

waste water is to find an adsorbent that is easily available and efficient. To this end, 

activated carbons (ACs) have been employed for treating H2S (aq)-contaminated waste 

water because their physical and chemical properties can be easily modified. However, 

adsorption of pollutants using commercial activated carbon is costly and it is beyond the 

reach of most industries (Dabrowski et al., 2005 ; Ahmed et al., 2010). Hence, activated 

carbon derived from wastes is able to reduce the handling costs of these wastes.  

By using steam activation (pyrolysis), Amosa (2015) obtained the activated 

carbon from empty fruit bunch (EFB) to remove H2S (aq) (at low concentration level 0.8 

ppm) from bio-treated POME and the removal efficiency was found to be 90%. However, 

related studies for H2S (aq) at high concentration were not reported. Moreover, the use of 
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optimization tools for H2S (aq) removal from waste water with ACs and IACs using 

design of expert (DOE) has not been reported. Furthermore, there are many agricultural 

wastes such as coconut shell (CNS), palm kernel shell (PKS) and wood sawdust (WSD) 

that can be used to treat H2S (aq)-contaminated waste water. These agriculture wastes are 

cheap and abundance in Malaysia. The adsorption capacity of activated carbon can 

therefore be improved by impregnating using calcium. One of the good sources of 

calcium carbonate is egg shells (poultry waste) which can be easily obtained. So far, study 

detailing on the modification of surface properties of adsorbents using calcium carbonates 

extracted from egg shells for H2S (aq) removal has not been reported. Therefore, this 

research aims to bridge the knowledge gap by investigating the adsorption capacities and 

removal efficiencies of locally sourced adsorbents obtained from coconut shell, palm 

kernel shell and wood saw dust in removing H2S (aq) from refinery waste water. 

1.3 Research Objectives 

The overall objective of this study is to investigate the removal of H2S (aq) from 

petroleum refinery waste water using locally-sourced adsorbents obtained from 

agricultural and industrial wastes. The following specific objectives will be used in 

achieving the overall objective. 

i. To prepare the activated carbons (ACs) and Impregnated Activated 

Carbons (IACs) from coconut shell (CNS), palm kernel shell (PKS) and 

wood saw dust (WSD) wastes. 

ii. To characterize ACs and IACs in the form of the chemical structure and 

physical properties to select the best adsorbent in terms of removal 

efficiency of H2S (aq) from simulated waste water. 

iii. To optimize the synthesis and operating conditions of selected adsorbent 

during the removal of H2S (aq) from simulated waste water using 

Response Surface Methodology (RSM). 

iv. To determine the mechanism of adsorption process through 

thermodynamic, isotherms and kinetics models for the selected adsorbent. 
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1.4 Scope of Study 

The following scopes were used in achieving the above research objectives: 

Objective 1: 

Three types of agriculture waste materials, Coconut shell (CNS), palm kernel shell 

(PKS) and Wood sawdust (WSD) will be used to prepare activated carbons (ACs).The 

ACs obtained from three different agriculture wastes was modified and impregnated with 

calcium (Ca) extracted from egg shells to produce impregnated activated carbon (IACs). 

Objective 2: 

The chemical and physical properties of ACs and IACs will be investigated by 

characterizing the original and exhausted adsorbents using several analytical approaches 

such as Scanning electron microscope (SEM), Energy-dispersive X-ray spectroscopy 

(EDX), Brunauer–Emmett–Teller (BET), Fourier transform infrared spectroscopy 

(FTIR), Thermogravimetric analysis (TGA), pH of the adsorbent surface, X-ray powder 

diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS).The removal efficiency 

of ACs and IACs in removing H2S (aq) from simulated waste water will be investigated 

and the adsorbent efficiencies of ACs and IACs adsorbents in removing H2S (aq) will be 

compared. The condition of used include: Initial concentration of H2S (aq) (500 mg/L), 

pH of solution (7), dosage (1 mg/L), agitation speed (150 rpm), and contact time (660 

minutes). 

Objective 3: 

The optimization of preparation conditions of selected adsorbent in removing H2S 

(aq) from simulated waste water will be conducted by applying the response surface 

methodology (RSM).The optimization of operating conditions of selected adsorbent in 

removing H2S (aq) from real waste water will be investigated by using response surface 

methodology (RSM). The range of value used during the optimization preparation 

conditions include: calcination temperature (800-1000 oC), calcium concentration (25-75 

%v), and calcination contact time (30-90 min). In addition, the range of value used during 

the optimization of operating conditions include: initial H2S (aq) concentration (300-700 

mg/L), adsorption contact time (420-660 minutes), and adsorbent dosage (0.75- 1 g/L).  



  

7 

Objective 4: 

The four isotherm adsorption models, namely Langmuir, Freundlich, Temkin, and 

Dubinin models and the thermodynamic will be applied for the selected adsorbent. The 

three adsorption kinetic models namely Pseudo-first order, Pseudo-second order, and 

Intra-particle diffusion models will be used for the selected adsorbent. 

1.5 Significance of Study 

The following are the significant of this study:  

i. H2S (aq) is a very toxic and hazardous pollutant which is released from 

the petroleum refinery industries as contaminant. Finding a proper way to 

remove H2S (aq) from waste water is an important task.  

ii. Adsorption process using adsorbents derived from local agricultural 

wastes is simple, cost-effective and less hazardous compared to chemical 

treatment method. 

iii. Applying an effective method to investigate the optimum removal 

efficiency of H2S (aq) by using the design of expert approach. 

iv. The use of locally sourced materials such as (CNS, PKS, and WSD) in 

removing H2S (aq) from petroleum refinery waste water is able to address 

problems associated with environmental impact, human health, safety and 

cost. 

v. This work is significant in terms of revealing the mechanisms of H2S (aq) 

removal in waste water using adsorption method. 

vi. This research will act as a blueprint for the removal of H2S (aq) laden 

waste water at high concentration. The optimization study on the other 

hand provided the optimum condition at which highly concentrated H2S 

(aq) laden waste water can be treated. 
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1.6 Thesis Layout 

This thesis is organized into five chapters. Chapter 1 explores the general 

introduction and the main goals of the current work. The research objectives, scope of the 

study and significant of the research are given as well.  

Chapter 2 discusses the literatures related to the current work such as sources of 

H2S, toxicity, regulation recommendations, and the cleaning technology of H2S. Previous 

modelling strategies will be reported in this chapter as well.  

Chapter 3 presents the methods and procedures performed to remove H2S (aq) 

from simulated waste water. The research methodology consists of six parts, i.e. 

descriptions of materials and chemicals employed, flow chart of the methodology, 

activation and impregnation processes of activated carbons (ACs) and impregnated 

activated carbons (IACs), preliminary studies on operating conditions for the removal of 

H2S (aq) from simulated water, characterization of ACs and IACs and the experimental 

procedures. 

Chapter 4 presents the research findings. The preliminary study is firstly 

discussed, followed by the characterization, optimization and modelling of selected 

adsorbent. The reaction mechanism is also discussed in this chapter.  

Chapter 5 concludes the current work and offers some recommendations for future 

work. The current research contributions are highlighted as well.  
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CHAPTER 2 

 

 

LITERATURE REVIEW 

2.1 Introduction 

This chapter entails the review of previous studies with the aim of identifying 

knowledge gap, novelty and their contributions. Under this chapter the sources of 

hydrogen sulfide (H2S) (liquid and gas form), toxicity, regulations, current removal 

technologies, various impregnated activated carbon, optimization studies, (response 

surface methodology), adsorption equilibrium, batch kinetic, isotherm and 

thermodynamic studies, were succinctly discussed. 

2.2 Sources and Discharge of H2S 

The discharged of H2S is indirectly reliant on human activity. Thus, the natural 

gas processing, paper production, petroleum refining, coal gasification, petrochemical 

manufacturing are considered the central elements of anthropogenic activities. The 

discharged of H2S in different sources of waste water are listed in Table 2.1. 

Table 2.1 Different sources of H2S (g) 

Sources  Concentration of 

H2S (g) (ppm) 

Reference  

Petroleum refining process - Gao et al. (2012) 

Sulfide reduced bacteria (SRB) 12000 Lee et al. (2006) 

Volcanoes, hot springs and geothermal 

sources 

- Skrtic (2006) 

Sewer network  54 Zhang et al. (2008) 

Coal seams 500 Liu et al. (2012) 

 

Most chemical plant releases H2S (aq) as a by-product of sulfide within the range 

of 58 to 110 million tons of sulfur/year. Whereas it is produced from black sea around 30 
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to 170 million tons of sulfur/year. Moreover, above 60 million tons per year of toxic H2S 

is released from hydro-processing of petroleum, coal and minerals (Startsev et al., 2013). 

Furthermore, H2S is found also in confined spaces of waste treatment systems 

such as landfills, digesters, and waste water collection systems. Natural sources such as 

volcano eruptions, thermal springs and bogs are other sources of sulfide discharge 

(D’Alessandro et al., 2008). Moreover, activities such as the decompositions of animals 

and dead plants in wet conditions with limited oxygen (e.g. swamps) produce H2S (Skrtic, 

2006). Sulfate reducing bacteria (SRB) is considered as the main contributor to H2S gas 

emission when it is consumed and converted to sulfate (SO4
-2) under anaerobic conditions 

in landfills (Lee et al., 2006; Ko JH et al., 2015). 

2.2.1 Petroleum Refinery Waste Water 

In the Petroleum refinery process a large volume of water is used-up in the process 

of getting useful product from crude oil. Typically, water is used in different units for 

generating the steam with many processes relying on the steam as a separating medium 

in distillation and hydrodesulphurization units. Figure 2.1 shows a schematic example of 

the typical water balance in a refinery. This water is used in different units. Mostly, it 

used for producing the steam. Moreover, leakages and spills emanating from equipment 

during shutdown or start-up of equipment, condensate from steam-stripping operations, 

and waste water from storage tanks are considered as the major sources of these wastes 

(EcA, 2010).  

It is thereafter condensed as aqueous phase and isolated as sour water. As the 

steam reduces in the existence of hydrocarbons which comprises the hydrocarbons 

comprising hydrogen sulfide (H2S) and ammonia (NH3) are typically absorbed into water 

that need treatment (EcA, 2010; Addington et al., 2011). The pH of sour water is elevated 

to 12, as temporary solution, to decrease the odour and corrosion effect until it moved to 

waste water treatment plant (striping). In addition, waste water in a refinery is created by 

strippers which use straight steam injection as a stripping medium (EcA, 2010). Table 2.2 

shows the composition of sulfide in selected petroleum refinery effluents. Van Hamme et 

al. (2003) reported that gas streams are first scrubbed with an aqueous washing liquid, 

with dissolution of the sulfur components into an aqueous phase as seen in Equation 2.1) 

and (2.2). 



  

11 

H2S (g) ↔ H2S (aq) 2.1 

H2S (aq)+ OH- → HS- + H2O 2.2 

 

 

Figure 2.1 A schematic example of the typical water balance in a refinery 

Source: EcA, (2010). 

Table 2.2 Typical composition in selected petroleum refinery efluents 

pH Sulfide 

concentration 

(mg/L) 

COD 

(mg/L) 
Suspended 

solid (mg/L) 
References 

6.6  887  596 120 El-Naas et al. (2009) 

8.0–8.2 15-23 850–1020 -- Coelho et al. (2006) 

6.5–7.5 -- 170–180 420–650 Saien and Nejati (2007) 

8.44 22 216 -- Altas and Büyükgüngör (2008) 

6.5-8.5 17 800 100 Demirci et al. (1997) 

7–9 -- 300–600 150 Ma et al. (2009) 

 

2.2.2 Hydrogen Sulfide in Waste Water 

Hydrogen sulfide (H2S) is very hazardous and a dangerous material (Boumnijel 

et al., 2016). It causes respiratory problems, safety problems posed by its highly 

flammable nature as well as economic problems arising from corrosion of metals 

(Ozekmekci et al., 2015). Moreover, a part from metal corrosion due to H2S, concrete 

surface would be corroded as well due to the gradual formation of sulfuric acid and 
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eventually causes damage on the sewer (Vollertsen et al., 2008). According to the 

Environmental Protection Agency (EPA), concrete waste water pipe corrodes (due to H2S 

(aq)) at a rate of 3.6 mm/year. The rate of concrete corrosion in sewer pipes is 2.5–10 

mm/year based on the data from 34 cities (US Environmental Protection Agency, 1991). 

Replacement of those corroded pipelines would incur a huge cost (Zhang et al., 2008). 

For instance, in Los Angeles, the cost incurred for the repair of these corroded sewer 

pipelines is ~$400 million (Sydney et al., 1996). In Flanders (Belgium), approximately 

10% of the total cost for waste water treatment is spent to replace the pipelines, amounting 

to ~€5 million per year (Vincke et al., 2002). In Germany, about €100 billion per annum 

is spent on the restoration of damaged sewer systems (Kaempfer and Berndt, 1998). 

Processing crude oil into useful products such as kerosene and gasoline was achieved by 

the numerous refinery configurations. During these processes, the petroleum waste water 

was produced in the units like Hydro-cracking, Hydro-skimmer flare, Hydro-cracker 

flare, Hydro-skimming, desalter and sour water (Aljuboury et al., 2017). They have been 

reviewed the treatment of petroleum waste water by conventional and new technologies. 

Moreover, a treatment technologies for petroleum refinery effluents were reviewed by 

Diyauddeen et al. (2011). Ma et al. (2009) studied the application of bioaugmentation to 

improve the activated sludge for treating petrochemical waste water. Table 2.3 shows 

concentration of H2S and S2-on different kind of waste water. It can be seen that tannery 

waste water discharged higher concentration of sulfide compared with another types. 

Moreover, concentration of H2S (aq) is lower in black sea. 

Table 2.3 Concentration of H2S and S2-on different kind of waste water   

Source Concentration (mg/L) Forms References 

Black Sea 9.5 H2S Baykara et al. (2007) 

Waste water, Kuwait 18 - 25 H2S Tomar &Mamta (1994) 

Real spring water 0.06–22 H2S Čmelík et al. (2010) 

Waste water, Brazil 5.59 H2S Santos et al. (2009) 

Tannery waste water 250 - 525 S2- Wiemann et al. (1998) 

Waste water paper mill 35-55 S2- Dutta et al. (2010) 

 

2.2.2.1 Effect of pH on Hydrogen Sulfide Forms 

The pH has a noticeable impact on H2S forms. H2S exists in three forms in 

aqueous systems, such as Hydrogen sulfide (H2S (aq)), bisulfide ion (HS-), and sulfide 

ion (S2-). H2S is a weak acid. It presents in the reactive molecular form of H2S (aq) at low 
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the pH value (Kalapala, 2014; Jacukowicz et al., 2015) according to the following 

equations: 

H2S (aq) ↔ H+ +HS- 2.3 

HS- ↔ H+ +S2- 2.4 

 

It can be seen from Figure 2.2 that the pH ranging from 8 to 11, the bisulfide (HS) 

is the prevalent form and it is the most reactive ion in the free radical chain reaction. 

Below pH 7, H2S (aq) is prevalent. At pH 7, the reduced sulfur species in aqueous solution 

is equally separated between the dissolved bisulfide (HS-) and the hydrogen sulfide (H2S 

(aq)). Sulfide (S2-) dominates at pH >11 (Thompson et al., 1995).  

 

Figure 2.2 Distribution of three sulfide species in water 

Source: Thompson et al. (1995). 

2.2.2.2 Toxicity of H2S 

The concentration of H2S (aq) in ground water is a significant problem in various 

areas. The presence of H2S (aq) in water is hazardous due to the ability of human to detect 

even at concentration as low (0.003-0.2 ppm). Therefore, a high degree of treatment is 

needed to render the water drinkable (EPA, 2003). Drinking water contaminated with 
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sulfide can be fatal at higher dosage (10-15g). Ingestion of sulfides through drinking 

water can result in stomach discomfort, nausea and vomiting (Edwards et al., 2011). In 

addition, H2S (aq) in blood is rapidly oxidized by molecular oxygen and thus reduces the 

oxidation power of haemoglobin. Unoxidized H2S (aq) can act upon the central nervous 

system and cause either paralysis or respiratory failure (Edwards et al., 2011). It can be 

detected by smell at a level of 11µg m−3, it numbs a person’s sense of smell at a level of 

140 mg m−3 and above 700 mg m−3 inhalation can very quickly be fatal (Selene and 

Chou, 2003). It is, therefore, desirable to have a very low concentration of H2S in water 

because of its high toxicity to animals and humans and corrosively problems. 

H2S (g) is a harmful and putrid gaseous compound, detectable by human nose at 

a low concentration level of 0.5 ppb (Skrtic, 2006). Other adverse health effect of H2S (g) 

include coma, irritation to the eyes and respiratory system. Excessive exposure to H2S (g) 

might cause both chronic and acute ramifications as reported by Lambert et al., (2006). 

According to the recommendation made by Agency for Toxic Substances and Disease 

Registry (ATSDR), the minimum H2S inhalation risk level is 0.02 ppm. The 

concentration of H2S equals or greater than 500-1000 ppm might threaten human life and 

lead to imminent impairment on the human physique (Wiheeb et al., 2013). The 

Occupational Safety and Health Administration (OSHA) has therefore regulated the 

exposure limit of 20 ppm for general industrial workday to safeguard the employees 

health (Kazmierczak et al., 2015). The maximum level of 50 ppm is permissible for a 

maximum duration of 10 minutes. Moreover, H2S has been known to primarily target the 

neural system and major organs such as liver and kidney (Guidotti, 1994). Exposure to 

higher level of H2S (g) can cause death (Hendrickson et al., 2004). Therefore, due to its 

acute and chronic toxicity, an oral reference dose (RFD) of 0.003 mg/kg/day and an 

inhalation reference concentration (RFC) of 0.001 mg/m3 have been recommended by the 

EPA. It is worth to mention here that H2S (g) concentration above 700 ppm can lead to 

loss of consciousness, while sudden loss of consciousness/death happens if the 

concentration ranges from 1000 to 2000 ppm is detected (Kazmierczak et al., 2015). 

Janoszka et al. (2013) reported in U.S the maximum admissible concentration is 10 ppm 

and the maximum admissible ceiling concentration is 20 ppm. Lambert et al. (2006) 

notified the eye irritation as the first symptom that manifest at low H2S (g) concentration. 

On the other hand, enzymes in the body could detoxify H2S through oxidation to form the 

safe compound such as sulfate. The human body is therefore able to tolerate low level of 
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H2S (g) (Ramasamy et al., 2006). H2S (g) is detrimental to the human nervous system and 

respiratory tract from which human can be exposed to it via inhalation route and drinking 

water. The standard concentration level of H2S (aq) in drinking water is 0.05 mg/L as 

reported by the US National Interim Secondary Drinking Water Regulations (NISDWR). 

There are wide ranges of health effects according to the duration of workers’ exposure to 

H2S (g) and the concentration of this fatal gas. Case reports, occupational studies, and 

community studies are the sources of information on the toxicity of H2S (g) in humans. 

For the concentration of H2S (g) of 4000 ppm, a several fatal cases of H2S (g) poisoning 

have been found in Talvivaara, Finland (Heinonen, 2012) and Japan (Kage et al., 2004; 

Asakura, 2015). 

2.2.2.3 Safety Regulations and Recommendations 

The Occupational Safety and Health Administration (OSHA), Food and Drug 

Administration (FDA), and Environmental Protection Agency (EPA) are the agencies that 

implemented rules, recommendations and laws. The Nova Scotia Department of Health 

sets the maximum allowable concentration of H2S (aq) in drinking water at 0.05 ppm 

(NSDH, 2009). According to Malaysia's Environmental Law, the effluent of waste water 

discharge standards A and B is shows in Table 2.4. It shows the guidelines for 

Environmental Quality (Sewage and Industrial Effluents) regulations 2009, Malaysia: It 

selected parameter limits of effluent of Standards A and B (Department of Environment, 

DOE, Malaysia) (Tumin et al., 2008). 

Table 2.4 Selected parameter limits of effluent of Standards A and B (Department 

of Environment, DOE, Malaysia 2009) 

Parameters               Unit      Standard A       Standard B 

Temperature ̊C 40 40 

pH Value  6.0 – 9.0 5.5 – 9.0 

BOD at 20 C mg/L 20 50 

Sulfide mg/L 0.5 0.5 

COD mg/L 80 200 

Suspended Solids mg/L 50 100 

Source: Tumin et al. (2008). 

Moreover, the Agency for Toxic Substances and National Institute for Disease 

Registry (ATSDR), and Occupational Safety and Health (NIOSH) are also recommended 

some guideline for exposure to H2S as given in Table 2.5. Furthermore, The American 

Conference of Governmental Industrial Hygienists (ACGIH) is implemented and 
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recommended the level of exposure to H2S. For example, the ACGIH is recommended 

the H2S standard are 15 ppm for the Threshold Limit Value - short term exposure limit 

(TLV-STEL) and 10 ppm for the Threshold-Limit Value-Time Weighted Average (TLV-

TWA). The TVL-TWA is the time-weighted average concentration to which workers can 

be routinely and consistently exposed over an 8 h workday and 40 h workweek without 

adverse effect. The TVL-STEL is the concentration to which workers can be exposed for 

short periods of time without suffering adverse health effects (Skrtic, 2006). In the 1970s, 

OSHA is started implemented standards for workers exposure to toxic materials. It has 

an occupational exposure limit of 10 parts per million (ppm) for 8 h exposure (Sen et al., 

2008). It is important to note that OSHA standards apply only to workplaces and not to 

domestic situations or residences. Table 2.5 demonstrates some of regulations guidelines 

for exposure to H2S. Thus, Jacukowicz et al. (2015) reported that the sulfide concentration 

in waste water disposal to environment reservoirs has to be kept at a very low level (e.g. 

below 0.2 mg/L). In the US EPA has proposed a reduction of sulfur in gasoline from 30 

ppm to 10 ppm by 2017 (Gupta et al., 2016). Human may experience discomfort on eyes 

if the H2S concentration is ranging between 10 and 20 ppm. Therefore, efforts leading to 

efficient H2S removal are indeed necessary due to its harmful effects on the environment 

and human beings if its emission is not properly monitored (Gupta et al., 2016). 

Table 2.5 Guidelines for Occupational Exposure to H2S (g) 

[H2S] (ppm) Agency Duration 

0.1 AIHA 1 hour 

10 OSHA 8hr/day, 40hr/week 

10 ACGIH TLV-TWA 8hr/day, 40hr/week 

15 ACGIH TVL-STEL    

20 OSHA Ceiling 

27 EPA 1 hour 

30 AIHA 1 hour 

32 EPA 30 minutes 

37 EPA 4 hours 

41 EPA 10 minutes 

50 OSHA 10 minutes ceiling 

50 EPA 1 hour 

76  EPA 30 minutes 

100 AIHA 1 hour 

Source: Skrtic (2006). 
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2.3 Current Removal Technologies for H2S 

There are several techniques for removing H2S (aq) from water including aeration, 

ozonation, ion exchange, biological treatment and chemical oxidation and adsorption 

(Edwards et al., 2011). These technologies can be generally classified into biological, 

electrochemical, chemical, and physicochemical methods. This study therefore reviews 

different types of removal technologies of H2S from downstream as seen in Figure 2.3.  

 

Figure 2.3 Cleaning technologies methods of H2S from down stream 

Table 2.6 summarizes the method used for the removal of H2S (aq) from waste 

water and some of the inherent drawback. It can be seen that the adsorption process is 

widely used and does not incur high operation cost. Biological method is relatively slow 

and sensitive. Moreover, chemical and electrochemical methods are required a high 

energy and costly. 

Table 2.6 Categories of Methods used for H2S (aq) removal 

Methods Materials  Advantage and disadvantage  References  

Biological  
Biotrickling 

filter 

It is not completely removed the 

H2S concentration and slow.  

Tsang et al. 

(2015) 

Electrochemical  
Pt/Ir and Ta/Ir 

coated titanium  
Required a high energy and costly.  

Pikaar et al. 

(2012) 

Chemical  
Fe+2 and Fe+3 

ions 

It is not completely removed H2S 

(aq) and caused technical problem. 

Altaş and 

Büyükgüngör 

(2008) 

Physiochemical  Adsorption  

It is environmentally friendly and 

it does not incur high operating 

cost, effective method and widely 

used. 

Edathil et al. 

(2017) 
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2.3.1 Biological Treatment Method 

Biological method was carried out using fixed-film bioreactor with carbon in 

order to convert dissolved H2S (aq) to elemental sulfur as reported by Henshaw (2001). 

Thompson et al. (1995) investigated the effectiveness of using microfiltration and this 

could be used in combination with chloride oxidation for H2S (aq) removal. Different 

biological processes have been employed by researchers such as biofilters (Rehman et al., 

2010) and microorganisms supported on activated carbon (AC) (Kennedy et al., 2004). 

Despite the limitations of biofiltration, such as being sensitive to operating 

conditions/contamination and its relatively slow, it is still widely used for H2S removal 

(Lestari et al., 2016).  

The most common process for removing H2S (g) in the biogas industry is the 

biological desulfurization. For instance, Ward et al. (2008), studied the biological 

desulfurization using bacteria sulfobacter oxydans present inside the digester. 

Approximately 2-5% of air is firstly injected into the raw biogas residing in the headspace 

of the digester to convert H2S into elemental sulfur and sulfurous acid (via bacteria 

Sulfobacter oxydans).  

Gadekar et al. (2006) reported that, biological oxidation of H2S (aq) could take 

place at the sewer surfaces exposed to the sewer atmosphere. The aerobic and autotrophic 

Thiobacillus sp. growing on the moist surface can oxidize H2S to sulfuric acid. On the 

other hand, Lestari et al (2016) investigated the removal of H2S using salak fruit seeds 

packed in the bed reactor with sulfur oxidizing bacteria acting as biofilm with removal 

efficiency of 97.15%. Also, pure culture of various sulfide oxidizing bacteria such as 

Thiobacillus, Pseudomonas and Xanthomonas has the capacity tometabolize H2S 

effectively due to its fast oxidation rate and low acid production in ACs (Ward et al., 

2008; Gadekar et al., 2006; Rattanapan et al., 2010). Rattanapan et al. (2010) used 

thegranular AC biofiltration to study the H2S removal efficiency. Furthermore, the 

removal of H2S in a biotrickling filter was studied by Tsang et al. (2015). The 

disadvantage of biological desulfurization methods is that it cannot completely removed 

the H2S. Also, the presence of air increases the corrosion activity of biogas and the air 

must be removed if the natural gas pipeline is used (White, 2010).  
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Figure 2.4 illustrates chemical and biological for H2S (aq) emission control in 

sewer system modified. It shows the method of inhabitation and elimination of H2S form 

by using chemical and biological method for H2S emission control in sewer system. The 

figure is modified by De Lomas et al. (2006) and Zhanget al. (2008). Vaiopoulou et al. 

(2005) studied the removal of hydrogen sulfide from oil-refining waste water using 

autotrophic de-nitrification in a multi-stage treatment plant as an alternative flowchart for 

the biological method. Tong et al. (2013) used activated sludge process coupled with an 

immobilized biological filter to treat of heavy oil waste water. Shokrollahzadeh et al. 

(2008) studied the biodegradation potential and bacterial diversity of a petrochemical 

waste water treatment plant. 

 

Figure 2.4 Chemical and biological process for H2S emission control in sewer system 

Source: Zhanget al. (2008). 

2.3.2 Electrochemical Methods 

Electrochemical method can be used to remove H2S (aq) from aqueous solutions 

using a lab scale fuel cell. Dutta et al. (2008) reported that at ambient temperature and 

neutral pH conditions, sulfide was removed continuously for 2 months at a rate of 0.62 

kg S/m3/d of net anodic compartment of 0.28 kg S/m3/d of total anodic compartment. The 

sulfur element was produced during the oxidation process and deposited on the anode, 
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while potassium ferricyanide was used as cathodic electron acceptor. In addition, the 

removal of sulfide from paper mill using the electrochemical method was studied by Dutta 

et al. (2010). The results found that the concentration of sulfide in the effluent was 44 

mg/L and it was reduced to 8 mg/L. Moreover, Pikaar et al (2012) studied the 

electrochemical method which was effective to reduce the sulfide concentration to below 

normal level utilizing Pt/Ir and Ta/Ir coated titanium electrodes under the simulated sewer 

conditions during field trials. The results suggested that the electrochemical method could 

prevent sewer corrosion.  

The electrochemical method is effective for removing low concentrations in 

domestic waste water. Recently, the electrochemical method was used to remove sulfide 

from spend caustic downstream waste water. Lin et al. (2016) tested the low-cost 

electrode materials such as stainless steel and carbon cloth. They have been used in 

anaerobic digestion for sulfide removal using electrochemical method. Complete removal 

of sulfide within 2 days on this electrode materials at 3 V.  

2.3.3 Chemical Method 

The absorption process is considered as the main way to remove H2S (aq) from 

mixture. However, absorption of H2S (aq) from the solution by stripping process is not 

an effective way due to the odour released (Chaudhuri, 2004). H2S could be removed 

using Fe+2 and Fe+3 ions, as well as by hydro oxidation method which involved the 

addition of solid oxidants such as magnesium peroxide (MgO2) (Altaş and Büyükgüngör, 

2008; Chang et al., 2007). In addition, oxidation is a very popular chemical process 

involving oxidants such as hydrogen peroxide, oxygen, chlorine, hypochlorite, and 

potassium permanganate (Poulton et al., 2002). The removal of H2S using alkaline was 

studied by Boumnijel et al. (2016). They have been analysed the absorption of H2S in a 

chlorinated seawater solution under alkaline condition. Taheri et al. (2016) studied the 

simultaneous absorption of H2S from a gas mixture using amine-based nanofluid in a 

wetted wall column. The results showed that SiO2-ethylenediamine nanofluid has 

deteriorating effects on the H2S absorption. Several industrial water-based techniques for 

removing H2S (g) from the gas stream have been reviewed by Reneet al. (2012). H2S 

absorption capabilities of silica and exfoliated GO in a bubble column were studied by 

Esmaeili et al. (2014). 
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2.3.4 Physiochemical Sorption (Adsorption) 

Adsorption is the process by which compounds in liquid or gas state are separated 

and adsorbed onto a solid surface. The materials have an extremely porous structure and 

large surface area could be designed to adsorb liquids or gases onto their surface by 

various mechanisms. Adsorption is a common process which employs physisorption and 

chemisorption processes for the cleansing of natural air and water, leading to the final 

removal of adsorbed material in the form of adsorbate. It is popular in pollutant removal 

due to its exceptional pollutant removal efficiency and its ease of operation. It has been 

widely applied in removing organic materials from aqueous media as it has a strong 

affinity for attaching organic substances even at low concentrations. The removal of H2S 

from gas phase by adsorption process has been studied by Lemos et al. (2012).  

Chemisorption and physisorption adsorption processes are the main processes that 

enhanced the adsorption of H2S (aq) from downstream. The connection and bonding 

between the adsorbent surface and the adsorbate molecular could be either chemisorption 

(chemical adsorption) or physisorption (physical adsorption) (Thommes et al., 2015). 

Chemisorption and physisorption differ in the origins and magnitude of the interacting 

forces. In chemisorption, the binding energy is about 1 eV. Moreover, the equilibrium 

distance between the surface adsorbent and adsorbate is 1–3 Å. On the other hand, the 

binding energy of physisorption is below 0.25 eV, and the distance between the adsorbent 

surface and adsorbate is much higher than that in chemical adsorption about 3–10Å. As 

a result, physical adsorption is reversible (Feng et al.,2005). Table 2.7 shows the 

differences between physical adsorption and chemical adsorption. Moreover, physical 

adsorption is the process that occurred due to physical forces such as Van Der Waals 

forces which enforce the molecules to attach the surface of adsorbent. While, the chemical 

adsorption is the process that could make a strong interaction with the surface of 

adsorbent. During the adsorption process, heat is released as the molecules are attached 

to the surface of adsorbent which means it is an exothermic process. 
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Table 2.7 Differences between physical and chemical adsorption 

 Physisorption  Chemisorption 

Bonding Nature Weak interaction through 

van der Waals forces. 

Strong Chemical bond, with loss/gain 

or share of electrons 

Bonding Strength Potential well 0.25 eV or less Potential well greater than 0.25 eV 

Reversibility Reversible Irreversible 

Number of Layers Can be multi-layer Normally monolayer 

Heat Exothermic Exothermic or endothermic, depends 

on the reaction 

Sources: Feng et al. (2005). 

Researchers have investigated on the removal of gaseous H2S using different 

adsorbents such as ACs (Elsayed et al.,2009), alumina (Bae et al., 2009), silica 

(Belmabkhout et al., 2009) and zeolite (Alonsoet al., 2010). Over the past three decades, 

adsorption technology by activated carbons (ACs) has been widely adopted in 

petrochemical industries, production of industrial gases as well as air and water 

purification (Zhou, 2005). ACs derived from carbonaceous wastes is easily available and 

it can be considered as an effective method to remove pollutants from water and air by 

adsorption. So, ACs are very attractive for purification of water (Foo and Hameed, 2011) 

and gases (Nowicki et al., 2013). Seemingly, the current research focussed mainly on 

finding the most cost-effective adsorbent of removing H2S (aq) from waste water. Waste 

materials, composite adsorbents, zeolite, metal oxide and activated carbons are the most 

comment adsorbents that used for the removal of H2S contaminated waste water.  

2.4 Adsorption of H2S 

2.4.1 Adsorption of H2S Using Waste Materials 

Many researchers have utilized waste materials as adsorbents to remove H2S (g) 

from waste water. For instance, Wanget al.(2013) have been used Fine Rubber Particle 

Media (FRPM) as an adsorbent to remove of H2S (g). They have found that the adsorption 

capacity was 0.12 mg H2S/g FRPM, which was very low due to the fact that naturally, 

FRPM particulate does not have enough surface area and possesses limited porosity in 

supporting a pure physical adsorption. Moreover, Pham et al. (2015) have been studied 

the calcium carbonate-based solid wastes for the treatment of H2S (g) from the gas phase. 

In addition, the removal H2S (aq) from waste water using waste materials was 

reported by some researchers. Take for instance, Wang and Pei (2012) studied the 
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adsorption of H2S (aq) using ferric and alum water treatment residuals (FAR). They 

concluded that FARs have higher adsorption capacity at pH 7 rather than in those of 

higher pH (e.g. pH 8–10). Asaoka et al. (2013) used the Carbonated Steel Slags as 

adsorbent to remove H2S (aq). They found out that the maximum adsorption of H2S (aq) 

onto the carbon steel slag is 7.5 mg.g-1. The specific surface area of the carbonated steel 

slag used is 14.4 m2g-1. The large amount of calcium (from carbon steel slags) dissolved 

into seawater triggers a rapid increase of pH. Therefore, the seawater pH increases up to 

12.3. On the other hand, Asaoka et al. (2009) have shown that the crushed oyster shells 

(dominated by CaCO3) have the ability to adsorb the low concentration of dissolved H2S 

(aq) from the sediment pore sea water. The first-order equation correlates well with the 

Langmuir plot in describing the adsorption behaviour by using batch experiment that 

shows removal kinetics of H2S (aq) with the maximum adsorption of 12 mg-S g-1. 

Although the crushed oyster shell is able to remediate the organically enriched sediments 

in eutrophic coastal seas, its preparation cost is high and its calcium contents would 

dissolve in water leading to increase of pH Moreover, it has limited surface area of merely 

0.25 m2 g-1. Table 2.8 shows the adsorbents derived from wastes materials which used for 

removal of H2S from mixture as an aqueous and gas form as clearly stated the phase of 

H2S in Table 2.8. 

Table 2.8 Adsorbents derived from wastes materials 

Adsorbents Breakthrough 

H2S (mg/g) 

BET 

(m2/g) 

Phase 

of H2S 

References 

FRPM 0.12 0.3 g Wang et al. (2013) 

Crushed oyster shell 12 0.25 L Asaoka et al. (2009) 

Red mud 17 31.7 g Sahu et al. (2011)  

Ferric and alum 

water  80.96 L Wang and Pei (2012)  

Sewage sludge 87.1 82 g Ortiz et al. (2014) 

Mineral wool waste   g Bergersen and Haarstad (2014) 

 

2.4.2 Adsorption of H2S on Metal Oxide and Zeolite Materials 

Recently, refined zeolite compounds have been used as an adsorbent/oxidant of 

H2S (g). Natural zeolites exhibited better properties than the simulated ones in 

commercial separation (Ozekmekci et al., 2015). The H2S (g) removal efficiency of virgin 

zeolite (for palm oil mill effluent (POME biogas desulfurization) was investigated by 

Pourzolfaghar and Ismail (2013) at ambient temperature and pressure. In addition, 
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Yaşyerli et al. (2002) have been tested the capacity of H2S removal using the natural 

zeolite which was about 94% removal efficiency. Moreover, the performances of zinox 

and zeolite materials as adsorbents to remove H2S from natural gas has been evaluated 

by Melo et al. (2006). The surface area of zeolite 13X was 16.15 m2/g and the maximum 

adsorption capacity was 53 mg H2S/g at 25 °C. Their results correlated well with those of 

the Toth's model. Both Zeolite 13X and Zinox 380 could be used as adsorbents to remove 

H2S (g) from natural gas, and Zeolite 13X gives better adsorption of H2S (g) than Zinox. 

However, Zinox 380 has higher surface area compared to Zeolite 13X (34.54 m2/g). In 

fact, the functional groups play a significant role in the adsorption processes of Zinox 380 

and Zeolite 13X. Calcium oxide, hydroxyls, and ZnO4 were observed as functional groups 

on the surface of Zinox 380 by FTIR test. For zeolite 3X, hydroxyls, SiO4 and AlO2 

tetrahedral were active groups that contributed to the adsorption process. Furthermore, 

there is a few literatures related to removal H2S (aq) from solution. Haimour et al. (2005) 

studied of using a metal oxides such as CuO and ZnO to remove H2S (aq) from solution.  

2.4.3 Adsorption of H2S (g) on Composite Materials 

A series of hydroxide composites or metal oxide with graphite oxide (GO) have 

been proposed as the H2S (g) removal media (Mabayoje et al., 2012; Seredych et al., 

2011). Surface chemistry of the carbonaceous adsorbents can also be enhanced by adding 

some transition metals. For example, ACs with metal containing bentonite binders was 

studied by Nguyen and Bandosz (2005). They investigated the effects of bentonite clay 

binders containing copper, zinc or iron in the interlayer spaces on the performances of 

adsorbents in H2S (g) removal. As reported, modification with copper-containing binder 

could enhance the capacity of carbon adsorbents, thereby indicating that surface 

oxygenated groups play an important role in the adsorption process. The modification of 

ACs with bentonite binder decreased the micropore volume and the surface area due to 

the accumulation of metals in small pores. But, the adsorption capacity of ACs increased 

because the copper appeared in the small pores acted as an oxygen activator that would 

promote the oxidation process.  

In contrast, Mabayoje et al. (2012) studied the effective of using cobalt 

(hydr)oxide/GO composites to remove of H2S (g) and the results clearly demonstrated the 

ability of composite material cobalt(hydr)oxide/GO in improving the adsorption capacity. 

The results also indicated that the adsorption capacity of adsorbent improved when the 
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ratio of GO in the composite decreased.The removal efficiency of H2S (g) is higher in a 

humid environment due to H2S (g) oxidation to form elemental sulfur and H2S (g) 

dissociation. Bagreev and Bandosz (2005) reported that the basic pH enhances the 

dissociation of H2S (g) via oxidation. In the presence of 70% relative humidity, the 

adsorbed H2S (g) dissolve in water and dissociate to HS− and H+ (as shown in 

equation 2.3. In addition, KOH can absorb water vapor easily and the basic property of 

KOH leads to the acid–base reaction (Xu et al., 2014; Sitthikhankaew et al., 2014). 

H+ +OH-→ H2O 2.5 

 

As reported by many researchers, adsorption capacity increases with respect to 

the relative humidity, signifying the importance of oxygenated group of GO (Xu et al., 

2014). Mabayoje et al. (2013) examined of using visible light photoactive zinc 

(hydro)oxide/GO and zinc (hydro)oxychloride/GO composites to remove of H2S (g). 

They have found that highly energetic adsorption centres were formed on the composite 

surfaces and exposure to visible light would decrease the H2S (g) adsorption capacity. 

These processes involved active centres and OH- groups that react with H2S. However, 

in dark environment, the oxidation of H2S (g) was limited and the terminal groups played 

an important role in the removal process. The adsorption capacities of these composite 

materials ranged from 40 to 155 mg/g. Apart from that, the performance of nano-sized 

zinc oxide/reduced graphene oxide composite (ZnO/rGO) at ambient condition was 

investigated by Song et al. (2013). Moreover, Li et al. (2015) have concluded that the 

ACs coated with CeO2-NiAl-LDHs was promising in aqueous SO2 and H2S (g) removals. 

Table 2.9 summaries the H2S (g) adsorption efficiencies for some composite materials. 

Figure 2.5 compares the H2S (g) adsorption capacities of some composite materials. 

Table 2.9 The literatures of adsorption process based on composite materials 

Adsorbents Adsorption 

capacity (mg/g) 

SBET 

(m2/g) 

Reference 

Bentonite binders/AC 47.0 1410 Nguyen and Bandosz (2005) 

Zr(OH)4/GO 52.8 210 Seredychet al. (2011) 

Cd/GO 80.4 50 Florent et al. (2015) 

ZnO/rGO 113.5 -- Song et al. (2013) 

Co(hydr)oxide/GO 120.3 121 Mabayoje et al. (2012) 

Zn(OH)2/GO 155.0 47 Mabayoje et al. (2013) 
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Figure 2.5 H2S (g) adsorption capacities of some composite materials 

2.4.4 Adsorption of H2S on Activated Carbons 

Activated Carbons (ACs) are solid, porous and black carbonaceous material. They 

can be produced from any carbonaceous solid precursor, either in the simulated or natural 

standpoint. For instance, ACs could be prepared from a large number of sources such as 

agricultural wastes, peats, black ashes, charcoals, lignite, bituminous coals, petroleum 

cokes, which are materials with low inorganic components and high carbon content. The 

two common forms of activated carbons (ACs) are granular (GAC) with sizes ranging 

from 0.5 to 2.5 mm; these are used in adsorption and columns. While Powdered Activated 

Carbons (PACs) forms with a size predominantly less than 0.15 mm are used in batch 

adsorption followed by filtration (Allen and Koumanova, 2005; Dabrowski et al., 2005). 

Furthermore, few studies reported the removal of H2S (aq) using activated carbon 

as an adsorbent. For instance, Amosa (2015) investigated the effectiveness of ACs 

prepared from empty fruit bunch (EFB) for removing a very low concentration of H2S 

(aq) from palm oil mill effluent waste water. The activated sludge was used to remove 

low concentration of H2S (aq) which was conducted by Pang et al. (2017). Furthermore, 

studies on adsorption of H2S (aq) by biochars derived from pyrolysis of different 

agricultural/forestry wastes have been conducted by Shang et al. (2016). According to 
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their findings, the sorption capacity of the biochar is related to the pyrolysis temperature 

and the surface pH.  

The early 19th century, the first Powdered Activated Carbons (PACs) was 

produced commercially in Europe. Moreover, ACs has high internal surface area and pore 

volume, making it attractive to be used as adsorbent, or catalyst in gas and liquid phase 

processes for purification and chemical recovery (Radovic et al., 2001). An effective 

method developed for the removal of pollutants from water and air is therefore adsorption 

using the activated carbons (Bansal and Goyal, 2005). Availability, cost, low inorganic 

matter content, low degradation during storage and ease of activation are the criteria 

needed in the selection of the precursors for adsorption process (Dabrowski et al., 2005). 

Physical and chemical activation methods are normally used for activation of the chosen 

precursor. Physical activation is considered one of the method used in activating the 

precursor thereby enhancing the materials porosity, area and surface chemistry. Two steps 

are involved in these include thermal carbonization and activation. The purpose of 

carbonization of the raw materials under high temperature is to increase the carbon 

content and reduced the other component in the materials used. The activation process is 

conducted under a gasified condition using an oxidizing agent (mostly steam or carbon 

dioxide) to enhance the porosity, surface area and functional groups characteristics. 

However, chemical activation is conducted for raw materials using a considerable 

amounts of chemical agent such as alkaline hydroxides, zinc chloride, or phosphoric acid, 

and followed by carbonization under inert gas and high temperature. The chemical agents 

used for impregnation process. After impregnation process, the remaining agent on the 

surface of materials should be washed to remove excess chemical agent (Zhang et al., 

2011). 

Recently, adsorption on ACs from organic components can be regarded as the 

most effective way in removing pollutants from waste water which could be due to its 

cost effectiveness. Activated carbons (ACs) have been used by many researcher to 

remove H2S from gas mixture and liquid. Moreover, many factors determine the capacity 

of adsorbents during the adsorption process which include, porosity, surface area, 

functional groups, activation method and adsorbate conditions. The structure of raw 

materials and the proper activation agent are the important factors that enhance the 

adsorption capacity and functional groups characteristics of the adsorbent surface. 
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Different impregnated agents have been used to enhance the adsorption capacity of ACs 

in H2S (g) removal and these include metal hydroxides and oxides (Li et al., 2008; 

Bashkova et al., 2009; Cui et al., 2009), carbonates (Chen et al., 2010), and nitrogen 

groups using urea or melamine (Seredych and Bandosz, 2008). 

ACs could be obtained either commercially or from waste materials, the latter will 

be discussed here in details. Guo et al. (2007) used oil palm shell to remove H2S (g) from 

mixture gas. Different activation methods such as thermal and chemical methods were 

tested. The result obtained revealed that treated with strong acid possesses better dynamic 

adsorption performance. However, there might be an inherent hazard using a fixed bed 

self-ignition which could be due to the extreme heat released from the reaction and a 

significant decrease in adsorption capacity due to blockage of pore entrance. From the 

results obtained it was indicated that the chemical activation of palm shell ACs using 

H2SO4 or KOH activation gave a better performance than when  CO2was used for thermal 

activation. The mechanisms of H2S (g) removal using the palm shell ACs include 

chemisorption, physisorption, and/or H2S oxidation. Their finding was buttressed by the 

Boehm titration and Fourier transform infrared spectroscopy (FTIR) which showed that 

alkaline groups of pyrones (cyclic ketone) and other keto-derivatives of pyran were the 

main surface functional groups on the KOH-impregnated adsorbent. While phenols, 

carboxylic acids and carbonyl groups were the main surface functional groups on the 

H2SO4 impregnation with only carbonyl groups and phenol detected for thermally 

activated ACs. However, effect of humidity on adsorption process was part of the 

consideration from previous investigation conducted by Guo et al. (2007). Xu et al. 

(2014), addressed this limitation by focusing on the effects of relative humidity and pH 

on the adsorption capacities in sewage sludge and pig manure. It deduced that the non-

humidified pig manure biochar had higher capacity (59.6 mg/g) than the sewage sludge 

biochar (43.9 mg/g). This could be possibly as a result of the effectiveness of functional 

groups from the adsorption process. It was also reported that, as the biochar was 

humidified at 25 wt%, the saturation time increased to 200 and 180 minutes. The removal 

capacities for pig manure biochar and sewage sludge biochar therefore increased by ~10 

and ~8.3%, respectively, relative to those of non-humidification controls. Both pig 

manure biochar and sewage sludge biochar have high pH values. The alkaline working 

condition is only favourable for the dissociation of H2S (g) at the biochar surface, 

followed by the removal of H2S (g) via the oxidation of dissociated HS-. 
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Seredych et al. (2008) applied fly ash on sewage sludge-based material to remove 

H2S from biogas and air. Adsorbents were packed in a glass column (length 370 mm, 

internal diameter 9 mm, bed volume 6 cm3). H2S (g) (1000 ppm dry) was passed through 

the column of adsorbent with a flow rate of 0.15 L/minute. The results showed that the 

addition of nonporous ashes to sewage sludge decreased the surface area and the porosity 

(where sulfur can be stored as H2S (g) oxidation product). The active surface area is more 

influential than the micro porosity in the process. Another study conducted by 

Phooratsamee et al. (2014) indicated that the adsorption of H2S lead to 50% decrease in 

the volume of micropores (with a 50% decrease in surface area). Parameters such as 

surface area, total pore volume and microspore volume was investigated. ACs derived 

from palm oil shell and impregnated with NaOH and K2CO3 was used to remove H2S (g). 

They compared the performances of impregnated ACs and commercial ACs and found 

out that the surface area, total pore volume and microspore volume increased with respect 

to the char product to chemical agent ratio (1:1 to 1:3).  

Moreover, the ACs derived from alkaline impregnated coconut shell was adopted 

to remove H2S from gas stream. The fresh adsorbent was impregnated with NaOH, KOH 

and K2CO3 using wet impregnation method. The adsorbent was successfully impregnated 

with three types of alkaline and findings showed that K2CO3 provided the best 

impregnation with the highest adsorption capacity. However, the adsorption capacity 

decreased when NaOH impregnated ACs ratio increased (Choo et al., 2013).  

Kante et al. (2012) investigated the use of carbonaceous adsorbents from coffee 

industry waste materials to remove the H2S (g). The materials obtained were used as 

media for separating H2S from air at ambient conditions. They discovered that the porous 

surface of carbons governed the separation process. The adsorption capacities of ACs was 

therefore dependent on surface pH value and ash content, ranging from 20 to 127 mg/g. 

The chars and ACs were packed into a glass column (internal diameter 9 mm, bed volume 

3 cm3). Dry or wet air with 0.1% of H2S (g) was passed through the dry bed of the 

adsorbent at 450 cm3/minute. From the appropriate choice of pyrolysis condition and 

activation procedure, it is possible to obtain adsorbents with high removal capacity of 

H2S (g) (281.5 mg H2S/gads). Nowicki et al. (2014) studied the effective of ACs activated 

with carbon dioxide with a very large sorption capacity towards H2S (g) and the wet 

condition is ideal for adsorption capacity. Kazmierczak et al. (2015) reported that the 
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adsorption capacities of ACs towards H2S (g) were dependent on the activation 

temperature and adsorbent conditions. H2S (g) adsorption capacity of ACs or IACs 

increased with respect to the relative humidity. However, the role of humidity was not 

clearly understood in the removal of H2S (g) from gas mixture as concluded by Xiao et 

al. (2008). Impregnation was conducted by mixing 50 g of carbon with 25 mL of 6% 

Na2CO3 solution for 30 minutes. The mixed gases (100–1000 ppm) of H2S passed through 

the adsorbent bed at a flow rate of about 120 mL/minute. They found out that the roles of 

water and Na2CO3 in the process were not clearly understood and increasing temperature 

would reduce the H2S (g) adsorption capacity of IACs. Bagreev et al. (2004) studied the 

ACs obtained from bituminous coal for the removal of H2S (g). They found out that the 

modification of bituminous coal-based ACs with melamine and melamine with urea 

followed by heat treatment at 850 °C produced more efficient adsorbents. The 

performance of melamine has been reported to be two times higher than that of melamine 

with urea at low char temperature (600 °C). The sorption of H2S (g) on virgin and oxidized 

ACs was investigated (Bagreev and Bandosz, 2000).  

Yuan and Bandosz (2007) reported that the adsorption of H2S (g) on ACs might 

be affected by the chemical and physical properties of the adsorbent (i.e. surface area, 

porosity, and surface chemistry). Zhang et al. (2016) examined theACs prepared from 

flue gas precipitated lignin by means of steam activation. The results showed a large 

specific surface area of 1010 m2/g with an excellent removal of H2S from the gas stream. 

The physisorption using ACs at ambient temperature and pressure was found to be 

economical and cost-effective for H2S removal from the gas stream. Furthermore, H2S 

(g) adsorption on KOH impregnated ACs was investigated by Sitthikhankaew et al. 

(2014). 

Recently, the adsorption of H2S on ACs prepared from petroleum coke by KOH 

chemical activation was studied by Mochizuki et al. (2016). The results showed that 

increased activation temperature and KOH/petcoke weight ratio would enhance the pore 

structure. Kazmierczak et al. (2016) tested the ACs activated by microwave radiation 

(physical activation) to remove toxic gases. The surface area and the pore volume of final 

product were obtained to be 377 m2/g and 0.24 cm3/g, respectively, which were higher 

than those of the chemically activated ACs. Table 2.10 reported different adsorbent types 
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and their corresponding H2S adsorption capacities. Figure 2.6 shows the linear relation 

(R2 = 0.9534) between the adsorption capacity and the adsorbent surface area. 

Table 2.10 The literatures of some types of adsorbent and their adsorption capacity 

Adsorbents Uptake 

(mg/g) 

SBET 

(m2/g) 

References 

ACs from sawdust pellets 6.2 426 Kazmierczak et al. (2015) 

IACs under anaerobic conditions 9.4 732 Xiao et al. (2008) 

Graphite derived materials 30.5 192 Seredych and Bandosz (2009) 

ACs from oil-palm shell 76 1062 Guo et al. (2007) 

Sewage sludge/fish waste mixture 87.1 80 Ortiz et al. (2014) 

N2 modified carbide-derived carbons 90.5 1297 Seredych et al. (2009) 

Adsorption/oxidation on ACs 112 1063 Bagreev and Bandosz (2001) 

 

 

Figure 2.6 Linear dependence of H2S adsorption capacity of some carbon based 

materials on the adsorbent surface area (solid line is the linear fitting) 
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2.4.4.1 Structure Properties and Functional Groups of ACs 

The chemical nature of ACs surface is very important to determine the removal 

efficiency (adsorption capacity) and the textural properties of ACs. The activated carbon 

surface is heterogeneous, consisting multiple faces/edges and layers of graphite sheets. 

The hydrogen, nitrogen, particularly oxygen and halogen are mainly located on the edges 

and consist of the chemisorbed foreign heteroatom (El-Sayed and Bandosz, 2004). The 

edge sites seem to be more reactive than the atoms residing in the interior of the graphite 

sheets. Oxygen in the surface oxides is bounded in the form of various types of functional 

groups. Precursor, activation process, post chemical treatment and heat treatment formed 

the surface chemical functional groups (Moreno, 2004; Derylo et al., 2008). The surface 

functional groups are seen in Figure 2.7. Various functional groups exist in organic 

chemistry. Most of them are carbon-based compounds. Some of the functional groups 

form a single bond with most of the hetero-atoms such as oxygen, iodine, and nitrogen. 

Figure 2.7 shows two types of functional groups that can be observed on the activated 

carbons surface such as acidic and basic functional groups.  
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(a) 

 

(b) 

 

(c) 

Figure 2.7 (a) Surface functional groups of the activated carbon, (b) Acidic groups, 

(c) Basic groups 

Source: Mohamed (2011). 
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2.4.4.2 Physical Properties of the ACs 

The pore structure and the specific surface area are the most important property 

of adsorbent. Pore structures of the activated carbons (ACs) and Impregnated activated 

carbon (IACs) can be obtained from nitrogen adsorption-desorption isotherms. The 

adsorption capacity can be effected by physical properties such as size, shape and number 

of pores. The International Union of Pure and Applied Chemistry (IUPAC) is defined the 

range of pore sizes as summarized in Table 2.11. The specific surface area is considered 

as an important property which determines the adsorbent usage and its capacity. Reports 

have shown that the total surface area of an activated carbon ranges from 500 to 2000 m2. 

g−1 (Carrott and Carrott, 2007). For instance, from Figure 2.8, mesopores and macropores 

are mostly found in the external surface while the micropores dominate the internal 

surface of the activated carbon and contributes the most to the total pore volume. 

Table 2.11 IUPAC classification of pore sizes 

Pore width ( W; nm) Pores 

W < 0.7nm Ultramicropores 
0.7 < W< 2nm Super micro pores 

W <2 Micropores 
2-50 Mesopores 
W > 50 Macropores 

 

 

Figure 2.8 Schematic representation of external and internal adsorbent surface 

Source: Mohamed (2011). 
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2.5 Impregnation of Activated Carbons (IACs) 

The caustic carbon surface could help to immobilize the H2S (aq) species on the 

adsorbent surface and allow for greater removal efficiency due to the fact that H2S (g) is 

acidic in nature. The caustic materials such as NaOH or KOH is capable of improving the 

pH level from the carbon surface and this result in attraction of the adsorbent towards the 

H2S. Other materials, such as KI, Na2CO3, K2CO3 and KMnO4 are also utilized for 

impregnation during gas desulfurization. For instance, Xiao et al. (2008) reported that the 

impregnation with Na2CO3 could enhance the total removal capacity as much as about 

40-60times that of the unmodified carbons. In addition, alkali and metal hydroxides, 

oxides or carbonates, or nitrogen groups using urea or melamine are employed to the 

impregnation of carbons (Bandosz, 2006). There is a difference between impregnated 

carbon and unmodified carbon in the adsorption mechanisms. For example, the chemical 

reaction with H2S (g) is irreversible with impregnated carbon. Impregnation using caustic 

materials also escalates the selectivity towards sulfur formation (Bandosz, 2006). 

However, there is lack of enough scientific research which investigated the impregnation 

of activated carbons with metal oxide derived from wastes such as calcium derived from 

egg shells.  

2.5.1 Dispersion of Calcium on Activated Carbon 

One of the most common methods used for removal of low-concentration gaseous 

contaminants from air is adsorption on activated carbons (Bastani et al.,2010; Réguer et 

al., 2011). Air purification systems employing hybrid sorbents, i.e., porous solids loaded 

with chemicals that react with the target gas, are available commercially and are 

continuously being developed (Miyawaki et al., 2012). For example, activated carbons 

impregnated with chemicals of a strong basic character such as hydroxides or carbonates, 

is a highly efficient material for removing acidic gases from air (Bagreev and Bandosz, 

2002). The mineral used for preparations mainly consisted of CaCO3, which is a salt that 

decomposes thermally at 800 ◦C to CaO and CO2. Muñozet al. (1997) used calcium-

containing carbons as low-temperature sorbents for SO2. The particles of CaO dispersed 

on carbon were prepared by thermal decomposition of calcium acetate. They have studied 

the use of carbon as support to afford fine CaO particles, which in turn will provide high-

surface-area CaO to increase the retention capacity of the calcium-based sorbent to 

remove SO2. 
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Przepiórski et al. (2013) investigated the use of CaO-loaded carbon to efficiently 

removes CO2 and SO2 from air. Also, Zhenet al. (2008) reported that the CaO has the 

capacity to react with the acidic gases. Nikulshina et al. (2009) have concluded that 

Ca(OH)2 react with aforementioned acidic gases. There are many sources of CaCO3 such 

as limestone (53.16 %) (Marroccoli et al., 2010), oyster shell (36.4 %) (Pizzolante et al., 

2011), and egg shells (96 %) (Laca et al., 2017). However, the egg shells have more 

amount of calcium (Ca). Thus, the waste of egg shells are implemented in this study as a 

source of calcium (Olgun et al., 2015). 

2.5.2 Sources of Calcium 

There are many sources of calcium from the natural materials. Calcium can be 

extracted from calcium carbonate which abundant in nature. Egg shells, oyster shells, and 

limestone are the major sources of calcium carbonate. For instance, egg shells contained 

around 96 % of calcium carbonate (Laca et al., 2017). Moreover, oyster shells have a 

percentage of calcium carbonate of 36.4 % (Pizzolante et al., 2011) and limestone of 

53.16 % (Marroccoli et al., 2010). Calcium can easily be extracted from nature shells 

contained calcium carbonate due to in an acidic solution, calcium carbonate dissolves 

readily which can provide calcium.  

2.5.2.1 Components of Egg Shells 

Egg shells consist of about 94 to 96% calcium carbonate (Laca et al., 2017). An 

egg shells is a cost effective and easily available. Huge amounts of egg shells are 

produced as a by-product because hen's eggs are one of most common traditional food 

and utilized universally, and egg shells represent approximately 11% of the total egg 

weight (Stadelman, 2000). Pundir et al. (2009) reported that the by-product egg shells 

from these breaking operations are conventionally deemed useless and a major waste for 

the processor. The egg waste is commonly thrown away and end up in a landfill without 

any pre-treatment and causes environmental impact(Tsai et al.,2006). Due to the odour 

from biodegradation, this approach us a less preferred choice (Poland and Sheldon, 2001). 

In addition, due to properties such as high amounts of minerals and amino acids (Tsai et 

al.,2006); high porosity, antibacterial or anti-inflammatory characteristics (Pundir et 

al.,2009); and excellent adsorbent properties (Tsai et al.,2008), egg shells membranes 
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have multiple applications in therapeutic, nutraceutical, metallurgy or bioremediation 

areas, either as such or after processing (Pundir et al., 2009). 

Researchers have shifted their focus onto natural porous materials in the last 

couple of years. The egg shells are impressive in that it is made up of five structurally 

different layers. The shells membranes, mammillary layer, palisade layer, vertical crystal 

layer, and the cuticle. The mammillary layer which is the first mineralized layer is thought 

to contain randomly orientated calcite (CaCO3) crystals (Ferguson, 1982; Moreno et al., 

2014). Various researches have been conducted to evaluate the adsorption ability of egg 

shells as a low cost adsorbent, in artificial waste water with mono or multi components. 

Researchers in their studies have demonstrated the effectiveness of this adsorbent in the 

removal of heavy metals (Chojnacka, 2005), phenolic compounds (Koumanova et al., 

2002), dyes (Tsai et al., 2008) and pesticides (Elwakeel and Yousif, 2010). 

2.5.2.2 Oyster Shells 

The oyster shells have a high percentage of calcium carbonate. Several studies 

have been conducted for other applications of oyster shells as catalyst (Nakatani et al., 

2009), filtering medium (Park and Polprasert, 2008), and adsorption (Asaoka et al., 

2009).The disadvantages of using the oyster shells for preparation of calcium as an 

impregnated agent due to difficult to prepare because it need to left soaking in seawater 

for 1–2 years to remove any remnants of oyster meat, dried in the field for 3–4 months to 

remove moisture and salts and high energy to dried in an oven at 400 ̊C. Furthermore, 

very fine grain oyster shells are no suitable due to it become viscid and muddy when they 

are mixed together (Asaoka et al., 2009). Therefore, current study choose to use the egg 

shells as a source of calcium.  

2.6 Adsorption of Dissolved H2S 

There are some interactions affecting the adsorption process of H2S (aq) from 

waste water. These are (i) Adsorbent (ACs & IACs)/adsorbate (dissolved H2S (aq)) 

interaction which is controlled by the molecular structures of the adsorbate, the solution 

chemistry and the physicochemical properties of the adsorbents, (ii) Water/adsorbate 

(dissolved H2S (aq)) interaction which is related to the chemical compatibility between 

water and H2S (aq) molecules. (iii) Water/adsorbent (ACs & IACs) interaction which 

depends on the polarity of the adsorbents (Kose, 2010).  
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2.6.1 Factors Affecting the Adsorbent/Adsorbate Interactions 

It is known that the adsorption capacity of activated carbon (ACs) for the liquid 

adsorption depends on the nature of the adsorbate such as polarity, aqueous solubility, 

molecular size and weight as well as nature of the adsorbent (its pore structure, functional 

groups, surface area, and ash content) (Terzyk, 2004; Zhang et al., 2006). In addition, 

operating conditions for adsorption such as pH of the solution, and temperature have 

implications on the adsorbent/adsorbate interactions (Al-Degs et al.,2008). Effect of 

electron donor/acceptor substituent groups, molecular size, solubility, hydrophobicity and 

polarity of adsorbate are the factors that affect the adsorption process. Several studies 

have showed that adsorption of H2S by ACs and IACs increases with increasing solubility 

and/or decreasing hydrophobicity in the water because of the dissociation of H2S (aq) to 

S2- and HS- that become easily to adsorbed the adsorbate (Nowicki et al., 2014). H2S (aq) 

could be a water soluble (4-6 g/L) (Heinonen, 2012; Pourzolfaghar et al., 2014). 

The main parameters that determines water – adsorbate (dissolved H2S (aq)) 

interactions is the chemical compatibility between water and H2S ions. The hydrophobic 

and hydrophilic characteristic of a molecules is the driving force for the ions to the 

interfaces between solvent and solute. The nonpolar compounds are retained due to 

dispersive forces, the adsorption of polar compounds includes specific interactions via 

oxygen, nitrogen and other species on the surface. While polarity of pollutant molecules 

results from the difference in the electro-negativities among the various atoms, which 

causes an unequal distribution of electron density (Ania et al. 2008). The H2S (aq) is 

considered a polar molecule. Thus, the solubility of a H2S (aq) compound increased with 

decreasing difference between its polarity and the polarity of the solvent. Therefore, 

adsorption of a H2S (aq) by AC increased. 

2.7 Optimization Studies of Removal Efficiency of H2S (aq) 

The conventional and classical methods of studying a process by changing one 

variable at a time and maintaining other factors of the process at a constant level does not 

depict the combined effect of all the factors involved. This method is also time consuming 

and requires large number of experiments to determine optimum levels, which are 

unreliable. Therefore, optimization studies technique are conducted to determine the 

optimum conditions for the process variables under consideration and to find the 
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interactions between factors. The optimization study has been conducted using design of 

expert version 10.  

2.7.1 Design of Expert (DoE) 

Design Expert (version 10) as a statistical tool which helps in optimizing 

adsorption conditions for H2S (aq) removal from waste water using response surface 

methodology (RSM). The response surface methodology (RSM), was first described by 

Box and Wilson (Box and Wilson, 1992). It is an experimental approach used in 

identifying the optimum conditions for a multivariable system. It is a collection of 

mathematical and statistical techniques useful for developing, improving and optimizing 

processes and can be used to evaluate the relative significance of several affecting factors 

even in the presence of complex interactions (Hamsaveni et al., 2001). Response surface 

methodology (RSM) is a statistical experimental design that solved all the limitations of 

a classical method (Elibol, 2002). The main objective of RSM is to determine the 

optimum operational conditions for the system or to determine a region that satisfies the 

operating specifications. In this work, response surface methodology was employed for 

the optimization of H2S (aq) removal factors to enhance the removal efficiency (RE). 

In the last few decades, evaluated and optimized interactive effects of independent 

factors have been studied using response surface methodology (RSM).This has been 

conducted on numerous biochemical and chemical processes. Ahmad et al. (2009) studied 

the optimization of disperse dye removal from aqueous solution using waste-derived 

activated carbon. They have investigated the optimal preparation conditions for activated 

carbons prepared from rattan sawdust (RSAC) using central composite design (CCD) 

under RSM technique. The optimization application of preparation conditions of 

activated carbons was investigated. These applications have been investigated such as in 

the preparation of activated carbons sewage sludge (Rio et al., 2005) olive-waste cakes 

(Baçaoui et al., 2001), and Turkish lignite (Karacan et al., 2007).The Central Composite 

Design (CCD) was employed to study the optimized condition, interaction between 

factors and the effect of factors toward their responses. CCD was used to develop the 

correlation between the response surface and factors. Central Composite Design (CCD) 

is widely used by researchers due to its wide applicability in industries. The CCD 

technique is suitable for investigating the relationship between factors and optimization 

which can be performed with lesser experimental runs.  
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Recently, Bagheri et al. (2016) investigated the optimization of adsorption 

conditions on dyes removal efficiency based on central composite design (CCD) along 

with response surface methodology (RSM). Dehghani et al. (2017) also investigated the 

effect of interaction factors using response surface methodology (RSM) named central 

composite design (CCD) in order to optimize adsorption conditions of removing Reactive 

Red 120 and 196 using chitosan/zeolite composite from aqueous. However, there is no 

literature reported on the use of RSM for optimizing the operating conditions of removal 

H2S (aq) from waste water. Therefore, this study addressed this limitation in the literatures 

by investigating the optimum conditions of removal of H2S (aq) from petroleum waste 

water. 

2.7.2 Statistical and Graphical Analysis. 

Significance of the model equations and their terms were evaluated using 

statistical tools such as coefficient of determination (𝑅-squared), Fisher value (𝐹-value), 

probability (𝑃 value), and residual (Hassani et al., 2014; Roy et al., 2014). Graphs were 

employed to analyse the combined effect of factors on responses using 3D plots and to 

also analyse the predicted versus actual value plots of the response variables. 

2.8 Adsorption Isotherm Models 

Adsorption isotherm is a curve obtained by plotting at constant temperature the 

quantity of adsorbate against the concentration of the substance in the original gas or 

solution. The equilibrium and isotherm models are also conducted to explore the 

adsorption behaviour and screening scale before proceeding to actual industry. In the 

current study, the four well-known isotherm models, namely Langmuir, Freundlich, 

Temkin and Dubinin–Radushkevich models are described correlation between the 

adsorbent and the adsorbate at equilibrium status (Foo and Hameed 2010).Many studies 

have been conducted in describing the adsorption process for removing different 

pollutants from solutions. Dehghani et al. (2017) have been used the adsorption isotherm 

models to investigate the behaviour of  adsorption process of removing Reactive Red 120 

and 196 using chitosan/zeolite composite from aqueous.  

However, it was very less studies on adsorption isotherm models on removing of 

H2S (aq) from solution. Haimour et al. (2005) have been studied the adsorption isotherm 

models for removing low concentration of H2S (aq) on CuO and ZnO. Asaoka et al. 
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(2009) studied the adsorption isotherm models to investigate the behaviour of adsorption 

H2S (aq) on oyster shell wastes. Wang and Pei (2012) studied adsorption capacity of ferric 

and alum water treatment residuals for removing H2S (aq) using Thomas and Yan models.  

Recently, the adsorption capacity of activated carbon from empty fruit bunches 

have for removing very low concentration of H2S (aq) been investigated by Amosa (2015) 

using Langmuir and Freundlich isotherm models. Still lack of literatures on investigation 

of adsorption capacity of activated carbons derived from palm kernel shells and it 

composite with calcium extracted from egg shell s using adsorption isotherm models on 

removal of high concentration of H2S (aq). Therefore, this study is implemented the well-

known four models such as Langmuir, Freundlich, Temkin, and Dubinin to investigate 

the behaviour of adsorption process of H2S (aq) from waste water. Adsorption isotherms 

are commonly categorized into five types which are shown in Figure 2.9 (Thommes et 

al., 2015) including Type H1 loop is found in materials which exhibit a narrow range of 

uniform mesopores. This is also called the Langmuir isotherm and is used to describe 

monolayer adsorption. 

Hysteresis loops of Type H2: These isotherms are used to describe multilayer 

physical adsorption on macropores structure. Hysteresis loops of Type H2 are given by 

more complex pore structures in which network effects are important. It can be 

characterize to H2 (a) loops and H2 (b) loops. H2 (a) loops can be attributed either to 

pore-blocking/percolation in a narrow range of pore necks or to cavitation-induced 

evaporation. The Type H2 (b) loop is also associated with pore blocking, but the size 

distribution of neck widths is now much larger. Solids with mixed micro- and meso-

porosity show Type H2 isotherms. 

Isotherms (type H3 and H4 loops) are found with microporous and mesoporous 

adsorbents. These are favoured by weak and strong interactions between adsorbate -

adsorbent systems and the adsorbate molecules which lead to multilayer formation. 

Although the Type H5 loop is unusual, it has a distinctive form associated with 

certain pore structures containing both open and partially blocked mesopores. These type 

of isotherms are commonly observed for mesoporous materials.  



  

42 

 

Figure 2.9 Classification of adsorption isotherm 

Source: Thommeset al. (2015). 

2.8.1 Langmuir Isotherm 

Langmuir adsorption isotherm, firstly implemented to describe gas–solid-phase 

adsorption onto activated carbon. This empirical model assumes monolayer adsorption 

and it takes place at adsorption sites. This process is commonly known as homogeneous 

adsorption (Abdel et al., 2015). The linear forms of Langmuir’s isotherm model a can be 

represented in equation 2.6. 

Ce

qe
=

1

Qm b
+ (

1

Qm
) Ce  2.6 

 

Where Ce is the equilibrium concentration of the adsorbate (H2S) (mg/L), Qm is 

maximum monolayer coverage capacities (mg g−1), b is Langmuir constants (L/mg), and 

qe is the amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium (mg g−1). 

The main characteristics of the Langmuir isotherm can be expressed in terms of the 

dimensionless equilibrium parameter separation factor (RL), which shows in equation 2.7. 



  

43 

RL =
1

1 + bC0
 2.7 

 

WhereC0is the initial concentration of H2S (mg L−1) and b is the Langmuir 

constant. According to Foo (Foo and Hameed, 2010), the value of RL indicates the shape 

of the isotherm to be either unfavourable (RL>1), favourable (0 <RL<1), linear (RL = 1) 

or irreversible (RL = 0).  

2.8.2 Freundlich Isotherm 

The Freundlich isotherm is the earliest known relationship describing the non-

ideal and reversible adsorption. This empirical model can be applied to multilayer 

adsorption, with non-uniform distribution of adsorption heat and affinities over the 

heterogeneous surface (Foo and Hameed, 2010). This empirical assumes heterogeneous 

surface energies. Freundlich isotherm is widely conducted in heterogeneous systems 

especially, for highly interactive species or organic compounds on molecular sieves and 

activated carbon. The adsorption intensity or surface heterogeneity is measured by the 

slope ranges between 0 and 1, as its value gets closer to zero, it is becoming more 

heterogeneous. While, a value below unity implies chemisorption’s process where 1/n 

above one is an indicative of cooperative adsorption (Abdel et al., 2015). The correlation 

coefficient (R2) indicates the fitting error. The equation 2.8) represents the linear form of 

Freundlich equation. 

log qe = log KF + (1
n⁄ ) log Ce 2.8 

 

Where qe is the adsorption capacity at equilibrium (mg.g-1), Ce is the equilibrium 

concentration of the adsorbate (H2S) and KF (mg/g) (L/mg)1/n and n are Freundlich 

constants which represent the adsorption capacity and adsorption intensity respectively.  

2.8.3 Temkin Isotherm Model 

Temkin isotherm is the early model describing the adsorption of hydrogen onto 

platinum electrodes within the acidic solutions. The indirect interactions between the 

adsorbent and the adsorbate molecules on adsorption isotherms is assumed by Temkin 
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isotherm. The heat of adsorption of all the molecules in the layer would decrease linearly 

(instead of logarithmically) due to the interactions and the adsorption is characterized by 

a uniform distribution of binding energies, up to some maximum binding energy(Hosseini 

et al.,2003; Angin, 2014). The Temkin isotherm is examined by using equation 2.9) 

(Demiral& Güngör, 2016). 

qe =
RT

bT
lnKT + (

RT

bT
) lnCe 2.9 

 

Where RT/bT= B, R is the gas constant (8.314 J/mol K) and T is the absolute 

temperature in K, bT is the Temkin isotherm constant and B is related to the heat of 

adsorption (J/mol). KT is the equilibrium binding constant (L/g). 

2.8.4 Dubinin–Radushkevich Isotherm 

Dubinin and Radushkevich isotherm model is generally applied to express the 

adsorption mechanism on heterogeneous surface. It has been used to describe the liquid 

phase adsorption and estimated the adsorption energy from D-R equation depending on 

the assumption that the monolayer adsorption occurs on micropores surface based on the 

potential theory (Günay et al.,2007).The equation 2.10) represents Dubinin and 

Radushkevich linear form equation (Demiral& Güngör, 2016). 

ln (qe) = ln(qs ) − BDRε2 2.10 

Where ε is related to the equilibrium concentration and can be correlated as: 

ε = RTln [1 +
1

Ce
 ] 2.11 

 

Here, qS is the D-R monolayer adsorption capacity (mg/g) and BDR (mol2 Kj-2) is 

the constant related to the adsorption energy and E is the energy of adsorption (kJ/mol). 

The constant BDR gives the mean free energy E of sorption per molecule of the sorbate 

when it is transferred to the surface of the solid from the solution. E can be computed by 

using the relationship: 
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E =
1

√2BDR

 2.12 

 

2.9 Batch Kinetic Models Studies 

Adsorption kinetics models can be used to simulate the uptake of H2S (aq) by the 

adsorbents. The adsorption kinetic models are conducted in many adsorption process 

studies. Amosa (2015) studied kinetic models in the removal of low concentration (0.8 

ppm) of H2S (aq) on activated carbon. The kinetic study involved in the removal low 

concentration of H2S (aq) on activated sludge was conducted by Pang et al. (2017). 

However, there is no enough scientific research on adsorption kinetic study using palm 

kernel shells based activated carbon and impregnated with calcium extracted from egg 

shells on the removal of high concentration of H2S (aq) from waste water. In order to fill-

up this knowledge gaps, the adsorption of kinetic models studies are conducted using the 

Pseudo-first-order, Pseudo-second order and Intra-particle diffusion kinetic models. 

2.9.1 Pseudo–First–Order Kinetic Model 

Typically, the pseudo–first–order kinetic model is applied for predicting 

adsorption kinetics. This model assumes that the rate of change of solute uptake with time 

is directly proportional to the difference in saturation concentration. The rate constant for 

adsorption is determined from the pseudo–first–order equation as given by Agarwal et al. 

(2016). 

log( 𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 −
𝑘1

2.303
 𝑡 2.13 

 

Where, qe and qt are the amounts of adsorbed H2S (mg/g) at equilibrium and at 

time t, respectively, and k1 is the rate constant of adsorption (h−1). The k1 values were 

calculated from the plots of log (qe − qt) versus t for different H2S concentrations. 

2.9.2 Pseudo–Second–Order Kinetic Model 

The pseudo–second–order equation based on equilibrium adsorption is expressed 

as follows (Agarwal et al., 2016): 
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1

𝑞𝑡
=

1

𝑘2𝑞𝑒
2

+
1

𝑞𝑒
 𝑡 2.14 

 

where, k2 (g/mg h) is the rate constant for second–order adsorption. 

2.9.3 Intra-particle Diffusion Model 

Depending on the theory proposed by Weber and Morris, the intra-particle 

diffusion model was tested to identify the diffusion mechanism (Agarwal et al., 2016). It 

is an empirical functional relationship, common to a majority of the adsorption processes, 

where uptake varies almost proportionally with t1/2 rather than with the contact time t. 

According to this theory. 

𝑞𝑡 = 𝑘𝑖𝑝𝑡1/2 + 𝐶 2.15 

Where, kip (mg/g h1/2) is the intra-particle diffusion rate constant. 

2.10 Thermodynamics of Adsorption Equilibrium 

The study of thermodynamic parameters could provide an in-depth information 

regarding the structural changes and the inherent energy after adsorption. 

Thermodynamic parameters can be calculated, when the adsorption phenomenon reaches 

equilibrium. These parameters comprise the Gibbs free energy change (ΔG°), standard 

enthalpy change (ΔH°) and the standard entropy change (ΔS°). Gupta et al. (2003) 

investigated the adsorption process using activated slag and activated carbon to adsorb 

basic red dye. The results revealed that the positive entropy indicated an increased in 

randomness after the adsorption of basic red on activated carbon and activated slag. The 

negative values of Gibbs free energy change (ΔG°) showed the spontaneous nature of 

basic red adsorption on both adsorbents. The positive values of enthalpy change (ΔH°) 

indicated the endothermic nature of the adsorption process. Ramesh et al. (2005) 

investigated the thermodynamic parameters for the removal of heavy metal and dyes from 

waste water, using a low cost adsorbent. They found out that when adsorption capacity 

increased with temperature, the process was claimed to be endothermic, and vice versa. 

It can therefore be concluded that, there is no literature reporting the thermodynamics on 

an activated carbon derived from palm kernel shell which is impregnated with calcium 

extracted from egg shells to remove of high concentration of H2S (aq) from waste water. 
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2.11 Knowledge Gap 

The previous works on adsorption process of removal of H2S (aq) form solution 

were reviewed in this study. Various parameters were compared and summarized in 

Table 2.12. It can be seen from Table 2.12, there was few investigations conducted on the 

adsorption of H2S (aq) from waste water. For instances, Haimour et al. (2005) studied the 

adsorption of low concentration H2S (aq) on CuO and ZnO. The waste materials of 

crushed oyster shell was used by Asaoka et al. (2009). Recently, Pang et al. (2017) 

investigated the possibility of using activated sludge to remove low concentration of H2S 

(aq) from solution. Only a single study was conducted to investigate the activated carbon 

derived from agriculture wastes to remove of H2S (aq) (Amosa, 2015). He investigated 

the removal of low concentration (0.8 ppm) of H2S (aq) from oil mill effluent using empty 

fruit bunches based activated carbon. He studied the optimization of preparation 

conditions using 2-level full factorial approach. However, there is no present literature on 

the possibility of using abundant agriculture wastes materials in Malaysia such as coconut 

shell, palm kernel shell, and wood saw dust. The possibility to convert this wastes 

materials to activated carbons (ACs) and investigate their removal efficiency at high 

concentration (100- 1000 mg/L) of H2S (aq) were conducted in the present work. In 

addition, the enhancement of the adsorption capacity through the modification of the 

surface chemistry of activated carbons with calcium extracted from egg shells to produce 

calcium impregnated activated carbons (IACs) was also not mentioned in the literatures. 

Therefore, the impregnation, optimization, modelling, and thermodynamic study of the 

selected adsorbents were conducted to cover these gaps as presented in Table 2.12. 
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Table 2.12 Literature summary on adsorption of aqueous H2S (aq) using different adsorbents 

Conc. 

(mg/L) 

Types of 

adsorbent 

Activation 

method 

Impregnati

-on method 

Optimization of Parameters 

studied 

Adsorp. 

isotherm  

Kinetic 

models 

Thermo

dynamic  

References  

preparation 

condition 

operatin

g 

condition 

5 CuO and 

ZnO 

- - - - Time, conc. Langmuir, 

Fruendlich  

Redlich-

Peterson 

- - Haimour et al. 

(2005) 

5–800  Crushed 

oyster shell 

- - - - Time, conc. Langmuir 

Freundlich 

Henry 

- - Asaoka et al. 

(2009) 

200-800 Ferric and 

alum water  

- - - - Time, conc., 

pH  

Thomas 

Yan 

- - Wang and Pei 

(2012) 

10-100  Carbonated 

steel slag 

- - - - Time, conc. -  
 

- Asaoka et al. 

(2013) 

30  Activated 

sludge 

- - - - Time, conc. Langmuir, 

Freundlich,  

 
 

- Pang et al. 

(2017) 

0.8 ACs from 

empty fruit 

bunch 

(EFB) 

Physical 

activation 

(steam) 

- - 2 level 

factorial  

Time, conc. Langmuir, 

Freundlich,  

 
 

- Amosa (2015) 
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CHAPTER 3 

 

 

RESEARCH METHODOLOGY 

3.1 Introduction 

This chapter consists of six sections. The first section presents the detailed 

descriptions of materials and chemicals employed in this study. The overall methodology 

was explained using flowchart in section 2. In Section 3, preparation, carbonization, and 

activation process of activated carbons (ACs) were demonstrated along with 

impregnation of activated carbons (IACs) with calcium extracted from egg shells. While, 

section 4 was discussed the characterization techniques used for characterizing ACs and 

IACs. Preliminary studies on operating conditions for the removal of H2S (aq) from 

simulated waste water was presented in Section 5. Section 6 was explained the steps and 

procedures followed to conduct the experiments, processes, optimizing and modelling.  

The research methodology employed in this study involve collection and 

preparation of raw biomass materials as illustrated in Figure3.1. The first stage involves 

the collection and preparation of raw biomass materials. The material preparation was 

followed by activation process, screening, and optimization of the precursors such as 

coconut shell (CNS), palm kernel shell (PKS), and wood saw dust (WSD). Chemical 

activation method was employed to produce activated carbons as adsorbents and labelled 

as follows: palm kernel shell based activated carbon (ACPKS), coconut shell based 

activated carbon (ACCNS), and wood saw dust based activated carbon (ACWSD). 

Thereafter, the activated carbons were modified (impregnation) with calcium extracted 

from egg shells to produce impregnated activated carbon (IACs) as adsorbents. The IACs 

were labelled as following: calcium impregnated activated carbon (Ca-ACCNS, Ca-

ACPKS and Ca-ACWSD). Subsequently, the prepared adsorbents were characterized by 

SEM/EDX, BET, FTIR, TGA, XRD and XPS. 
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H2S (aq) solution (simulated waste water) was prepared for subsequent studies. 

Investigation and determination the removal (the efficiency) of the ACs and IACs toward 

dissolved H2S (aq) from solutions carried out. The effective adsorbent was selected. The 

optimization of the preparation conditions of the selected adsorbent was also performed. 

Furthermore, the operating conditions of removal of H2S (aq) from actual waste water 

were screened and optimized. Finally, the thermodynamic, isotherm and kinetic models 

studies were conducted for the selected adsorbent to clarify the behaviour of adsorption 

process. 
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Figure3.1Overall methodology flowchart 
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3.2 Synthesis of ACs from Agricultural Wastes 

The detailed description of the steps involved in the preparation of the ACs from 

agricultural wastes materials was explained in this section. The three precursors used for 

the preparation of the ACs were coconut shell (CNS), palm kernel shell (PKS), and 

residual wood sawdust (WSD) and they were locally sourced as agriculture wastes as seen 

in Figure 3.2. The coconut shell (CNS) was collected from plantation. In addition, palm 

kernel shell (PKS) was collected from United Palm Oil Mill, Malaysia. While residual 

wood sawdust (WSD) was collected from local sawmill shop in Kuantan, Malaysia. 

Moreover, egg shells wastes were used as precursor for calcium (Ca) in this study for the 

modification of the ACs which was collected from local restaurant. Each material was 

thoroughly cleaned to remove moistures and subsequently dried in an oven at 110°C. 

Dried samples were grinded in different particle size (0.5-1) mm and stored in a sealed 

container. While the egg shells were grinded to a powdery form (0.25-0.3) mm. The 

resulting precursors were stored in sealed containers. 

 

   

(a) CNS (b) PKS (c) WSD 

Figure 3.2 Raw materials for preparation of activated carbons from (a) coconut shell, (b) 

palm kernel shell, (c) wood saw dust 

3.2.1 Carbonization Process of ACs 

The sample of CNS, PKS, and WSD were carbonized at 700 °C at heating rate of 

10 °C/min (first pyrolysis) for 2 h in an inert atmosphere (N2 flow of 150 mL/min) in a 

horizontal tubular furnace placed in a tube furnace(Nabertherm GmbH, Germany). The 

carbon produced was then drenched in potassium hydroxide (KOH) solution (molarity of 

0.2304 mol/L)with an impregnation proportion of 4:1 for 24 h (Stavropoulos and 
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Zabaniotou, 2005). The impregnation ratio with activating agent proportion (IR) was 

estimated from Equation 3.1). 

IR =
MKOH 

Mcarbon
 3.1 

 

Where MKOH is the mass of KOH pallets (g) and Mc is the mass of carbon (g). 

The schematic representation of the detail procedure of the carbonizations and activation 

process of the precursors shows in Figure 3.3. 

 

Figure 3.3 Carbonization and activation process of ACs 

3.2.2 Activation Process of ACs 

After carbonization, the resulting treated carbon materials were placed in a tubular 

horizontal furnace (Nabertherm, GmbH, Germany 212080 /R 50/500/12) and gradually 

heated with inert gas (N2 flow of 150 mL/min) until the maximum temperature of 750 °C 

was attained. Then, the N2 gas was replaced with CO2 gas for 2 h(Kazmierczak et al., 

2015; Jiang et al., 2016). Activated carbons (ACs) produced were cooled and washed 
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using deionized water with HCl (0.1 M) three times to remove the residual KOH. The 

acid-washed samples were further washed with distilled water until neutral pH was 

obtained. The final product was dried in an oven at 110 ̊C for 24 h and coded as ACCNS, 

ACPKS, and ACWSD. The yield of the carbon materials produce were estimated using 

equation 3.2). 

Yield (%) =
Wc

WO
 x 100 3.2 

 

Where, Wc and Wo are the dry weight of the final sample and the dry weight of 

precursor, respectively.  

3.3 Modification and Impregnation Process of ACs 

3.3.1 Extraction of Calcium from Egg Shells 

The egg shells thoroughly washed with deionized water to remove any trace of 

impurities. After that, it dried in oven at 110 ̊ C. The resulting dried egg shells were grind 

to powdery form. The stripped inner membrane of egg shells soaked in acetic acid 

solution (25-100 %v) to obtain calcium solution with different concentrations (Treviño et 

al., 2013). In this stage, a ratio of 0.05 g of egg shells per mL of acetic acid with different 

concentration range (25-100 %v) was used.  

The membrane of egg shells separated from the solution by filtering since the 

membrane was insoluble in acetic acid. A temperature controlled shaker was used to 

shake the mixture (i e, egg shells and acetic acid) at 150 rpm for 5 h. The Atomic 

Absorption Spectrometer (AAS) was used to measure the concentration of calcium from 

the solution. Finally, the obtained calcium solution with concentration of 72.5 mg/L was 

utilized for the impregnation of the ACs. While the concentration of calcium from oyster 

shells was 64.6 mg/L. Thus, egg shells were preferred as an impregnation agent. Three 

samples were measured and the mean of results are calculated. The details results of 

measuring calcium concentration shows in Appendix D.  
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3.3.2 Synthesis Process of IACs 

The modification of the ACs was done in accordance with the method reported by 

Guijarroet al. (2011). The calcium solution extracted from egg shells was used to modify 

the surface chemistry of ACs. A proportion of 0.2 g of activated carbons per mL of 

calcium solution concentration of 72.5 mg/L was utilized for the impregnated of ACs. 

This impregnated process performed under constant stirring (150 rpm) and at 30 ℃ for 4 

h. The solution evaporated at 66 ℃ and then the sample dried at 100 ℃ for 15 h. Finally, 

the impregnated activated carbons (IACs) heated at desired temperature (800-1 000 ℃) 

for 1.5 h in a tubular horizontal furnace (Nabertherm, GmbH, Germany 212080/R 

50/500/12). The IACs were washed with deionized water until neutral pH was constant 

and finally dried at 100 ℃for 24 h. The IACs such as Ca-ACCNS, Ca-ACPKS and Ca-

ACWSD were stored in a sealed flask and kept in a desiccator until it was used for 

characterizations and adsorption tests. The whole procedure of modifications process 

shows in Figure 3.4. 

 

Figure 3.4 Preparation and modification of surface chemistry of IACs with calcium 

extracted from egg shells 
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3.4 Characterization of the ACs and IACs 

Various analytical techniques employed in this study to determine the 

morphology, surface chemistry, and the structure of the optimally prepared ACsand IACs. 

All the adsorbents (ACs & IACs) properties and conditions investigated and 

characterized. The names of equipment, brand and models for characterizations study 

shows in Table 3.1. The analytical approaches used are represented in Figure 3.5. 

Table 3.1 Equipment employed for characterization study 

Brand S/N Equipment Specification/model 

Toledo AG  PH meter (Mettler-Toledo AG (8603)) Mettler-Toledo AG (8603) 

Hitachi 

3030 

Scanning electron microscope (SEM) Hitachi 3030 plus, Japan 

Hitachi 

3030 

Energy Dispersive X Ray Test (EDX) Hitachi 3030 plus, Japan 

ASAP 2020 Sorption of Nitrogen ASAP 2020 Micromeritics, USA. 

JASCO-480 Fourier transform infrared spectroscopy JASCO-480 Plus, Japan 

Q500.0617 Thermal gravimetric analysis (TGA) TGA Q 500 

RIGAKU X-ray diffraction (XRD) RIGAKU Miniflex II 

PHI5000 X-ray photoelectron spectroscopy (XPS) PHI5000VersaProbeII 

 

 

Figure 3.5  Different techniques of analysis for adsorbnets characterization 

3.4.1 Scanning Electron Microscope (SEM) 

SEM used to measure the morphology of the adsorbent surface. It is an electron 

microscope used for scanning a sample with a focused beam of electrons to produce 

images. The working principle was based on the interaction of the electrons with atoms 

https://www.google.iq/url?sa=t&rct=j&q=&esrc=s&source=web&cd=6&cad=rja&uact=8&sqi=2&ved=0ahUKEwjQlYSXzPHLAhVLCI4KHfqpAzAQFgg-MAU&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FFourier_transform_infrared_spectroscopy&usg=AFQjCNEkGKrQDSUqBI8YwA1tBD3C6DnsUQ&bvm=bv.118443451,d.c2E
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in the particle sample resulting in many signals that contain information about the 

sample’s composition and surface topography. Observation was made through a scanning 

electron microscope (SEM) and the porous material analysed to determine if the porous 

properties were elucidated. The SEM ran at 20kV accelerating potential on a Hitachi TM 

3030 Plus, Japan.  

3.4.2 Energy Dispersive X-Ray Test (EDX) 

Elemental analysis of the samples was conducted using Energy-Dispersive X-ray 

spectroscopy (EDX) Hitachi TM 3030 Plus, Japan. EDX was a useful tool to investigate 

the composite elements on the surface of adsorbents. It investigated an interaction of some 

source of X-ray excitation on the sample. Its characterization capabilities depend mainly 

on the basic principle that every individual element possesses a unique atomic structure, 

which allows a specific set of peaks on its X-ray spectrum. A high-energy beam of 

charged particles such as protons or electrons, or a beam of X-rays, was concentrated on 

the sample to generate the emission of characteristic X-rays from a specimen.  

3.4.3 pH Measurement of Adsorbent Surface and Solution 

The test was conducted to all six adsorbents. A sample of 0.4 g of dry carbon 

powder was added to 20 mL of water, and the suspension were stirred overnight to mixed 

solution. Then the sample filtered, and the pH of the solution measured using a pH meter 

(Mettler-Toledo AG (8603)). The obtained result was considered as the pH value of the 

adsorbent surface. The pH of solution was also measured before and after adsorption 

process. 

3.4.4 Sorption of Nitrogen 

The pore structures of the adsorbents particles, related to surface area, pore 

volume, and pore size distribution, were obtained by measuring N2 adsorption–desorption 

isotherms at −196 ̊C using an ASAP 2020 apparatus (Micromeritics Co., USA). At the 

beginning of the experimental, the samples were heated at 120 ̊C and then outgassed at 

this temperature under a vacuum of 10-5 Torr to constant pressure. Brunauer–Emmett–

Teller (BET) and Barrett-Joyner-Halenda (BJH) methods were used to estimate the 

specific surface area (SBET, m2/g) and total pore volume (Vt, cm3/g at STP) of the 

adsorbent from the adsorption and the desorption isotherms. The actual density (ρs) of the 
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sample was measured by the helium displacement method using an AccuPyc II 1340 

pycnometer (Micromeritics Co., USA).  

3.4.5 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) mainly employed as a qualitative 

technique for evaluating the chemical structure of carbon materials. It considered as a 

helpful tool to observe the functional groups on the surface of the solid materials. 

Different functional groups absorbed infrared light at distinct wavelengths. The FTIR 

spectra of ACs were measured over the frequency range 4000 to 400 cm-1 at resolution of 

4 cm-1. FTIR analysis was performed using JASCO-480 Plus, Japan. 

3.4.6 Thermal Gravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was conducted using (TGA Q 500) to find the 

thermal stability of materials during the carbonization and activation process. The 

percentage of weight loss was displayed the effect of temperature on the materials. The 

sample was maintained at 120 ºC for 2 h and then heated to 900 ºC with a heating rate of 

10 ºC/min in a high purity nitrogen atmosphere. 

3.4.7 X-Ray Diffraction (XRD) 

The position and intensities of XRD peaks provided information about the shape 

of the crystalline structure. The XRD patterns were recorded using X-ray diffractometer 

(RIGAKU Miniflex II) operating at 40 Kv and 40 mA with Cu Kα radiation (λ = 1.5406 

Å). The 2θ ranging from 5 to 80 degree with a scanning rate of 0.02 degree/min was 

recorded at room temperature (23 oC). The X-ray diffractometer was operated with 1o 

diverging and a continuous scan was carried out with a step size of 0.015o and a step time 

of 0.2 second. 

3.4.8 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique and a 

surface-sensitive quantitative that measures the composition of elemental at the parts per 

thousand range, chemical state, empirical formula and electronic state of the elements that 

exist within a material. The surface chemistry of a material could be analysed using XPS. 

It showed all elements on the surface of the sample and the quantification table indicating 

https://www.google.iq/url?sa=t&rct=j&q=&esrc=s&source=web&cd=6&cad=rja&uact=8&sqi=2&ved=0ahUKEwjQlYSXzPHLAhVLCI4KHfqpAzAQFgg-MAU&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FFourier_transform_infrared_spectroscopy&usg=AFQjCNEkGKrQDSUqBI8YwA1tBD3C6DnsUQ&bvm=bv.118443451,d.c2E


  

59 

all elements observed, their atomic percentages and binding energies. X-ray 

photoelectron spectroscopy (XPS) was the useful technique that used to measure the 

chemical states of elements composition on the surface. It could be utilized to analyse the 

surface chemistry of a material such as inorganic compounds, metal alloys, polymers, 

elements, catalysts, glasses, ceramics, and woods. 

3.5 Preparation of Simulated and Some of Real Waste Water 

3.5.1 Preparation of Simulated Waste Water 

The simulated waste water containing H2S (aq) solution were prepared by 

adapting the procedure used by Asaoka et al. (2009). Sodium sulfide (Na2S.9H2O) 

dissolved in distillate water was purged with N2 gas to avoid oxidation of sulfide to get 

various concentration of H2S (aq) as seen in Table 3.2 (Edathil et al., 2017). The 

theoretical calculations of H2S (aq) are showed in appendix C. The pH of the solution was 

reduced from pH value of 11.5 to neutral value using 0.1 M of HCl. 

Table 3.2 Preparation of different concentration of dissolved H2S (aq) and the 

weight of Na2S.9H2O 

Preparation sample of 

waste water 

Concentrations of dissolved 

H2S (aq) (mg/L) 

Weight of Na2S.9H2O 

(g/L) 

Simulated waste water  

200 1.5 

400 3.0 

600 4.5 

800 6.0 

1000 7.5 

 

3.5.2 Real Waste Water 

The real petrochemical waste water was taken from a petrochemical industry in 

the East Coast region of Malaysia. A 5 litter of actual waste water has been used for 

optimization process of the operating conditions using Design of Expert (DOE).The 

characteristics of real waste water is below in Table 3.3. The characteristic of 

petrochemical waste water was conducted in the lab. In this study, the real waste water 

was used to investigate the optimum conditions that can remove the H2S (aq) in the same 

conditions with simulated one to validate the optimization process. 
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Table 3.3 Characteristics of petrochemical waste water  

Parameters  Value  Regulations 

standard (A)  

Regulations 

standard (B)  

Concentration of H2S (aq) (mg/L) 1000 0.5 0.5 

COD (mg/L) 1665 80 200 

pH 7 6.0-9.0 5.5-9.0 

 

3.6 Batch Equilibrium Studies of H2S (aq) Adsorption by ACs 

Batch adsorption experiments were conducted in a set of 250 mL Erlenmeyer 

flasks containing 0.1 g adsorbent and 100 mL of H2S (aq) solutions at various initial 

concentrations (100 to 1000 mg/L) were investigated. This range was selected based on 

the current study scope which targeted the high concentration of H2S (aq) due to lack of 

literatures. The flasks were agitated in a thermostatic orbital shaker at 150 rpm and 30 °C 

until the equilibrium was reached. The pH of the solution was controlled to neutral by 

using a diluted solutions of 0.1 M HCl. 

3.6.1 Analysis of H2S (aq) Concentration 

The concentrations of H2S (aq) in the simulated and actual waste water were 

measured by using spectrophotometer HACH DR2800 which conducted using sulfide 

reagent 1&2 (Method: Methyle Blue) (Edathil et al., 2017). The procedure that used to 

measure the H2S (aq) concentration as a followed. Firstly, the blank sample was prepared 

by fill a sample cell with 10 mL deionized water. Then a 0.5 mL sulfide reagent 1 was 

added to sample cell. The mixture was swirl to mix. After that, a 0.5 sulfide reagent 2 was 

added to sample cell. Secondly, the spectrophotometers and started the instrument timer. 

A 5-minute reaction time were started. When the timer expired, the blank inserted into 

the cell holder and pushed zero. The display was showed 0 mg/L. Finally, the prepared 

sample was inserted into the cell holder then pushed read. The results showed in mg/L. 

The solution shows pink and then blue if sulfide is in the sample. The adsorption capacity 

(qe,mg/g) was calculated by equation3.3). Subsequently, the initial and final 

concentrations were measured after the suspensions were filtered. 

qe =
(C0 − Ce)V

m
 3.3 
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Where V is the solution volume (L), m is the adsorbent amount (g) and Co and Ce 

are the initial and final H2S (aq) concentrations, respectively. All adsorption experiments 

were repeated at same conditions with a deviation of 5 %. All measurements and 

experiments were conducted in a fume hood since H2S is a harmful gas. The removal 

efficiency (RE) was defined as: 

RE =
C0 − Ce

C0
X100% 3.4 

 

Where 𝐶𝑜 is initial concentration of solute (mg/L), 𝐶𝑒 is equilibrium concentration 

of solute (mg/L), 𝑉 is volume of solution (L) and 𝑚 is mass of activated carbon used (g). 

The adsorbent sample yield can be calculated using the equation 3.2).  

3.6.2 Preliminary Study of the Parameters 

Preliminary study was done to investigate the best process conditions and ranges 

for removal of H2S (aq) from waste water. In this study, initial concentration (mg/L), 

contact time (min), amount of adsorbent (dosage (g)), agitation speed (rpm), and pH were 

investigated. The experimental equipment employed in this study shows in Table 3.4. 

Table 3.4 The exprimental rig employed in this study 

Brand S/N Equipment               Specification/model 

DR2800 Spectrophotometer                HACH DR2800 

SI-100D Shaker Incubator                SI-100D 

212080 Furnace (Nabertherm, GmbH, Germany                R 50/500/12 

 

The concentration parameter was considered as one of the important factors that 

could significantly influence the removal efficiency (RE) of the pollutant from waste 

water. The ranges of initial concentrations investigated were as follows: 200, 400, 600, 

800 and 1000 mg/L. The initial concentrations used in this study was in accordance with 

that reported by Hariz and Monser, (2014). The other parameters were constant during 

the investigation of the effect of the initial concentration on RE of H2S (aq). For instance, 

contact time (min) (Fang et al., 2013), dosage (g) (Asaoka et al., 2013), solution pH 

(Haimour et al., 2005; Wang and Pei, 2012), and agitation speed (rpm) were constant with 

values of (540 min, 1 g/L, 7, & 150 rpm) respectively. Table 3.5 shows the various 

concentration ranges and others constant factors. 
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The effect of contact time was important factor. To investigate the effect of 

contact time, 0.1 g of the adsorbent was added to 100 ml of solution concentration of 200 

mg/L of H2S (aq) in vital flask size 250 ml. The batch container was sealed tightly and 

subsequently shaken at 150 rpm. The solution of H2S (aq) was neutral. All the details 

information shows in Table 3.5. 

The amount of adsorbent used was investigated as shows in Table 3.5. It was 

important to study the dosage to know the adsorption capacity of adsorbent. In addition, 

the results have been agreed with other work that studied by Asaoka et al. (2013). 

Table 3.5 shows the variations of the pH of solution keeping the other factors constant. 

The pH was investigated from value of 5 to 9. The results were supported by other 

researchers reported in elsewhere study (Haimour et al., 2005; Wang and Pei, 2012). The 

agitation speed was an important factor that contributed on removal efficiency of H2S 

(aq). The variety of agitation speed with constant other factors demonstrate in Table 3.5. 

Table 3.5 Preliminary study of operating condition parameters 

Concentrations 

(mg/L) 

Contact time (h) Dosage (g) Solution pH Agitation 

speed (rpm) 

200 1 0.1 5 0 

400 3 0.2 6 50 

600 5 0.3 7 100 

800 7 0.4 8 150 

1000 9  9 200 

 

3.6.3 Comparison Study between the Adsorbents 

The six adsorbents were subjected to comparison study toward the RE of H2S (aq) 

from simulated waste water. The optimization of preparation conditions of selected 

adsorbent were investigated using simulated waste water. Moreover, the operating 

conditions of the removal of H2S (aq) from actual petroleum waste water for selected 

adsorbent were conducted. The selected adsorbent was also subjected to isotherm, and 

kinetic adsorption models and thermodynamic studies. 

3.7 Optimization of Adsorption Process 

The flow chart of optimization of adsorption process using Design of Expert 

version (DX10 USA) shows in Figure 3.6. In this study, two optimization process were 

conducted. Firstly, the significant factors of preparation conditions for the selected 
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adsorbent were optimized using response surface methodology (RSM). Response surface 

methodology (RSM) was a statistical experimental design that solved all these limitations 

of a classical method process. The central composite design (CCD) was employed to 

study optimization, interaction between factors and the effect of factors toward their 

responses. It used to develop the correlation between the response surface and factors. 

The optimum preparation conditions of selected adsorbent investigated. Secondly, the 

screening and optimization process of operating conditions of H2S (aq) from actual 

petroleum waste water using selected adsorbent conducted. For screening study, the 2 

level factorial design used to investigate the significant of factors on the responses during 

the adsorption process of dissolved H2S (aq) from waste water. While, Response surface 

methodology (RSM) with central composite design (CCD) employed to study 

optimization, interaction between operating conditions and the effect of factors toward 

their responses (Bagheri et al., 2016). Analysis of variance (ANOVA) was conducted to 

determine the regression and graphical analysis with statistical significance. ANOVA was 

subsequently performed to explore and indicate the significant of the models. 

Optimization strategy utilized to decide the optimum preparation and operation 

conditions for the procedure factors under consideration. To accomplish this, objectives 

were set with requirements. For each of the variables, goal was set “in range” with 

limitations. For the responses surface, the objective for RE and selected adsorbent yield 

were set “maximize”. Moreover, model validation was carried out by conducting batch 

experiment under optimum preparation conditions. In order to evaluate the validity of the 

model, experimental values got were compared with the model predicted values. The 

batch equilibrium studies using (DOE) demonstrates in Figure 3.6. 



  

64 

 

Figure 3.6 Batch equilibrium studies using (DOE) 

3.7.1 Optimization of Preparation Conditions of Selected Adsorbent 

The modification method of surface chemistry of selected adsorbent was done 

according to procedure conducted by Guijarro et al. (2011). The calcium solution 

extracted from egg shells was used to modify the surface chemistry of selected adsorbent. 

The details explanation of the process was provided in section (3.3.2). Finally, the 

selected adsorbent was heated at desired temperature for a period of time as suggested by 

CCD software. The three parameters investigated were calcination temperature (̊C); 

concentration of calcium solution (%v) for impregnation; and calcination contact time 

(min) with the responses are RE (Y1) and selected adsorbent yield (Y2). The variables of 

preparation conditions of selected adsorbent for optimization study shows in Table 3.6. 

Table 3.6 Independent parameters, ranges and dependent responses for ptimization 

of preparation conditions of selected adsorbent 

Factors Unit Coded variable levels 

-œ -1 0 +1 +œ 

Calcination temperature  ̊C 731 800 900 1000 1068 

Calcium concentration V% 8 25 50 75 92 

Calcination contact time min 10 30 60 90 110 
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3.7.2 Optimization of Operating Conditions for Adsorption Process 

The DOE technique was implemented in the study of screening and optimization 

of operating conditions of removal of H2S (aq) from actual petroleum waste water. The 2 

level factorial design has been used for screening purpose of the effecting factors. While 

the response surface methodology (RSM) was used for optimizing significant and related 

factors by using CCD approach. The Effect of initial H2S (aq) concentration (ppm), 

adsorption contact time (min), dosage of adsorbent (g), pH, and agitation speed were 

investigated. At the beginning, the screening approach were conducted using factorial 

design. The factors of initial H2S (aq) concentration, adsorption contact time, adsorbent 

dosage, pH, and agitation speed were investigated as shown in Table 3.7. All the ranges 

were chosen based on the preliminary studies. For example, the dosage of 0.75-1 g/L 

could be adsorbed the target concentration. Moreover, the effect of dosage was not 

significant to the removal efficiency of H2S (aq).  

Table 3.7 Screening removal factors of H2S (aq) on selected adsorbent (2 level 

factorials design) 

Name  Unit Type Low High 

Initial H2S (aq) concentration mg/L Numeric 500 700 

Adsorption contact time min Numeric 420 540 

Adsorbent dosage g/L Numeric 0.75 1 

pH - Numeric 2 12 

Agitation speed rpm Numeric 100 200 

 

The optimization process of significant factors were important to determine the 

optimum operation conditions of significant factors for removal of dissolved H2S (aq) 

from waste water. The significant factors after screening stage were initial H2S (aq) 

concentration, adsorption contact time and adsorbent dosage. The factors, unit and ranges 

all together presents in Table 3.8. Analysis of variance (ANOVA) was subsequently 

performed to explore and indicate the significant of the models and to show the interaction 

between factors. The validation study was conducted after optimization process to 

investigate the optimal removal operation conditions. The experiment values compared 

well with predicted values to calculate the percentage error of the model. Table 3.8 was 

design depending on the optimum conditions from screening process. The optimum 

conditions were used as a centre point of optimization study. 
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Table 3.8 Optimization of significantfactors of adsorption of H2S (aq) on the 

selected adsorbents using (RSM) 

Factors Unit Coded variable levels 

-œ -1 0 +1 +œ 

Initial H2S (aq) concentration mg/L 163 300 500 700 836 

Adsorption contact time min 338 420 540 660 742 

Adsorbent dosage g 0.579 0.75 1 1.25 1.42 

 

3.8 Batch Kinetic and Thermodynamic Study  

The adsorption modelling study were important to investigate the adsorption 

behaviour of the adsorption process and to show the type of adsorption process. It was 

combined of adsorption isotherm and kinetic models and thermodynamic study. 

3.8.1 Adsorption Isotherm Models 

Adsorption isotherms were basically important for describing the manner in which 

solutes interact with adsorbents. Moreover, it also demonstrated the manner in which 

adsorbed molecules distributed between the solid and liquid phases and the time taken to 

reach an equilibrium state. Generally, isotherms models were very important to 

understand the adsorption mechanisms. The analysis of the data by different isotherm 

models fitting was an important step for finding a suitable model that can be used for 

describing the adsorption process (Demiral & Güngör, 2016). Adsorption isotherm 

models provided a fundamental and useful information for design process of full scale 

operation unit stream (Amosa, 2015).Equilibrium data were then fitted using four 

different adsorption isotherm models: Langmuir, Freundlich, Temkin, and Dubinin–

Radushkevich models, which were considered to be well-known equilibrium adsorption 

isotherm models. All the isotherms models equations were appeared on Table 3.9 (Foo 

and Hameed, 2010). However, the whole procedure of the process of the isotherm models 

shows in Figure 3.7. 
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Figure 3.7 Batch equilibrium thermodynamic, isotherm and kinetic modeling studies 

Table 3.9 List of adsorption isotherms models 

Isotherm Nonlinear form Linear form Plot 

 

Langmuir  𝑞𝑒 =
𝑄𝑚𝑏𝐶𝑒

1 + 𝑏𝐶𝑒
 

𝐶𝑒

𝑞𝑒
=

1

𝑄𝑚𝑏
+ (

1

𝑄𝑚
) 𝐶𝑒 

𝐶𝑒

𝑞𝑒
𝑣𝑠𝐶𝑒 

 

Freundlich  𝑞𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛⁄

 𝑙𝑜𝑔 𝑞𝑒 = 𝑙𝑜𝑔 𝐾𝐹 + (1
𝑛⁄ ) 𝑙𝑜𝑔 𝐶𝑒 𝑙𝑜𝑔𝑞𝑒𝑣𝑠𝑙𝑜𝑔𝐶𝑒 

Dubinin qe = qs exp(−𝐵ƹ2) ln(𝑞𝑒) = ln(𝑞𝑠) − 𝐵ƹ2 ln(𝑞𝑒) 𝑣𝑠ƹ2 

Temkin  
qe =

RT

𝑏𝑇
lnKTCe 𝑞𝑒 =

𝑅𝑇

𝑏𝑇
𝑙𝑛𝐾𝑇 + (

𝑅𝑇

𝑏𝑇
) 𝑙𝑛𝐶𝑒 

𝑞𝑒𝑣𝑠 ln 𝐶𝑒 

 

3.8.2 Batch Kinetic Studies 

In addition to isotherm studies, adsorption kinetics are carried out for simulating 

the adsorption of H2S (aq) by adsorbents. For investigating the adsorption kinetics of H2S 

(aq) on selected adsorbents, the pseudo-first-order, pseudo second-order, and intra-

particle diffusion models were employed for simulating experimental data. All the 

kinetics models equations states in Table 3.10 (Foo and Hameed, 2010). The linear and 

nonlinear questions of pseudo-first-order and pseudo second-order models are shown in 

Table 3.10. The experimental results were simulated using the three kinetic models. The 

parameters were calculated from the pseudo-first-order, pseudo second-order, and intra-

particle diffusion models linear equations as seen in Table 3.10.  
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3.8.3 Adsorption Thermodynamics 

The thermodynamic study was important to investigate the effect of temperature 

the transport/kinetic process of H2S (aq) adsorption in the solution. Therefore, the 

parameters such as changes in enthalpy (ΔH°), entropy (ΔS°) and Gibbs free energy 

(ΔG°) were investigated. The values of the enthalpy of adsorption (ΔH°) and the entropy 

of adsorption (ΔS°) were determined from the slope and intercept of the linear plot of log 

(qe/Ce) versus 1/T as seen in Table 3.10. Once enthalpy and entropy were obtained, Gibbs 

free energy was determined from equation 3.5 (Errais et al., 2011). 

∆G° = ∆H° − T∆S° 3.5 

 

Table 3.10 List of adsorption kinetic models and thermodynamic equations 

Isotherm Linear form Nonlinear form Plot 

Pseudo first-

order 
𝑙𝑜𝑔( 𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒

−
𝐾1

2.303
𝑡 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒𝑘𝑡) 𝑙𝑜𝑔( 𝑞𝑒_𝑞𝑡)𝑣𝑠𝑡 

Pseudo second-

order 

t
𝑞𝑡

⁄ = 1
𝑘2𝑞𝑒

2⁄ + (1
𝑞𝑒

⁄ ) 𝑡 
𝑞𝑡 =

𝑘2𝑞𝑒
2𝑡

1 + 𝑘2𝑞𝑒𝑡
 

t
𝑞𝑡

⁄ 𝑣𝑠𝑡𝑡 

Intraparticle 

diffusion 
𝑞𝑡 = 𝑘𝑝𝑡

1
2⁄ + 𝐶  𝑞𝑡𝑣𝑠𝑡

1
2⁄  

Thermodynamic  
log

qe

Ce
=  

∆S°

2.303 R
−

∆H°

2.303 RT
 

 log (qe /Ce) vs1/T 
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CHAPTER 4 

 

 

RESULTSAND DISCUSSION 

4.1 Introduction 

This chapter is made up of three sections which include the characterization, 

optimization and adsorption modeling. The first section demonstrated the mechanism of 

the adsorption process in ACs and IACs using a set of physicochemical characterization. 

The preliminary studies on different activated carbons (ACs) were succinctly discussed 

under this section. Additionally, the effects of ACs and IACs on the removal efficiency 

(RE) of H2S (aq) (from simulated waste water) was investigated in order to select the best 

adsorbent. In section two, the optimum conditions in the preparation of selected adsorbent 

was determined with the aid of Design of Expert®. The operating conditions for the 

removal of H2S (aq) from real petroleum waste water using the selected adsorbent were 

carefully screened and optimized, accordingly. Moreover, the third section, discussed the 

thermodynamic, isotherm and kinetic adsorption models for selected adsorbent in order 

to reveal their behaviour during adsorption process. 

4.2 Characterizations of Adsorbents 

The physical and chemical properties of ACs and IACs were characterized using 

various analytical techniques such as Scanning Electron Microscope (SEM), Energy 

Dispersive X Ray Test (EDX), pH measurement, sorption of nitrogen for surface area and 

pore size distribution, Fourier Transform Infrared Spectroscopy (FTIR),Thermal 

Gravimetric Analysis (TGA), X-Ray Diffraction (XRD) and X-Ray Photoelectron 

Spectroscopy (XPS). 

https://www.google.iq/url?sa=t&rct=j&q=&esrc=s&source=web&cd=6&cad=rja&uact=8&sqi=2&ved=0ahUKEwjQlYSXzPHLAhVLCI4KHfqpAzAQFgg-MAU&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FFourier_transform_infrared_spectroscopy&usg=AFQjCNEkGKrQDSUqBI8YwA1tBD3C6DnsUQ&bvm=bv.118443451,d.c2E
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4.2.1 Morphological Characterization Test 

4.2.1.1 Morphological Characterization for the ACs 

The following activated carbons (ACs) were used as adsorbents; namely, ACCNS, 

ACPKS, and ACWSD. There were subjected to the scanning electron microscopy (SEM) 

coupled with an electron dispersive unit (EDX) with the latter used mainly to identify the 

elemental composition in the adsorbent. Figure 4.1 (a, b) shows the morphologies of 

ACCNS before and after the adsorption process. The precipitation of elemental sulfur 

was observed on the surface of ACCNS at the post-adsorption regime as illustrated in the 

EDX result (Table 4.1). This is similar to the image morphology reported by Khalid et al. 

(2016). They were used a coconut shell as a source of carbon. They were used chemical 

activation method with KOH to activate the carbon. It was almost same method with 

current study. 

Table 4.1 The components of ACs for fresh and spent adsorbent 

Element         ACCNS         ACPKS        ACWSD 

 Fresh      

(w%) 

Spent 

(w%) 

Fresh       

(w%) 

Spent 

(w%) 

Fresh       

(w%) 

Spent  

(w%) 

Carbon (C) 76.648 73.244 79.66 78.99 86.135 77.10 

Oxygen (O) 19.995 25.646 18.81 17.91 12.195 22.02 

Potassium (K) 3.227 0.724 1.818 0.25 1.670 0.706 

Sulfur (S) Not detected 0.385 Not detected 2.90 Not detected 0.290 

 

Figure 4.1 (c, d) shows the EDX test results for ACCNS before and after the 

adsorption process. Before adsorption process began, the elemental carbon (C), oxygen 

(O), potassium (K) were the main elements in ACCNS (Figure 4.1 (c)). However, after 

the adsorption process, elemental sulfur (S) content was detected at 0.385 w % as 

presented in Table 4.1. After adsorption, the amount of K decreases from 3.227 % to 

0.724%, and this is attributed to the its reaction with the dissolved H2S (aq) in simulated 

waste water as presented in Table 4.1. Since the boiling point of potassium (K) is 780 ̊C, 

it therefore remained on the surface of carbon which could subsequently increase the 

cation (K+) on its surface as seen from the EDX results. This was occurred due to the 

activation temperature of ACs was 750 ̊C. Therefore, the high activation temperature lead 

to increase the cation (K+) on the adsorbent surface. During the adsorption process the 

cation has the ability to attract the anion (HS-) from solution (Tseng et al., 2008; Mopoung 

et al., 2015).  
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(a) (b) 

  

(c) (d) 

Figure 4.1 SEM images (a, b) before and after adsorption process for ACCNS.EDX 

test (c, d) before and after adsorption process for ACCNS, respectively 

Figure 4.2 (a, b) shows the morphologies of ACPKS before and after adsorption 

process. Figure 4.2 (a) displays the morphological structure of the fresh ACPKS. From 

the results obtained from the SEM-monograph, several pores were observed on the 

surface of ACPKS. However, upon the adsorption, these pores were filled by small 

particles as lesser porosity was observed (Figure 4.2 (b)). This observation is consistent 

with the report made by Abechi et al. (2013) and Joshi and Pokharel (2014). Palm kernel 

shell was used as a source of carbon by Abechi et al. (2013). They were used chemical 

activation method as well during the activation process to produce activated carbons 

Table 4.1 shows the elemental compositions of ACPKS adsorbent. The components peaks 

of element in the ACPKS adsorbent before and after the adsorption process were 

presented in Figure 4.2 (c, d). The EDX test performed on the fresh ACPKS adsorbents 
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(before adsorption) revealed the existences of elemental C, O and K elements. Additional 

peaks were observed upon adsorption which confirmed the presence of elemental sulphur 

(S). 

  

(a) (b) 

 
 

(c) (d) 

Figure 4.2 SEM images (a, b) before and after adsorption process for ACPKS. EDX 

test (c, d) before and after adsorption process for ACPKS, respectively 

Figure 4.3 (a, b) shows the SEM-monograph of ACWSD before and after the 

adsorption process. It can be deduced from Figure 4.3 (a), that the chemical activation 

process with KOH was effective in creating a pores on the surfaces of the ACs (huge 

porous structure is observed). Similar observations were reported for ACs prepared from 

the waste woodceramics (Taoet al., 2016) and the plant precursors (Gottipati and Mishra, 

2010). Upon adsorption, the pores were blocked by small particles (Figure 4.3 (b)) as 

reported also in the investigation conducted by Banerjee and Chattopadhyaya (2017). 
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Figure 4.3 (c, d) shows the results from EDX test for the ACWSD, before and after the 

adsorption process. Before the adsorption process, the peaks related to the elemental C, 

O and K were visibly evident. Upon adsorption, Figure 4.3 (d) shows an additional peak 

which is related to the elemental sulfur (S). 

 
 

(a) (b) 

 
 

(c) (d) 

Figure 4.3 SEM images (a, b) before and after adsorption process for ACWSD.EDX 

test (c, d) before and after adsorption process for ACWSD, respectively 

From the results obtained, the development of pore structures in ACs was due to 

the release of volatile components and the breakdown materials occasioned by thermal 

expansion during the chemical activation. The reaction between the elemental carbon 

atom (C) and the activation agent (KOH) at high temperature resulted in the formation of 

pores of various sizes (Li et al., 2017). Moreover, the pores (hence effective surface area) 

depends on activation temperature, activation contact time and impregnation ratio (Li et 
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al., 2017). From the EDX result in Table 4.1, all the ACs developed were able to remove 

the dissolved H2S (aq) from waste water. 

4.2.1.2 Morphological Characterization for the IACs 

The SEM test results for Ca-ACCNS adsorbent are shown in Figure 4.4 (a, b). 

Figure 4.4 (a) shows the surface morphology of fresh adsorbent Ca-ACCNS before 

adsorption. From the monograph obtained from SEM, a large number of pores were 

observed on the adsorbent which indicated the effectiveness of the current carbonization 

and activation processes. The surface morphologies of spent Ca-ACCNS (after 

adsorption) are shown in Figure 4.4 (b).  

Figure 4.4 (c, d) shows the EDX elemental peaks from fresh and spent Ca-ACCNS 

adsorbents. Several white particles (i.e. calcium (Ca) were observed on the surface of Ca-

ACCNS as seen in Figure 4.4 (b). In fact, these particles affected the porosity and surface 

area as they occupied the pores. In other way round, these particles enhanced the surface 

chemistry of the adsorbent due to the presence of Ca+ that acts as a cation to attract anion 

(HS-). Table 4.2 presents the percentages of chemical elements from both the fresh and 

spent IACs adsorbents. Generally, it can be observed that the percentages of chemical 

elements on IACs decreased after the adsorption process and this is attributed to the 

oxidation reactions which occurred between the elements (on the adsorbent surface) and 

the H2S (aq) (in the solution) which give up sulfur as seen in Table 4.2. As seen from 

Table 4.2 and Table 4.1, the Ca-ACCNS and Ca ACPKS have higher carbon content 

compared to ACCNS and ACPKS. This is due to the carbonization temperature for Ca-

ACCNS and Ca ACPKS was higher compared with ACCNS and ACPKS carbonization 

temperature. Moreover, Table 4.2 shows the EDX test of the elements on the surface of 

Ca-ACCNS, Ca-ACPKS, and Ca-ACWSD for fresh and spent adsorbents. 
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Table 4.2 The components of IACs for fresh and spent adsorbent 

Elements Ca-ACCNS Ca-ACPKS Ca-ACWSD 

 Fresh   

(w%) 

Spent 

(w%) 

Fresh   

(w%) 

Spent 

(w%) 

Fresh   

(w%) 

Spent 

(w%) 

Carbon (C) 88.639 83.16 87.57 85.67 80.105 86.9 

Oxygen (O) 9.156 13.02 10.61 9.93 15.55 12.13 

Potassium (K) 0.916 0.029 0.60 0.04 2.239 0.049 

Sulfur (S) Not detected 3.241 Not 

detected 

3.65 Not 

detected 

0.167 

Calcium (Ca) 1.289 0.543 1.22 0.71 2.1 0.685 

 

  

(a) (b) 

  

(c) (d) 

Figure 4.4 SEM images (a, b) before and after adsorption process for Ca-ACCNS. 

EDX test (c, d) before and after adsorption process for Ca-ACCNS, respectively 

Figure 4.5 (a, b) shows the SEM-images for the fresh and spent Ca-ACPKS 

adsorbents. The fresh Ca-ACPKS adsorbent exhibited a highly porous carbon structure 

which are beneficial for adsorption process. Calcium (small white particles) was loaded 

from the calcium solution as shown in the SEM image (Figure 4.5 (a)). Figure 4.5 (b) 



  

76 

shows the SEM image of spent adsorbent (after adsorption process). Dark aggregates 

(from the adsorbed materials) were observed on the surface of Ca-ACPKS and this is 

similar to images as reported by Kundu et al. (2015). They were prepared activated carbon 

from palm kernel shell using chemical activation method. Figure 4.5 (c, d) illustrates the 

EDX test results from Ca-ACPKS before and after the adsorption process. The formation 

of many dark aggregates on the surface of Ca-ACPKS was observed from the EDX test 

results. The elemental composition of the fresh adsorbent were C, O, Ca and K with 

Sulfur(S) detected after the adsorption process as shown in Table 4.2. 

  

(a) (b) 

  

(c) (d) 

Figure 4.5 SEM images (a, b) before and after adsorption process for Ca-ACPKS. 

EDX test (c, d) before and after adsorption process for Ca-ACPKS, respectively 

The images of fresh and spent Ca-ACWSD adsorbents are shown in Figure 4.6 (a, 

b). The EDX analyses for Ca-ACWSD before and after the adsorption process were 

demonstrated in Figure 4.6 (c, d). Treviño et al. (2013) were reported that the presence of 

element Ca helping in the enhancement of the adsorption capacity of the adsorbent. 
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Figure 4.6 (b) shows the image of the spent Ca-ACWSD adsorbent. It can be seen that 

the pores was effected from the adsorption process and most of the pores and layers 

destroyed. While the spent Ca-ACPKS image shows a strong pores as seen in Figure 4.5 

(b). 

  

(a) (b) 

 
 

(c) (d) 

Figure 4.6 SEM images (a, b) before and after adsorption process for Ca-ACWSD. 

EDX test (c, d) before and after adsorption process for Ca-ACWSD, respectively 
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4.2.2 pH Measurement 

Table 4.3 shows the pH values of the adsorbents surface and simulated waste 

water before and after adsorption process. The results obtained revealed a decrease in the 

pH values for the fresh adsorbents after the adsorption process and this is due to the 

reaction between the H2S (aq) and elements on the adsorbents surface. The pH value of 

the adsorbent therefore plays an important role in the dissociation rate of H2S (aq) in 

forming ions in the pores. Previous study reported the basic adsorbents ability in the 

enhancement of RE in H2S (aq) due to the chemisorption process. For acidic adsorbent, 

however, only physical adsorption happens (Bandosz, 2002). Activated carbons (ACs) 

possesses active sites with positively charged cation (K+). These cations would interact 

with the anions (HS-) in the chemisorption adsorption process as seen in equation 4.1). 

The pH values obtained for the IACs adsorbents and the simulated solution were reported 

in Table 4.3. It can be observed that all fresh IACs have pH > 7 due to the presence of Ca 

(upon impregnation). Upon adsorption, the pH was closer to 7 as seen in Table 4.3 and 

this is due to the reaction between the basic species (Ca2+) and the species of HS-as seen 

from Equation 4.2). Similar observations was reported by (Jacukowicz et al., 2015). 

2K+ +HS- → K2S(s) + H+ 4.1 

Ca2+ +HS- → CaS (s)+ H+ 4.2 

 

The pH value of adsorbents surfaces were measured using pH meter (Mettler-

Toledo AG (8603)). The amount of 0.4 g of dry carbon powder was added to 20 mL of 

water, and the suspension were stirred overnight to mixed solution. Then the sample 

filtered, and the pH of the solution measured. The obtained results were considered the 

value of pH of the adsorbents surfaces as seen in Table 4.3. 

Table 4.3 The values of pH of the solutionsand surfaces of adsorbents 

Adsorbents     Adsorbents surfaces Adsorbate solution  

Fresh spent Before  After      % RE 

ACCNS 7.9 7.1 7 6.9 89 

ACPKS 8.3 6.9 7 6.7 93.7 

ACWSD 7.6 7.3 7 7.1 68 

Ca-ACCNS 8.7 7.7 7 7.4 94 

Ca-ACPKS 9.6 7.2 7 6.9 99.2 

Ca-ACWSD 8.1 7.9 7 7.6 85 
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4.2.3 Analysis of Nitrogen Sorption  

The pore structures of the adsorbents particles, related to surface area, pore 

volume, and pore size distribution, were obtained by measuring N2 adsorption–desorption 

isotherms at −196 ̊C using an ASAP 2020 apparatus (Micromeritics Co., USA). At the 

beginning of the experimental, the samples were heated at 120 ̊C and then outgassed at 

this temperature under a vacuum of 10-5 Torr to constant pressure. Brunauer–Emmett–

Teller (BET) and Barrett-Joyner-Halenda (BJH) methods were used to estimate the 

specific surface area (SBET, m2/g) and total pore volume (Vt, cm3/g at STP) of the 

adsorbent from the adsorption and the desorption isotherms.  

The specific surface area (SBET) of the fresh ACCNS adsorbent was obtained as 

1093.4 m2/g. The pore volume and average pore diameter obtained were 0.402 cm3/g and 

3.2 nm, respectively. These properties are analogous to those of a mesoporous material. 

The adsorption–desorption plot for ACs and IACs were displayed in Figure 4.7. The 

adsorption–desorption plot of ACCNS exhibited a type I characteristics with a hysteresis 

loop at 0.4 < p/p0< 0.9 in accordance with the classification by International Union of 

Pure and Applied Chemistry (IUPAC). The result therefore confirmed the presence of 

mesopores with strong absorbing surfaces (Sevilla & Fuertes, 2013) which had been 

reported from similar investigation reported by Khalid et al.,(2016) and Edathil et al. 

(2017). Consequently, the void fraction or porosity (ε) can be calculated using 

Equation 4.3) as shown in Table 4.4: 

ε = Vp/(Vp +
1

ρ
) 4.3 

 

Moreover, the N2 adsorption-desorption isotherm of ACPKS showed a type I 

isotherm, thus indicating the presence of mesopores on the carbon surface. The surface 

area of micropores was 309.3 m2/g and the pore volume was0.162 cm3/g. The total pore 

volume of ACPKS was 0.34 cm3/g, and the average pore diameter was 3.9 nm. The 

porosity (ε) and other parameters are presented in Table 4.4. 
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Table 4.4 Specific surface area and other related parameters of ACs and IACs 

Adsorbents Surface Area (m2 g-1)    Pore volume (cm3/g) 

SBET
a Sext

b Vt
c Vmic

d Pd
(e)(nm) Pw

(f)(nm) ε (g) 

ACCNS 1093.4 136 0.402 0.316 3.2 2.17 0.515 

ACPKS 776.4 207 0.342 0.162 3.99 2.64 0.431 

ACWSD 458.7 78 0.247 0.200 3.3 2.15 0.364 

Ca-ACCNS 581.7 223.6 0.334 0.19 3.5 2.3 0.446 

Ca-ACPKS 322.4 58.4 0.175 0.130 3.4 2.1 0.275 

Ca-ACWSD 292.6 51 0.170 0.127 2.2 2.3 0.282 

 

Notes: (a) The specific surface area obtained from BET;(b) the external surface area; 

(c)the total pore volume; (d)the micropores volume;(e) Average pore diameter; (f) Average 

pore width; (g) porosity.  

The theory behind the formation of porosity and surface area are attributed to the 

chemical and physical activations with the aid of KOH and CO2. The reaction between 

KOH–carbon and CO2–carbon could possibly create more pores on the surface of 

adsorbents. Pore generation resulted from the dehydration of KOH to form K2O, which 

then reacted with CO2 produced by the water–shift reaction to produce K2CO3. This 

process promotes the diffusion of KOH and CO2 molecules into the pores, thereby 

increasing porosity as shown in Equation 4.6) (Stavropoulos & Zabaniotou, 2005). Cf 

represents the active site on the ACs surface and its reaction with KOH are presented in 

Equation (4.4), (4.5) and (4.6). As reported by Tseng et al. (2008) and Mopoung et al. 

(2015). 
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Figure 4.7  N2 adsorption–desorption isotherm of ACs 

4KOH (aq)+ Cf (s) → K2CO3(s)+ K2O (s)+ 2H2 (g) 4.4 

K2O (s)+ CO2 (g) → K2CO3 (s)        (carbonate formation) 4.5 

6KOH (aq)+ 2C(s)→2K (s)+ 3H2(g)+2K2CO3 (s) 4.6 

 

In addition, adsorbents with large portions of mesopores promote the formation 

of water film, thereby facilitating the chemisorption of H2S (aq). Moreover, the metallic 

potassium (K) appeared to be responsible for the drastic increase in the carbon material, 

resulting in pore formation and increased pore volume. The enhancement of porosity is 

associated with gasification process(Foo and Hameed, 2011). Furthermore, the N2 

adsorption–desorption of ACWSD adsorbent exhibited a Type I characteristics with a 

hysteresis loop at 0.2< p/p0< 0.1 as illustrated in Figure 4.7. Hence, ACWSD showed a 

low specific surface area and pore volume as presented in Table 4.4.  

Comparing all the IACs, the Ca-ACCNS has the higher specific surface area and 

total pore volume (with lesser Vmic) while Ca-ACPKS has a higher value for Vmic with 

lower value of average pore diameter (i.e. 3.4 nm).In addition, Ca-ACPKS exhibited a 

lower average pore width (Pw) of 2.1 nm when compared with other adsorbents. The 
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results for the surface area and pore volume are reported in Table 4.4, with Ca-ACWSD 

having the lowest value among all. This would definitely affect the adsorption capacity 

of Ca-ACWSD. Ca-ACCNS showed a type IV characteristics with a hysteresis loop at 

0.1< p/p0< 0.1(based on the classification of IUPAC). The N2 adsorption-desorption 

isotherm of Ca-ACPKS displayed a type I isotherm, indicating the presence of mesopores 

and micropores on the carbon surface. The adsorption –desorption isotherm of Ca-

ACWSD showed a type IV isotherm as seen in Figure 4.8 which is similar to the results 

obtained by Li et al. (2017). They were prepared activated carbon from gulfweed using 

chemical activation method with KOH. 

 

Figure 4.8  N2 adsorption–desorption isotherm of IACs 

4.2.4 FTIR Test 

Figure 4.9 shows the results obtained from Fourier Transform Infrared (FTIR) 

analysis of ACCNS. The fresh ACCNS adsorbent (before adsorption) exhibited the 

following band: 2000 cm−1 for C=N nitriles groups and 2156 cm−1for C, C triple bond 

acetylene. Table 4.5 shows that the following bands of 1716, 850, and 717 disappeared 

after adsorption process. The observation band at 1716 cm-1 was attributed to the C=O 

stretching vibration of nonaromatic carboxyl groups and the band at 1475cm1 was 
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attributed to the C=C bond (Li et al., 2017). Upon adsorption, the FTIR test result shows 

additional band at 910 cm-1which was related to the C–S-O bond stretching (Kar et 

al.,2012).  

 

Figure 4.9 FTIR spectrum test for ACCNS fresh and spent 

Table 4.5 The founctional group list of ACCNS (fresh and spent) 

Functional group Molecular Motion Wavenumber 

(cm-1) 

References 

Fresh  Spent  Fresh  Spent  Fresh  Spent   

Alkynes Alkynes C,C Triple 

bond 

stretch  

C,C triple 

bond 

stretch 

2156 2156 Theivandran et al. 

(2015) 

Nitriles  Nitriles  C=N 

Stretch 

C=N 

Stretch 

2000 2000 Ghosh et al. (2009) 

Ketones  -- C=O 

Stretch  

-- 1716 -- Sahira et al. (2013) 

Aromatics  Aromatics  C=C 

Stretch  

C=C 

Stretch  

1475 1475 Kanjanarong et al. 

(2017) 

Aromatics -- C-H Bend -- 850 -- Kanjanarong et al. 

(2017) 

Alkanes   CH2 Bend -- 717 -- Kanjanarong et al. 

(2017) 

-- Alkenes , 

sulfonates 

-- S-O, C-H 

Bend 

-- 910 Kar et al. (2012) 
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The Fourier Transform Infrared (FTIR) spectra of ACPKS (before and after 

adsorption) were presented in Figure 4.10 with visible peaks observed at the 

wavenumbers of 2976cm-1, 2158 cm-1, and 1650cm-1, which are corresponding to the O–

H, C,C Triple bond, and R2C=N-R stretching, respectively (Das et al., 2015). Chemical 

activation using KOH as an activation agent could possibly increase the basic groups due 

to the increase in a strongly basic hydroxyl group (OH-) on the surface (Lee et al., 2006). 

Also, the primary amine group (R-NH2) was observed at peak 1650 cm−1 before 

adsorption. Upon adsorption, the amine group disappeared completely as indicated in 

Figure 4.10 and Table 4.6. This is because of its interaction with sulfides during the 

adsorption process (Pang et al., 2017). The band of 1090 cm-1 was attributed to the C-O 

stretch of carbonyl. Lu et al. (2010) reported that the chemical activation with KOH yields 

mainly phenolic or alcoholic components. Upon adsorption, additional band was formed 

at 911 cm-1, which was associated with the C–S-O bond stretching (Kar et al., 2012). This 

indicated that elemental sulfur S was accumulated and bonded to the carbon surface as 

presented in Table 4.6. 

 

Figure 4.10 FTIR spectrum test for ACPKS fresh and spent 
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Table 4.6 The founctional group list of ACPKS (fresh and spent) 

Functional group Molecular Motion Wavenumber 

(cm-1) 

References  

Fresh  Spent  Fresh  Spent  Fresh  Spen

t  

 

Hydroxyl  -- O-H Stretch -- 2976 -- Lee et al. (2006) 

Alkynes Alkynes C,C Triple 

bond  

C,C 

triple  

2158 2156 Ghosh et al. 

(2009) 

Amines  -- R2C=N-R 

Stretch 

-- 1650 -- Kundu et al. 

(2015) 

-- Sulfonates -- S-O -- 1310 Kanjanarong et 

al. (2017) 

Carbonyl  -- C-O Stretch -- 1090 -- Kanjanarong et 

al. (2017) 

-- Alkenes , 

Sulfonates 

-- S-O, C-

H Bend 

-- 911 Kar et al. (2012) 

Aromatics -- C-H Bend -- 850 -- Sahira et al. 

(2013) 

 

The FTIR spectra for the ACWSD are presented in Figure 4.11 with the graph 

showing information about different peaks with 880 cm−1attributed to C−H stretching, 

1640 cm−1 attributed to R2C=N-R Stretch (amine), and 2000 cm-1attributed to C=N 

Stretch. The FTIR spectra agreed with those reported by (Li et al., 2016). Kanjanarong et 

al. (2017) argued that hydroxide radical and carboxylic groups contributed mostly to the 

H2S sorption. Pang et al. (2017), reported that the peak observed at 875 cm−1 corresponds 

to the S-O bond as presented in Table 4.7. 

 

Figure 4.11 FTIR spectrum test for ACWSD fresh and spent 
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Table 4.7 The founctional group list of ACWSD (fresh and spent) 

Functional group Molecular Motion Wavenumber 

(cm-1) 

References  

Fresh  Spent  Fresh  Spent  Fresh  Spent   

Alkynes Alkynes C,C Triple bond 

stretch  

C,C triple 

bond stretch 

2158 2156 Ghosh et al. 

(2009) 

Nitriles  --  C=N Stretch -- 2000 -- Ghosh et al. 

(2009) 

Amines  -- R2C=N-R Stretch -- 1640 -- Kundu et 

al. (2015) 

Aromatics -- C-H Bend  880 -- Sahira et al. 

(2013) 

-- Sulfonates -- S-O Stretch -- 875 Kar et al. 

(2012) 

 

4.2.5 Thermal Gravimetric Analysis 

Figure 4.12 shows the result of TGA of the precursor of ACCNS sample. The 

effect of carbonization temperature was investigated using TGA test. The carbonization 

temperature ranged from 50 ºC – 800 ºC. From the TGA curve, the weight loss process 

can be divided into three stages. The first stage occurred at temperature below 200 ºC 

involving weight loss of 7.210 %, which was attributed to evaporation of moisture 

content, solvents of low molecular weight and gas desorption from the precursor surface. 

The second stage occurs at temperature ranging from 200ºC -350 ºC and involved the 

weight loss of 28.5 %. The weight loss in this stage was attributed to the evaporation of 

volatile materials. The final stage occurs at 400ºC -700 ºC that involved the carbonization 

of hydrocarbonated compounds. The residuals formed were ashes. The sample 

demonstrates high thermal stability at temperature of 700 ̊C with similar result reported 

by Zhi et al. (2017). They were used bean residue carbons as an adsorbent and their TGA 

result is similar to current result. The effect of temperature and weight loss summarized 

in Table 4.8. 
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Table 4.8 Thermal analysis of the materials used to prepare ACs and IACs 

Materials  Temperature C̊ Weight loss (mg) Weight loss (%) 

CNS  

50-150 0.402 7.21 

300-350 1.59 28.54 

350-700 2.185 39.15 

   PKS 

50-100 0.322 10.44 

300-350 0.88 28.74 

350-700 1.152 37.72 

    WSD 
50-150 0.298 10.65 

35--700 1.738 61.54 

   Ca-ACCNS 
50-100 0.583 10.31 

200-700 0.440 7.78 

   Ca-ACPKS 
50-100 0.601 9.4 

600-700 0.443 6.9 

  Ca-ACWSD 

50-100 0.0687 5.891 

200-500 0.1797 12.21 

600-800 0.114 7.7 

 

 

Figure 4.12 TGA curves of ACCNS 
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Figure 4.13 presents the TGA test result for Ca-ACCNS. The thermal impregnated 

conditions can be categorized based on the gradual weight loss occurred at temperature 

ranging from 25 ºC – 900 ºC. These three stages of weight loss were shown in Figure 4.13. 

The first stage occurred at temperature (< 200 ºC), and this is associated with weight loss 

of 10.31 % (due to evaporation of moisture/solvents of low molecular weight and gas 

desorption from the precursor surface). The second stage occurs at 600ºC -700 ºC, which 

is associated with weight loss of 7.786 % (due to O2 decomposition). The final stage of 

the thermo-analysis occurs at temperature ranging from 700ºC.-900 ºC. Carbon dioxide 

was emitted due to the calcination process of egg shells (conversion of CaCO3 to CaO). 

The final residuals were calcium oxide, calcium, and ashes.  

 

Figure 4.13 TGA curves of Ca-ACCNS 

A thermal analysis of the precursor of ACPKS was performed in order to choose 

a suitable carbonization temperature. The corresponding TGA test result is shown in 

Figure 4.14. The first stage of weight loss (10.44 %) occurred at temperature ranging from 

25ºC -250°C and this was due to the removal of adsorbed surface water or gases. However, 

at temperature ranging from 250ºC -300°C, higher weight loss was recorded at 28.74 % 

because CO2 and other materials have been removed (Das et al., 2015; Pongener et al., 

2015). Between 650 °C and 800 °C, a thermally stable carbon structure existed in ACPKS. 
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Therefore, 700 °C was chosen as carbonization temperature. Similar result has been 

reported by Zhi et al. (2017). 

 

Figure 4.14 TGA curves of ACPKS 

The TGA result of the modified Ca-ACPKS is displayed in Figure 4.15. Three 

distinct mass drops can be seen in the TGA curve. It showed the mass loss of 9.40% at 

100 °C was due to the removal of physically adsorbed water and other volatile matters. 

After the dehydroxylation process of the Ca(OH)2 phase, the calcium carbonate (CaCO3) 

is converted to CaO and CO2 is released. Interestingly, the weight loss represented by the 

peaks between 200 °C and 900 °C can be correlated with the amount of carbonaceous 

phase in each composite. At 500 °C, it showed the other weight loss of 6.92% due to the 

removal of CO2. Between 750 °C and 900 °C, the weight loss was 4.39% and this is 

attributed to the calcination process as reported by the investigation made on green 

coconut shell (Das et al., 2015). 
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Figure 4.15 TGA curves of Ca-ACPKS 

Figure 4.16 shows the TGA result of the precursor of ACWSD. At temperature 

ranging from 300ºC and 600 °C, the weight loss was quite significant (61.54 %). The 

residual content was 22.56 % and this is attributed to the formation of ashes. The curve 

suggested the thermal stability more pronounced at temperature between 700 ̊C and this 

explains why it was chosen as the carbonization temperature. 

 

Figure 4.16 TGA curves of ACWSD 
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Figure 4.17 shows the TGA of the calcination process of Ca-ACWSD. It can be 

observed that the weight loss was 5.8 % at temperature below 200°C and this could be 

traced to the removal of moisture with the adsorbed gases. The residual content after the 

thermal process was recorded as 73 % and this is attributed to the formation of ashes. 

 

Figure 4.17 TGA curves of Ca-ACWSD 

4.2.6 X-Ray Diffraction (XRD) 

The positions and intensities of XRD peaks provided information about the shape 

of a crystalline structure. Figure 4.18 shows the XRD patterns of ACCNS and modified 

Ca-ACCNS (fresh & spent). It can be clearly seen that the modified Ca-ACCNS XRD 

pattern exhibited more peaks than ACCNS. The XRD results for ACCNS revealed the 

presence of two peaks at 2𝜃 = 24∘ and 42∘. The peak observed at 29∘ correspond to K2O. 

On the other hand, the peaks corresponding to K metal appear at 29∘ and 42∘ (Mopoung 

et al., 2015).The modified Ca-ACCNS is expected to increase the adsorption properties 

due to surface complexation reactions. Peaks related to calcite (CaCO3) are observed at 

2𝜃 = 23.1°, 29.5°, 36°, 39.4°, 43.1°, 47.5°, 57.4, 60.7° and 64.6°. The peaks of lime (CaO) 

are visible at 2𝜃 = 36°, and 64.6°. Carbon (C) is observed at 2𝜃 = 29.2°, 43.1° and 47.4°. 

The XRD test result for spent adsorbent (Ca-ACCNS) showed different peaks. Peaks 

related to carbon sulfide (CS2) are observed at 2𝜃 = 29.8°, 36.9°, 39.8°, 47.5°, 57.5°, 

65.9°, 69.6° and 70.5°. Sulfide (S) was visible at 2𝜃 = 47.9° and 56.9°. The peak of 



  

92 

diamond was visible at 2𝜃 = 43.6°. The calcium sulfide was observed at 2𝜃= 36.4° as 

well. It can be concluded that all active sites on carbon surface and calcium consumed 

during the adsorption process were clearly seen in Figure 4.18. The type of crystalline 

was hexagonal. It can be seen from Figure 4.18 that the shape of Ca-ACCNS spent 

changed. This indicated that some of pores was destroyed after adsorption process.  

 

Figure 4.18 The XRD pattern of the ACCNS (fresh) and Ca-ACCNS (fresh and spent) 

Figure 4.19 represents the XRD patterns of ACPKS and modified Ca-ACPKS 

(fresh and spent). It showed a hexagonal crystalline type. ACPKS exhibits many small 

peaks at around 2𝜃 = 24∘, 30∘, 32∘, 34∘, 39∘ and 40∘ which were related to H2O, K2CO3, 

K, K2O and KOH, respectively. These components are produced after the activation 

process as shown in Equations 4.4). Similar observation has been reported by Liu et al. 

(2017) with the fresh Ca-ACPKS contains elements such as diamond (C), calcium carbide 

(CaC2), calcium peroxide (CaO2) and calcite (CaCO3). The peaks was obtained at 2𝜃 = 

29.6°, 36.03°, 43.1° and 64.5°, respectively. The sulfur (S) content in the spent Ca-

ACPKS sample peaks at 2𝜃 = 26.6°. Similar findings were reported for other commercial 

carbons impregnated with egg shells by (Guijarroet al., 2011). The curve revealed that 

Ca-ACPKS exhibited more crystalline structures than other adsorbents. The crystalline 
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structure of spent Ca-ACPKS was never affected after the adsorption process as shown 

in Figure 4.19. 

 

Figure 4.19 The XRD pattern of the ACPKS (fresh) and Ca-ACPKS (fresh and spent) 

The XRD pattern of ACWSD and Ca-ACWSD was depicted in Figure 4.20. The 

XRD test result for ACWSD revealed the presence of two peaks. The sharp peak at 2𝜃 = 

29∘ correspond to K and the peak at 29∘ correspond to K2O. The untreated Ca-ACWSD 

revealed diffraction peaks at 2𝜃 = 23.49o, 29.84o, 36.43o, 39.85o, 43.58o, 47.95o, 48.97o, 

56.96o, 61.01o, 63.36o, and 65.04o. These were attributed to the cubic structure of CaCO3 

(indicates the presence of Ca). In addition, the diffraction peaks at 2𝜃 = 39.85o and 57.81o 

which were attributed to the cubic structure of CaO which confirmed the presence of 

elemental Ca in the adsorbent. The elemental carbon (C) was confirmed from the 

diffraction peak at 2𝜃 = 43.58o. The XRD pattern of Ca-ACWSD corroborated the EDX 

analysis. According to the XRD analysis reported by Kanjanarong et al. (2017), the 

presences of two strong peaks at 2𝜃 = 25 o and 28 o indicate the formation of elemental S. 
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Figure 4.20 The XRD pattern of the ACWSD (fresh) and Ca-ACWSD (fresh and 

spent) 

4.2.7 X-ray Photoelectron Spectroscopy 

The XPS test was conducted for ACs and IACs samples to investigate the 

chemical states of elemental compositions on the surface. Figure 4.21 shows the peaks of 

the chemical states of composite elements on the surfaces of ACCNS and Ca-ACCNS 

adsorbents. It can be clearly seen that both adsorbents exhibited the highest peaks of 

carbon (C1s) and oxygen (O1s) atoms. However, the extra peaks of Ca2p3 and Ca2p1 

appeared on the surface of modified activated carbon adsorbent (Ca-ACCNS) were 

associated with the binding energies (BE) of 455eV and 250.13 eV, respectively as 

illustrated in Figure 4.21. 
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Figure 4.21 X-ray photoelectron spectroscopy (XPS) test for the ACCNS (fresh) and 

Ca-ACCNS (fresh) 

Figure 4.22 shows the, the binding energy plots of ACPKS and Ca-ACPKS before 

and after the adsorption process. The carbon (C1s) and oxygen (O1s) atoms exhibited the 

highest peaks. Also, the fresh Ca-ACPKS adsorbent showed the peaks of calcium (Ca2s, 

Ca2p3 and Ca3p1) atoms. Meanwhile, the spent Ca-ACPKS showed two additional peaks 

for sulfur (S2s, S2p) and sodium (Na2s) atoms. The XPS test result revealed that the 

chemisorption adsorption may occur during the adsorption process. The elemental sulfur 

interacted well with a metal or an oxygen atom by transferring electrons from H2S (aq) 

orbitals into those unoccupied orbitals of the metals as reported by Song et al. (2013). 

Therefore, CaS was produced from the reaction of CaO with H2S (aq) as presented in 

Equation 4.21). This observation was consistent with the XRD test result in Figure 4.20. 

The peaks of Ca2s, Ca2p3 and Ca3p1 for Ca-ACPKS (fresh) adsorbent indicated that the 

oxidation state of calcium was actually Ca2+. Also, the active sites of IACs for H2S (aq) 

adsorption are Ca2+ and CaO. In addition, the binding energy (BE) of Ca2s decreases 

slightly after the adsorption process. This indicates that the active site (CaO) on the 

adsorbent surface is chemically converted to CaS. Moreover, it is evident that only the 

spent adsorbent contains S2s spectrum. Therefore, it is obvious that the fresh active Ca2+ 

in the adsorbent surface is chemically reacted with H2S (aq) to form CaS. 
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Figure 4.22 X-ray photoelectron spectroscopy (XPS) test for the ACPKS (fresh) and 

Ca-ACPKS (fresh and spent) 

Figure 4.23 demonstrates the chemical states of composite elements on the 

surfaces of ACWSD and Ca-ACWSD. It can be seen that the XPS test results conform to 

those of XRD and FTIR tests. All the characterizations have indicated the success of the 

current impregnation process of ACs which could enhance the RE of H2S (aq) from 

petroleum waste water.  
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Figure 4.23 X-ray photoelectron spectroscopy (XPS) test for ACWSD (fresh) and Ca-

ACWSD (fresh) 

4.3 Batch Adsorption Studies 

The adsorption experiments were conducted in a batch mode. The details of batch 

adsorption process were explained. Subsequently, the initial and final concentrations were 

measured after the suspensions were filtered. The adsorption studies using One Factors 

At Time (OFAT) were conducted. Parameters such asinitial concentrations of H2S (aq) 

(mg/L), adsorption contact time (h), dosage (g), pH of solution and agitation speed (rpm) 

were determined.  

4.3.1 Effect of Initial H2S (aq) Concentration 

Initial H2S (aq) concentration is an important factor that affects the RE of H2S 

(aq). It is related to the amount of mass transfer between adsorbent and adsorbate (Ouasif 

et al., 2013). Figure 4.24 shows the impact of initial concentration on % RE of H2S (aq) 

by using ACs adsorbents. Low H2S (aq) concentration (i.e. 200-600 mg/L) results in 

higher RE of because the number of active sites on an adsorbent surface is analogous to 

the number of H2S (aq) ions in the solution. The higher RE is observed in concentration 

of 200 mg/L with value of 95.3 %, 89 %, and 75% for ACPKS, ACCNS and ACWSD 
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adsorbents respectively. However, at high H2S (aq) concentration (i.e. 800-1000 mg/L), 

the availability of active sites is lesser than the H2S ions. Therefore, RE decreases as the 

initial H2S (aq) concentration increases. The lower % RE of H2S (aq) was observed in 

concentration of 1000 mg/L with values of 70 %, 50 %, and 35 % for ACPKS, ACCNS 

and ACWSD adsorbents respectively. As recommended by DOE for industrial effluent, 

this values are not environmentally acceptable and need more purification before 

discharge it to the environment. Similar observation have been reported by Edathilet al. 

(2017) and Jacukowicz et al. (2015). It is observed that ACPKS gives higher RE at all 

initial H2S (aq) concentrations. The effect of initial concentration for all ACs have 

negative effect as concentration increased the RE% was decreased.   

 

 

Figure 4.24 Effect of initial concentartion of H2S (aq)on % RE 

4.3.2 Effect of Adsorption Contact Time 

The effect of adsorption contact time on the RE of 500 mg/L of H2S (aq) were 

examined as detailed in Table 3.5. The influence of adsorption contact time (using ACs) 

on the RE of H2S (aq) was presented in Figure 4.25. From the result obtained, it is clearly 

evident that ACPKS gave the highest RE than other adsorbents with ACPKS requiring a 

lower contact time at ~ 9 h in order to reach the equilibrium state, while ACCNS and 

ACWSD required 11 h to reach the equilibrium state as succinctly illustrated in 

Figure 4.25. In fact, the adsorption process was executed for more than 17 h in order to 
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ensure that complete equilibrium was achieved. All ACs adsorbents revealed that the 

amount of sorption increased with the increasing adsorption contact time. At the 

beginning of adsorption process, the adsorbent possessed a larger number of empty active 

sites. The available number of active sites decreased and the molecule diffusion resistance 

increased as adsorption was taking place; therefore, the % RE of H2S (aq) decreases. 

Hence, the contact time affects the adsorption process significantly.  

In general, the adsorption of H2S (aq) ions on the surface of ACs occurred in two 

stages. In the first stage, adsorption rate was more rapid due to the abundance of vacant 

active sites on the mesopores surface of the adsorbent. In the second stage, however, the 

uptake rate decreased due to the required sufficient time to diffuse of H2S (aq) ions inside 

the microporous structure (Zhi et al., 2017). This same trend was observed by Edathil et 

al. (2017) in their investigation. 

 

Figure 4.25 Effect of adsorption contact time on % RE  

4.3.3 Effect of Adsorbent Dosage 

Figure 4.26 shows the effect of adsorbent dosage on RE of 500 mg/L of H2S (aq). 

In general, RE increased as the amount of ACs increases. In fact, as the mount of 

adsorbents increased, the number of active sites increases also. Therefore, the RE for the 
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H2S (aq) was greatly enhanced with similar trend reported by Anbia and Haqshenas 

(2015). The effect of amount of adsorbents (dosage) were not significant compared with 

effect of contact time and initial concentration as clearly seen in Figure 4.26.  

 

Figure 4.26 Effect of amount of adsorbent on % RE 

4.3.4 Effect of Initial Solution pH 

Removal efficiency of 500 mg/L of H2S (aq) can be affected by several factors 

such as competitive effects of hydrogen ions with dissolved H2S (aq) ions. The changes 

in the ionic forms for the functional groups on the adsorbent surface and speciation form 

of H2S (aq) in solution. Therefore, it is necessary to investigate the effect of pH while 

keeping other variables constant. The effect of initial pH on RE is shown in Figure 4.27 

with ACPKS exhibiting higher RE of H2S (aq). Hence, as the initial solution pH increases, 

the RE increases until pH 7 was attained. However, RE experienced a decrease thereafter 

which is due to the fact that the concentration of hydrogen ions (H+) was very high at a 

very low pH which could result in it competing with H2S (aq) ions for any available active 

sites. Thus, as the initial solution pH increases, the number of hydrogen ions (H+) 

decreases also. Therefore, the competition between ions (H+) and dissolved H2S (aq) ions 

on the available active sites experienced a decreased. 
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The state of hydrogen sulfide becomes unstable which could easily be converted 

to either liquid or gaseous form, as illustrated in Equation 2.1). As the pH increases, H2S 

(g) was converted to H2S (aq) and dissociated to ions such as bisulfide (HS-) and sulfide 

(S2-) as shown in Equations 2.3) and 2.4), respectively. At pH = 7, both H2S (aq) and HS- 

ions are dominant as seen in Figure 2.2. Thus, RE experienced an increase at this 

particular pH value. Thereafter, the solution turned to basic (interacts with HS- and S2- 

ions). Therefore, RE decrease was due to the basic ACs surfaces as reported by Kalapala, 

(2014). As a result, pH 7 gave higher RE for the H2S (aq) as shown in Figure 4.27. The 

pH has significant effect for ACPKS compared with other adsorbents. The result was 

consistent with those reported by Haimour et al., (2005) and Wang and Pei (2012). 

 

Figure 4.27 Effect of initial solution pH on % RE 

4.3.5 Effect of Agitation Speed 

Figure 4.28 shows the influence of agitation speed on RE of 500 mg/L of H2S (aq) 

using various ACs adsorbents. For all the ACs, RE increased with respect to the agitation 

speed. The highest RE was attained at the agitation speed of 150 rpm, which is attributed 

to the increased solute (dissolved H2S (aq)) transport from the bulk solution to the ACs 

active sites (Roy et al., 2014). The agitation speed of more than 150 rpm might transform 

H2S (aq) from adsorbent surface to the solution. Therefore, the agitation speed of 150 rpm 

is more suitable with similar observation reported by Roy et al. (2014). 
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Figure 4.28 Effect of agitation speed on % RE 

4.4 Adsorption of H2S (aq) on IACs adsorbents 

4.4.1 Effect of Preparation Factors on Removal Efficiency 

The effect of calcination contact time on IACs type is shown in Figure 4.29. The 

result showed that at contact time of 90 min a better performance was achieved. This is 

sufficient to provide a complete reaction between the impregnation agent (egg shells 

compounds) and carbons during the calcination process. In addition, the removal of all 

undesired materials such as carbon dioxide and ashes during the calcination process was 

made possible. In fact, longer contact time has the capacity to increase the amount of 

calcium oxide (thermally converted from calcium carbonate) upon the calcination 

process. Hence, Ca-ACPKS showed a better performance in terms of RE of H2S (aq) 

when compared with other IACs. 
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Figure 4.29 Effect of the calcination contact time and types of IACs on RE 

Figure 4.30 demonstrates the effect between IACs types and calcination 

temperature on the RE. Better performances were attained for all the IACs at 900 ̊C. At 

900 ̊C, with almost all the calcium carbonates (CaCO3) converted to calcium oxide (CaO) 

(He et al., 2017). In addition, a thermally stable temperature was witnessed from the TGA 

result obtained. Increasing the calcination temperature above 900 ̊C would destroy the 

bridge layers and structures of carbon. Therefore, the porosity of the IACs adsorbents was 

affected which lead to decrease in RE. It can be clearly seen that Ca-ACPKS exhibited a 

higher RE compared with other adsorbents. 

 

Figure 4.30 Effect of the calcination temperature and types of IACs on RE 

Figure 4.31 shows the effect between the calcium concentration and IACs types 

on RE. It was evident that as the calcium concentration increased the RE degraded 

accordingly. This degradation is attributed to the blocking of pores by the elemental 
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calcium, thereby reducing the external surface area of carbon as presented in Table 4.4. 

However, the concentration of calcium helped in the enhancement on the surface of IACs, 

as a result to increase RE. From these observations, it can therefore be concluded that the 

preparation conditions of IACs have a significant effect on the performances of IACs in 

terms of RE of H2S (aq) with Ca-ACPKS having the highest RE amongst other 

adsorbents. 

 

Figure 4.31 Effect of the concentartion of calcium and types of IACs on RE 

4.4.2 Selection of Effective Adsorbent 

Figure 4.32 shows the comparative study of different types of adsorbents with Ca-

ACPKS seemingly giving the highest RE. For all the IACs adsorbents, the calcium oxide 

and the calcium carbonate components derived from egg shells impacted significantly on 

the RE. Specifically, the SEM image result indicated that Ca-ACPKS possessed more 

regular morphology and more developed pores. This gave considerable spaces for 

calcium oxide and calcium carbonate to become deposited on the external surface of the 

adsorbent, thus enhancing the surface chemistry of Ca-ACPKS. Therefore, the adsorption 

capacity of Ca-ACPKS was greatly improved. 

The EDX result further confirmed that Ca-ACPKS performed better (higher RE) 

than other adsorbents as presented in Table 4.2. The XRD test result showed that Ca-

ACPKS exhibited more crystalline structures compared to other adsorbents. The 

crystalline structure of spent Ca-ACPKS was not affected after the adsorption process as 

shown in Figure 4.19. Ca-ACPKS gave the highest RE. Thereafter the preparation 
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conditions of Ca-ACPKS were optimized using RSM. Additionally, the operating 

conditions for removing H2S (aq) from actual waste water using Ca-ACPKS was also 

optimized. The associated isotherms, kinetics models and thermodynamic properties of 

Ca-ACPKS were adequately investigated. 

 

Figure 4.32 Comparision between adsorbents 

4.5 Optimization of Preparation Conditions of Ca-ACPKS 

The Design of Expert (DOE) (version DX10 USA) software was employed to 

conduct this study. The preparation conditions of Ca-ACPKS was optimized using RSM. 

The studied variables are calcination temperature, concentration of calcium solution, and 

calcination contact time. The responses are RE of H2S (aq) and Ca-ACPKS yield. Both 

responses are listed in Appendix (C).The RE of H2S (aq) on Ca-ACPKS was calculated 

through a batch adsorption test. The details of factors, codes, unites and ranges are shown 

in Table 3.6. 

4.5.1 Analysis of Variance Test 

From the ANOVA result in Table 4.9, the quadratic model has the 𝐹-value of 

338.56 and the P value of 0.0001, indicating that the model was significant (Basu et al., 

2012). Hence, the significant model terms were A, B, C, AB, AC, BC, A2, B2 and C2. 
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Table 4.10 shows the result for ANOVA and the lack-of-fit for IACs yield. The 𝐹-value 

and p-values were obtained as 147.91 and 0.0001, respectively. This indicated that the 

model is significant. Moreover, some factors such as A, B, C, A2, B2and C2 were 

significant as well. However, factors such as AB, AC, and BC were insignificant. From 

the statistical results, it is can be concluded that the above models were sufficient to 

predict the RE and the yield within the ranges of the examined factors. The residual and 

the lack of fit for both responses were very low, indicating the accuracy of the current 

model (see Table 4.9). 

Table 4.9 Analysis of variance and lack-of-fit test for RE using Ca-ACPKS 

Sources Sum of 

squares 

df Mean 

square 

F-value P-value Comment 

Model 321.17 9 35.69 338.56 <0.0001 significant 

A: calcination temperature 

of Ca-ACPKS 

7.73 1 7.73 73.35 <0.0001  

B: concentration of 

calcium solution 

1.36 1 1.36 12.91 0.0015  

C: calcination contact time 0.48 1 0.48 4.51 0.0441  

AB 1.05 1 1.05 9.97 0.0043  

AC 3.71 1 3.71 35.16 <0.0001  

BC 2.64 1 2.64 25.05 <0.0001  

A2 199.53 1 199.53 1893.01 <0.0001  

B2 130.86 1 130.86 1241.52 <0.0001  

C2 148.72 1 148.72 1410.91 <0.0001  

Residual 2.53 24 0.11    

Lack of Fit 0.69 5 0.14 1.41 0.2638 not significant 

 

Table 4.10 Analysis of variance and lack-of-fit test for Ca-ACPKS yield 

Sources Sum of 

squares 

df Mean 

square 

F-value P-value Comment 

Model 331.25 9 36.81 147.91 <0.0001 Significant 

A: calcination temperature 

of Ca-ACPKS 

215.20 1 215.20 864.83 <0.0001  

B: concentration of 

calcium solution 

4.95 1 4.95 19.88 0.0002  

C: calcination contact time 18.69 1 18.69 75.12 <0.0001  

AB 0.36 1 0.36 1.45 0.2408  

AC 0.42 1 0.42 1.70 0.2049  

BC 0.64 1 0.64 2.57 0.1219  

A2 89.99 1 89.99 361.63 <0.0001  

B2 6.78 1 6.78 27.23 <0.0001  

C2 3.41 1 3.41 13.72 0.0011  

Residual 5.97 24 0.25    

Lack of Fit 4.80 5 0.96 15.54 <0.0001 Significant 
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Table 4.11 shows the results of regression statistics models for both yield and RE. 

For RE at equilibrium, the quadratic model was suggested with R2 and standard deviation 

of 0.992 and 0.32, respectively. The cubic model was aliased. In addition, Table 4.11 

shows the regression statistics for Ca-ACPKS yield. The quadratic model was used as 

well with R2 and standard deviation values of 0.982 and 0.5, respectively. This suggested 

that the quadratic model could be utilized to represent the relationship between the 

interacting factors and the responses. 

Table 4.11 Regression statistics for RE and yieldat equilibrium using Ca-ACPKS 

Response Source 
Standard 

deviation 
R2 

Adjusted 

R2 

Predicted 

R2 
Comment 

 

RE 

Linear  3.24 0.0296 0.0675 0.0888  

2FI 3.37 0.0524 0.1582 0.1563  

Quadratic  0.32 0.9922 0.9893 0.9853 Suggested 

Cubic  0.32 0.9939 0.9899 0.9852 Aliased  

 

Ca-ACPKS    

yield 

Linear  1.81 0.7083 0.6791 0.6372  

2FI 1.90 0.7125 0.6486 0.6095  

Quadratic  0.50 0.9823 0.9756 0.9635 Suggested 

Cubic  0.48 0.9864 0.9776 0.9579 Aliased  

 

Centre Composite Design (CCD) was used to determine the correlation between 

the response surface and the input variables. Relationship coefficient and standard 

deviation were utilized to assess the wellness of the models developed. The quadratic 

models suggested by the software for RE and yield were presented in Equation 4.7) 

and 4.8). 

RE= 98.42+0.53A+0.22B+0.13C+0.26AB-0.48AC-0.41BC-2.97A2-

2.41B2-2.57C2 
4.7 

 

Yield = 35.26-2.81A-0.43B-0.83C-0.15AB-0.16AC+0.20BC-

2.00A2-0.55B2-0.39C2 
4.8 

 

Figure 4.33 (a, b) is the plot of the predicted and actual plots with the normal plot 

of residual for RE. From Figure 4.33 (a), the predicted values were closer to the actual 

ones, thus validating the current models. Moreover, the residual error was very lower as 

indicated in Figure 4.33 (b). The predicted and actual plot sand the normal plot of residual 

for IACs yield were shown in Figure 4.34 (a, b), respectively. Both predicted and actual 

values showed good agreement with the residual values having a relatively low value. 
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(a) 

 

(b) 

Figure 4.33 (a) The predicted and actual values, (b) Normal plot residual for RE using 

Ca-ACPKS 
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(a) 

 

(b) 

Figure 4.34 (a) The predicted and actual values, (b) Normal plot residual for the yield 

of Ca-ACPKS 
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4.5.2 Combined Effect of 3D Plot on Removal Efficiency 

Figure 4.35 shows the interactions between two independent variables, (i.e. 

calcination temperature and concentration of calcium solution) on RE while fixing the 

calcination contact time. As seen, the interaction between these two factors was clear. 

The calcination temperature range of 800 oC to 1000 oC and the calcium concentration 

range of 25 v % -75v% imposed a significant influence on the RE. It can be clearly seen 

that the effect of calcination temperature on RE was more significant. With the calcination 

temperature of~800oC, the value of RE was estimated to be 89.7%. Thereafter, the RE 

increased with calcination temperature increment. The concentration of calcium therefore 

imposed a direct impact on the RE. In general higher concentration gave a higher RE. 

However, excessive level of concentration of calcium had a negative impact on the RE.  

The melting point of calcium was 842 ̊C, thus, the elemental calcium (Ca) was 

evaporated, leaving behind a huge amount of calcium vapour deposits on the carbon 

layers and original pores between carbon atoms. At 900 ̊C, most of the calcium carbonate 

were converted to calcium oxide, thereby increasing the compound of metal oxide 

between carbon layers and pore structures. Therefore, the removal of H2S (aq) was 

adequately enhanced.  

The interactions of time and calcination temperature of Ca-ACPKS on RE are 

shown in Figure 4.36. It can be seen that the effect of calcination temperature on RE was 

more significant. The calcination contact time, however, had less contribution on RE. 

Figure 4.37 shows the interactions between calcination contact time and calcium 

concentration. The effect of contact time was less significant than that of calcium 

concentration. 
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Figure 4.35 The combined effect of calcination temperature and calcium solution 

concentration on RE 

 

Figure 4.36 The influence of combined the calcination temperature and calcination 

contact time on RE 
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Figure 4.37 The influence of combined of calcium concentration and calcination 

contact time on RE 

4.5.3 Combined Effect of 3D Plot on Ca-ACPKS Yield 

The combined effect of calcination temperature and concentration of calcium on 

Ca-ACPKS yield is shown in Figure 4.38. The effect of calcination temperature on Ca-

ACPKS yield was more significant than that of calcium concentration. There was a 

relative decrease in the yield as both calcination temperature and concentration of calcium 

increased. Figure 4.39shows the 3Dplot of combined effect of calcination contact time 

and calcination temperature on yield. It indicated that the effect of calcination temperature 

on yield was more significant than that of calcination contact time. Figure 4.40 shows 

the3Dplot of combined effect of calcination contact time and concentration of calcium on 

yield. Both calcination contact time and concentration of calcium almos the same effect 

on the yield.  It can therefore be clearly seen that a very low yield was obtained at contact 

time of 120 min and calcium concentration of 90 %v. 
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Figure 4.38 Theinfluence of combined the calcination temperature and calcium 

concentration on the yield of Ca-ACPKS 

 

Figure 4.39 Theinfluence of combined the calcination temperature and calcination 

time on the yield of Ca-ACPKS 
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Figure 4.40 Theinfluence of combined the concentration of calciumand calcination 

time on the yield of Ca-ACPKS 

4.5.4 Validation of preparation conditions of Ca-ACPKS 

The optimum conditions are shown in Figure 4.41. The desirability was 0.937, 

which is relatively high. The validation results of the current RSM model are reported in 

Table 4.12. It was discovered that the experimental results compared well with the RSM 

values. Therefore, the model equation suggested by RSM was valid. 

 

Figure 4.41 The optimum of the preparation conditions and desirability of Ca-ACPKS 
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Table 4.12 Model validation of preparation conditions of Ca-ACPKS 

Variables Theoretical Experimental   

Calcinatio

n temp. 

(°C) 

Calcium 

concentration 

(v %) 

Calcination 

time (min) 
Yield  RE Yield RE 

 

Error  

880 49.3 57.5 35.8 98.2 33.8 99.2 0.99 

 

4.6 Optimization of Adsorption Process of Ca-ACPKS 

Factors such as initial concentration of H2S (aq) (mg/L), adsorption contact time 

(min), dosage of adsorbent (g), pH and agitation speed (rpm) were adequately screened. 

The ranges of these factors were reported in Table 3.7. The ANOVA test was conducted 

to show the significance of model and factors. The details of the statistical analysis are 

shown in Appendix (C). It can be observed that the model was significant with R2 of 

0.998. The results revealed that initial H2S (aq) concentration, adsorption contact time, 

adsorbent dosage have significant impacts on the RE of H2S (aq). However, factors such 

as pH and agitation speed are insignificant. The best operating conditions were, the initial 

H2S (aq) concentration of 500 mg/L, adsorption contact time of 540 min and amount of 

adsorbent of 1 g/L. The insignificant factors such as pH and agitation speed are 7 and 150 

rpm, respectively. The best conditions of the screening process were used in the 

subsequent optimization study. 

The factors, units and ranges for all significant factors were reported in Table 3.8. 

Figure 4.42 (a, b) shows the predicted and actual plots and normal plot of residual for RE. 

It can be deduced from Figure 4.42 (a) that the predicted values were very close to the 

actual ones. Figure 4.42 (b) shows that the residual errors were low as well, and this 

indicated the effectiveness of the current second-order model. As observed from 

Figure 4.42 (a), most of the values were closer to standard line (indicating low residual 

error). Meanwhile, the experimental values were quite close to the predicted values, 

indicating that the model developed was good (Figure 4.42 (b)). 
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(a) 

 

(b) 

Figure 4.42 (a) The predicted vs actual values, (b) Normal plot of residuals for 

optimization of operating conditions of RE using Ca-ACPKS 
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4.6.1 Analysis of Variance Test 

ANOVA was subsequently performed to explore and indicate the significance 

level of the model. The ANOVA test results are listed in Table 4.13. From the F-value 

(74.19) and p-value (<0.0001), the quadratic model was significant (Basu et al., 2012). 

Moreover, the value of lack of fit is very low with the variables such as A, B, C AB, BC, 

A2, B2, and C2 taking up significant functions. The AC term, however, was insignificant. 

The low levels of residual and pure error indicated the fitness of the current model. It can 

be concluded that the effect of adsorption contact time was more significant than those of 

other variables (Table 4.13).  

Table 4.13 Analysis of variance (ANOVA) and lack-of-fit test for RE using Ca-

ACPKS 

Sources Sum of 

squares 

df Mean 

square 

F-value P-value Comment 

Model 188.42 9 20.94 74.19 <0.0001 significant 

A-Initial H2S 

concentration 
21.22 1 21.22 75.22 <0.0001  

B-Adsorption contact time 53.87 1 53.87 190.92 <0.0001  

C-Adsorbent dosage 2.01 1 2.01 7.14 0.0234  

AB 2.57 1 2.57 9.09 0.0130  

AC 0.29 1 0.29 1.04 0.3325  

BC 2.57 1 2.57 9.09 0.0130  

A2 36.41 1 36.41 129.03 <0.0001  

B2 70.27 1 70.27 249.04 <0.0001  

C2 17.26 1 17.26 61.18 <0.0001  

Residual 2.82 10 0.28    

Lack of Fit 2.15 5 0.43 3.22 0.1125 not significant 

 

The regression statistics models for operating conditions are presented in 

Table 4.14.The model suggested by the software is a quadratic model with R2 and 

standard deviation of 0.9852 and 0.53, respectively. The result obtained showed that the 

cubic model is aliased. Moreover, the predicted R2was 0.9852, which agreed reasonably 

well with the adjusted R2of 0.9720 due to the difference less than 0.2 (Pamnani et al., 

2015; Kumar et al., 2016). The quadratic model suggested by the software is shown in 

Equation 4.9). The Adeq precision was used to measure the signal to noise ratio. The 

predicted R2showed how well the developed model can be used to predict the response. 

The negative sign indicated that the term promoted a decrease in RE and vice-versa 

(Junior et al., 2014). 
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RE =98.09-1.25A+1.99B+0.38C+0.57AB-0.19AC-0.57BC-1.59A2-

2.21B2-1.09C2 
4.9 

 

Table 4.14 Regression statistics for operating conditions of RE using Ca-ACPKS 

Response Source 
Standard 

deviation 
R2 

Adjusted 

R2 

Predicted 

R2 
Comment 

 

 

RE 

Linear  2.67 0.4032 0.2913 0.1569  

2FI 2.89 0.4316 0.1692 -0.5175  

Quadratic  0.53 0.9852 0.9720 0.9071 Suggested 

Cubic  0.39 0.9953 0.9850 0.7223 Aliased  

 

4.6.2 Combined Effect of 3D Plot on Removal Efficiency 

The 3D plot of the combined effect of initial concentration of H2S (aq) and 

adsorption contact time on RE is shown in Figure 4.43. As seen, the effect of adsorption 

contact time on RE was more significant. The lowest RE was attained at adsorption 

contact time of 420 min and initial concentration of H2S (aq) of 700 mg/L. This was due 

to the fact that the adsorbate molecules were competing intensively in order to occupy the 

active site. Therefore, more time was needed during the period of competition. In general, 

the RE of H2S (aq) increased as the adsorption contact time increased and the H2S (aq) 

initial concentration decreased as shown in Figure 4.43. The optimum RE of 99.5 % was 

attained at contact time of ~585 min with concentration of 440 mg/L. A similar 3D plot 

was reported by Sohrabi et al. (2016). 
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Figure 4.43 Combined effect of initial concentartion of H2S(aq)and contact time on 

RE using Ca-ACPKS 

Figure 4.44 shows the 3D plot of the combined impact of initial concentration of 

H2S (aq) and dosage used. Seemingly, the effect of dosage was less significant. The initial 

concentration of 700 mg/L and the Ca-ACPKS amount of 0.75 g gave the lowest value 

of RE. This was because the low amount of Ca-ACPKS has less number of unoccupied 

active sites and the competition between ions at higher concentration lead to the reduction 

of RE. Thus, adsorption was more ineffective due to insufficient active sites (low 

adsorbent dosage). As the amount of Ca-ACPKS increased and the initial concentration 

decreased the RE increased correspondingly. Moreover, the initial concentration showed 

more contribution to the RE compared with Ca-ACPKS dosage. From the results, dosage 

of 1 g can remove ~ 440 mg/L of H2S (aq).Similar trend has been noticed by Sahu et al. 

(2009). 
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Figure 4.44 Combined effect ofinitial concentration of H2S (aq)and dosage on RE 

using Ca-ACPKS 

The combined influence of dosage and adsorption contact time is presented in 

Figure 4.45. It can be seen that the effect of adsorption contact time on RE was more 

significant. An increase in the contact time resulted in a corresponding increase in RE. 

The effect of adsorption contact time on RE was therefore significant and this is largely 

due to the fact that the dissolved H2S (aq) ions requires a sufficient time to transport from 

the bulk solution to the Ca-ACPKS surface film. Then, cross the film to reach the 

unoccupied active site in the external micropores. The highest RE was attained with the 

contact time around 585 min. The dosage of Ca-ACPKS, however, recorded a less effect 

on RE. This was as a result of Ca-ACPKS having more porosity and active site and even 

the low amount of Ca-ACPKS could be occupied the dissolved H2S (aq). Thus, the 

increasing of Ca-ACPKS amount recorded a low effect on RE as reported by Roosta et 

al. (2015). 
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Figure 4.45 Combined effect of dosage and contact time on RE using Ca-ACPKS 

4.6.3 Validation of Operating Conditions 

The optimum operating conditions of Ca-ACPKS were all summarized in 

Table 4.15. The experimental values compared well with the predicted ones as shown in 

Figure 4.46. Therefore, the model equation suggested by RSM was valid. 

Table 4.15 Validation of operating conditions of RE of H2S(aq) using Ca-ACPKS 

Variables Theoretical Experimental  

Concentration 

of H2S (mg/L) 

Contact 

time (min) 

Adsorbent 

dosage 
RE RE 

Error  

440 585 1.05 98.7 99.5 0.8 

 

Figure 4.46 presents the validation between predicted and actual results. The 

predicted values were obtained from Equation 4.9) which are in close agreement with the 

actual ones as seen in Figure 4.46.  
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Figure 4.46 Validation between actual and predicted results of operating conditions of 

RE using Ca-ACPKS 

4.7 Equilibrium, Isotherm, and Kinetic Study of Ca-ACPKS 

4.7.1 Effect of Contact Time and Initial Concentration 

The batched adsorption mode was conducted by adding 0.1 mg of Ca-ACPKS 

adsorbent to 250 mL volume of conical flasks containing solution of 100 mL. The initial 

concentration of the dissolved H2S (Co) is ranging from 100 mg/L -500 mg/L. Detail of 

batch adsorption process were carefully discussed in Section 3.6. The adsorption capacity 

(qe, mg/g) was calculated using Equation 3.3). Subsequently, the initial and final 

concentrations were measured after the suspensions were filtered. The RE can then be 

determined using Equation 3.4). Figure 4.47 shows the plots of RE versus time at various 

initial H2S (aq) concentrations. The temperature was fixed at 30 °C. From Figure 4.47, 

the initial amount of H2S (aq) adsorbed onto the carbon surface increases rapidly. 

However, the adsorption rate decelerates upon reaching a critical point as the amount of 

H2S (aq) desorbed from the adsorbent was equivalent to the amount of H2S (aq) adsorbed 

onto the adsorbent. Initially, the solution pH was neutral before gradually decreasing due 

to the oxidation of H2S (aq). On the overall, at concentrations of 100 mg/L and 200 mg/L, 

the equilibrium times were very short due to the abundance of many empty sites. At the 

neutral condition, the dominating forms of sulfide were H2S (aq) and bisulfide (HS-). The 

ion exchange reaction was likely to occur due to the diffusion of sulfide anions and 
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calcium cations to the active site to produce calcium sulfide (CaS). CaS exists on the 

surface of adsorbent as white crystallized materials. In fact, the solution changes from 

yellow colour to colourless at the equilibrium state. The removal of H2S (aq) can then be 

summarised based on the colour change. At the first stage (yellow colour), the gaseous 

H2S (g) dissolved to aqueous H2S (aq) and HS-as shown in Equations 2.1) and 2.3), 

respectively. Then, during the adsorption process (after 3-4 h), the solution colour was 

white due to the formations of calcium sulfide (CaS) and sulfur as shown in 

equations 4.21) and 4.24). At the final stage, the solution became colourless due to the 

precipitation of metal sulfide, sulfur and salts on the pores. The carboxylic functional 

group (-COOH) obtained from the calcium acetate (Ca (C2H3O2)2) composite and ACs 

gave the best chemisorption capacity towards H2S (aq). At low pH, the removal of H2S 

(aq) was lower due to high affinity of carboxylic functional groups toward H+. At the 

initial stage of the adsorption process; calcium sulfide (CaS) was formed as shown in 

Equation 4.21). In summary, most of the adsorption processes exhibited chemisorption. 

Similar observation was reported by Jacukowicz et al. (2015). They were used a hybrid 

materials containing iron oxide for removal of sulfides from water. 

 

Figure 4.47 The effect of adsorption time with various initial H2S (aq) 

concentrationson RE using Ca-ACPKS 
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4.7.2 Adsorption Isotherms Model 

The four adsorption isotherm models such as Langmuir, Freundlich, Temkin and 

Dubinin–Radushkevich were appliedto describe the behaviour of the adsorption process. 

The Langmuir adsorption isotherm model (linear plot of Ce/qe against Ce) was used to 

determine the Langmuir parameters as shown in Figure 4.48 (a). The Langmuir 

parameters such as band Qmax were determined from the slope and the intercept 

respectively using Equation 2.6). The correlation coefficients (R2) and parameters are 

reported in Table 4.16. The R2 value was 0.939and the Langmuir isotherm constant 

parameters were negative, and this indicated that the Langmuir isotherm model was 

inadequate to adequately elucidate the adsorption process (Köse et al., 2011). Also, the 

value of RL was obtained as 3.68, which indicated that the Langmuir isotherm was 

unfavourable in analysing the current adsorption process using Ca-ACPKS.  

Table 4.16 Isotherm models parameters and correlation coefficients for adsorption 

of H2S on Ca-ACPKS 

Isotherm models Parameters R2 

Langmuir 
Qmax (mg/g) 543.47 

0.939 
b (L/mg) 0.03 

Freundlich 
KF (mg/g)(L/mg)1/n 9.574 

0.9926 
1/n  1.4 

Temkin 
KT (L/g) 4.170 

0.9185 
bT 7.79 

Dubinin–Radushkevich 

qs (mg/g) 456.7 

0.8922 B (mol2/J2) 7.86x10-6 

E (J/mol) 252.2 

 

Freundlich isotherm (a straight line with a slope of 1/n= 1.4) was obtained by 

plotting log qe versus log Ce as shown in Figure 4.48 (b). The value of R2 is 0.9926, 

indicating that the adsorption data were well fitted on the Freundlich model. The 

adsorption process occurred at specific heterogeneous sites on the surface of adsorbent. 

The initial concentration provides the driving force to overcome the mass transfer 

resistance between solution (solute) and solid phase. The Freundlich constants KF and n 

were calculated from equation 2.8) and listed in Table 4.16. n < 1 indicates favourable 

adsorption of pollutant on the Ca-ACPKS (Anbia & Haqshenas, 2015; Demiral & 

Güngör, 2016). On the other hand, Temkin model was obtained by plotting qe against log 

Ce as shown in Figure 4.48 (c). The fitting parameters (KT& bT) are shown in Table 4.16. 

However, the value ofR2 for Temkin model was 0.9185, and this indicated that the 
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adsorption data of H2S (aq) on ACPKS was less fitted as compared to the Freundlich 

model. However, the adsorption was characterized by a uniform distribution of binding 

energies (Angin, 2014). The Dubinin–Radushkevich isotherm was also used in describing 

the adsorption process. A straight line was obtained from the plot of ln qe versus Є2 

(Appendix E (d)).From the intercept and the slope of plot ln qe vs Є2, the isotherm 

constants qs and B can be obtained respectively (Figure 4.48 (d)). A smaller R2 value of 

0.8922 was obtained for the Dubinin–Radushkevich isotherm. The constants qs and E was 

determined using the linear equation shown in Table 4.16. The value of E can be used to 

estimate the type of adsorption process. The physical adsorption process is happening if 

E < 8 kJ mol-1 (Köse et al., 2011; Demiral& Güngör, 2016).Therefore, the adsorption 

process of H2S (aq) on the Ca-ACPKS surface is mostly described by the physisorption 

adsorption process. While still there was some adsorption process that occurred under 

chemisorption as confirmed by XPS and FTIR test. This is because the adsorption process 

is a complex process and could be occurred in many stages. In general, the Freundlich 

isotherm model is the best fitting model. The adsorption takes place at specific 

heterogeneous sites with further adsorption taking place when all the active sites are 

occupied by pollutant as a multilayers. 
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(c) 

 

(d) 

Figure 4.48  Langmuir (a), Freundlich (b), Temkin (c) and Dubinin–Radushkevich (d) 

adsorption isotherms of H2S (aq) on Ca-ACPKS at 30 ̊C 
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4.7.3 Kinetics of Adsorption 

In this study, three kinetic adsorption models were applied, namely pseudo-first-

order model, pseudo-second-order model and intra-particle diffusion model. For the 

pseudo-first-order kinetic model, straight lines were obtained by plotting log (qe − qt) 

versus t. The slopes of the linear plots are shown in Figure 4.49 (a). The correlation 

coefficient and k1values were obtained from the slopes listed in Table 4.17. However, the 

experimental qe values do not match with the calculated values from the pseudo-first-

order equation. When the pseudo-second-order kinetic model is applied, the plot of t/qt 

versus t becomes linear. qe and k2 can then be determined from the slope and the intercept 

of the plot, respectively. This procedure is more effective in predicting the behaviour over 

the whole range of adsorption. The linear plot of t/qt versus t is shown in Figure 4.49 (b). 

The agreement between the experimental and the calculated qe values was promising 

(Table 4.17). Besides, the R2 values for the second-order kinetic model are greater than 

0.96 for all H2S concentrations. The intra-particle diffusion model rate constant, Kp was 

obtained from the slope of qt versus t1/2 plot (Figure 4.49 (c)). The R2 values obtained 

were shown in Table 4.17 and the result revealed a lower value than those obtained from 

the pseudo-second-order model. The results found that the adsorption of H2S on Ca-

ACPKS is best described by the second-order kinetic model (Angin 2014; Demiral and 

Güngör, 2016). 

Table 4.17 Kinetic models parameters for adsorption of H2S (aq)on Ca-ACPKS 

Kinetic Model Parameter 
Initial H2S (aq)Concentration (mg/L) 

100 200 300 400 500 

Pseudo-first-order  

 

 

K1 (1/h) 0.338 0.3536 0.475 0.5033 0.4053 

R2 0.6916 0.9221 0.9884 0.933 0.9971 

Pseudo-second-order  

 

 

K2 (g/mg h) 0.0115 4.727 1.290 6.6448 4.414 

R2 0.9982 0.9982 0.985 0.9634 0.9607 

Intraparticle diffusion 

 

K3 (1/h) 9.33 18.83 40.514 59.495 78.174 

R2 0.7271 0.8211 0.9329 0.9807 0.9824 
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(a) 

 

(b) 

 

(c) 

Figure 4.49  Pseudo–first–order (a), pseudo–second–order (b) and intra-particle 

diffusion (c) kinetic models for the adsorption of H2S (aq) on Ca-ACPKS 
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4.7.4 Thermodynamic Study 

The thermodynamic study was then performed to investigate the effect of 

temperature on the adsorption process. The thermodynamic parameters such as ΔH°, ΔS° 

and ΔG° of the adsorption process were studied. The values for ΔH° and ΔS° were 

calculated from the slope and intercept from the plot shown in Figure 4.50. The calculated 

values for ΔH°, ΔS° and ΔG° were listed in Table 4.18. The negative value of ΔH° 

indicated the exothermic nature of the current adsorption interaction. The positive value 

of ΔS° reflected the affinity of Ca-ACPKS for H2S and increasing randomness at the 

solid–solution interface during the adsorption process. The negative value of ΔG° 

indicated the feasibility and the spontaneous nature of the current adsorption process.  

Table 4.18 Thermodynamic parameters of H2S(aq) adsorption on Ca-ACPKS 

ΔH° 

(kJ/mol) 

𝚫𝐒° 

(J/mol K) 

ΔG°(kJ/mol) 

303 K 308 K 313 K 318 K 

-91.512 328.93 -191.19 -192.83 -194.47 -196.12 

 

 

Figure 4.50  Thermodynamic study of the adsorption of H2S (aq) on Ca-ACPKS  
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4.7.5 Reaction Mechanisms of Adsorption 

The physisorption and chemisorption occurred during adsorption processes. 

Physisorption process was attributed to Van der Waals force of attraction which involves 

a weaker electrical force responsible for the attraction of molecules in the domain. 

However, chemisorption is a chemically bounded process between molecules. The 

adsorption of H2S (aq) on ACs and IACs are mainly due to the emergences of oxygenated 

functional groups on the adsorbent surface which has the capacity to enhance the RE of 

H2S (aq). 

The carbons were activated using potassium hydroxide (KOH) which could 

enhance the porosity of ACs by increasing the active sites as shown in Equations 4.4. The 

boiling point of potassium (K) is 780 ̊C and the activation temperature was 750 ̊C. The K 

metals remaining on the carbon surface could increase the cation (K+) on the surface. 

These cations (K+) could attract anion such as bisulfide (HS-) from the solution during 

the adsorption process (Tseng et al., 2008; Mopoung et al., 2015). Abechi et al.(2013) 

have reported that KOH could enhance the porosity of ACs.  

As indicated from the FTIR result, the surface functional groups such as the 

carboxylic, phenolic, or carbonyl groups existed on the ACs surface. The dissolved H2S 

(g) in the solution was converted to H2S (aq) as shown in Equation 2.1). Then, the 

presence of KOH on the external surface of adsorbent could dissociate H2S (aq) to ions 

as shown in Equation 2.3). Therefore, reaction probably occurs between KOH and H2S 

(aq) bisulfide (HS-) as reported by Nowicki et al. (2014). The following equation 

presented the possible reaction:  

H2S + 0.5O2 → S + H2O 4.10 

 

Depending on the activity of the carbon surface, the following reaction might 

occur: 

Cf + 0.5O2 → C(O) 4.11 

C(O) + H2S → Cf + S + H2O 4.12 
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Where C(O) is chemisorbed oxygen and Cf is a free active site of carbon for 

oxygen chemisorption. Moreover, KOH (on the surface of activated carbon) contributed 

to the oxidation of H2S (g) as well (Bagreev & Bandosz, 2002). Kanjanarong et al. (2017) 

reported that under alkaline condition, it catalysed the oxidation of HS- to elemental sulfur 

until the base was completely exhausted as shown in Equations 4.14) to 4.16). 

KOH + H2S → KHS + H2O 4.13 

2KOH + H2S → K2S + H2O 4.14 

KHS + 0.5O2 → S + KOH 4.15 

K2S + 0.5O2 + H2O → S + 2KOH 4.16 

 

From the FTIR results, for the ACs adsorbents; it can be clearly seen that the 

primary amine group (R-NH2) was represented by a peak at 1650 cm−1 for the fresh 

adsorbent. This peak vanished after the adsorption process (Figure 4.10). This is because 

the amine group was consumed by sulfides. Therefore, one of the radical groups for the 

bonding of sulfides on adsorbent surface was R-NH2 as shown in Equations 4.17), 4.18) 

and 4.19). 

R-NH2 + H2O → R-NH3
+ + OH− 4.17 

R-NH3
+ + HS− → R-NH3-HS 4.18 

R-NH3
+ + S2− → R-NH3S

− 4.19 

 

ACs can be enhanced with calcium extracted from egg shell s in order to increase 

the RE of H2S (aq) as explained earlier. The possible reactions that might occur during 

the adsorption process of H2S (aq) on IACs were investigated. The reaction in 

equation 4.20) might occur due to the oxygen content that supporting the carbonization 

process of the material. However, the dissociation of calcium oxide in water as outlined 

in Equation 4.22) formed calcium hydroxide (Ca(OH)2) on the surfaces of IACs 

adsorbents. This could further attract the acidic pollutant such as H2S (aq) via the active 

sites. Moreover, in Equation 4.23), the OH– from Ca(OH)2 reacted with H2S (aq)to form 

Ca(HS)2 which is then converted to elemental S as demonstrated in Equation 4.24) (Altaş 

& Büyükgüngör, 2008). 
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CaCO3 → CaO + CO2 4.20 

CaO+H2S (aq) →CaS+H2O 4.21 

CaO + H2O → Ca(OH)2 4.22 

Ca(OH)2 +H2S (aq) → Ca(HS)2 + 2H2O 4.23 

Ca(HS)2 +O2 → Ca(OH)2 + 2S 4.24 

 

The overall enhancement in RE of H2S (aq) could be demonstrated by the 

following mechanisms using calcium oxide (as a heterogeneous oxidant). The first stage 

involved the formation of calcium-sulfide surface complexes (Davies et al., 2007): 

CaO + 2HS- → CaS + H2O 4.25 

 

The S free radical was then released from the surface complex with the presence 

of the HS- free radical more probable than the S radical due to the solution pH is adjusted 

to 7 as shown in the Equation (4.26) (Jacukowicz et al., 2015). 

CaS-→ CaOH2 + S- 4.26 

 

The presence of new active sites and the release of free radicals were accompanied 

by the dissolution of Ca2+ that caused the presence of carboxylic functional groups (in the 

H+ form) on the surface of adsorbent: 

= CaOH2
+ → [ New active site] + Ca2+ + H2O.- 4.27 

 

Dissolution of Ca2+ ions created new active sites on the calcium oxide. 

Meanwhile, the S free radicals has the ability to react with the active sites on CaO and 

release Ca2+ that could precipitate in the form of CaS as a results of its reaction with 

sulfides: 

Ca2+ + HS- → CaS + H+ 4.28 
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CHAPTER 5 

 

CONCLUSION AND FUTURE WORK 

5.1 Overall Conclusion 

Generally, this study was conducted to investigate the effective of using locally 

sourced materials and its potential in lab toward removal of H2S (aq) from waste water. 

Laboratory batch kinetic studies were conducted to evaluate these waste materials. The 

preparation, characterization, optimization and modelling studies are conducted to 

investigate the effect of factors and conditions on the adsorption process. Comparisons 

studies have been conducted between the ACs and IACs adsorbents. The present research 

investigated the RE of three different locally sourced waste materials as a green and 

economic adsorbents for the removal of H2S (aq) from petroleum refinery waste water.  

The objectives of this work have been largely achieved and the results showed a 

good correlation among all the results obtained for the ACs and IACs adsorbents from 

the preparation, characterization, optimization and modelling studies as summarized 

below in accordance with the research objectives and scopes. From the overall objective 

of this study the removal of H2S (aq) from petroleum refinery waste water was 

investigated using locally-sourced adsorbents obtained from agricultural and industrial 

wastes. The following specific objectives of this research achieved the following: 

Objective 1: Activated carbons (ACs) and Impregnated Activated Carbons 

(IACs) were prepared from coconut shell (CNS), palm kernel shell (PKS) and wood saw 

dust (WSD) wastes. These materials were used as precursors to produce the activated 

carbon (ACs). The three ACs namely (ACCNS, ACPKS, and ACWSD) were prepared 

and modified (impregnated) to enhance the surface chemistry of the adsorbents using 

calcium extracted from egg shells wastes. The three impregnated activated carbon (IACs) 

prepared (i.e. Ca-ACCNS, Ca-ACPKS and Ca-ACWSD). 

Objective 2: The ACs and IACs were characterized in order to investigate the 

chemical structure and physical properties using different analytical approach and 

identify the best adsorbent in terms of removal efficiency of H2S (aq) from the simulated 
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waste water. The three ACs namely (ACCNS, ACPKS, and ACWSD) and the three 

impregnated activated carbon (IACs) prepared (i.e. Ca-ACCNS, Ca-ACPKS and Ca-

ACWSD) were all characterized using the SEM/EDX, FTIR, BET, XRD and XPS 

analyses. The results obtained concluded that there were no toxic elements from all 

prepared adsorbents and this showed a good characteristics in terms of high porosity and 

surface area. The adsorbents are investigated in term of removal efficiency. The results 

showed that the Ca-ACPKS has the higher RE %. 

Objective3. The optimization study for Ca-ACPKS are implemented using DoE 

to investigate the preparation conditions of removal of H2S (aq) from simulated petroleum 

waste water. The preparation conditions of Ca-ACPKS are optimized. The result found 

that the optimum conditions of prepared Ca-ACPKS are calcination temperature of 880 

°C, calcium solution concentration of 49.31 V%, and calcination contact time of 57.5 min 

with RE of 99.2 % and yield of 33.8 %. The result is also found that calcination 

temperature has more contribution on the responses of RE and yield of Ca-ACPKS. 

The removal operation conditions of H2S (aq) from real waste water like initial 

H2S concentration, adsorption contact time, dosage, pH, agitation speed are screened. The 

result found that the initial H2S (aq) concentration, adsorption contact time and dosage 

are significant. Therefore, the significant factors are optimized. The results present the 

optimum conditions for removal of H2S (aq) from waste water are initial concentration of 

H2S of 440 mg/L, adsorption contact time of 585 min, and amount of Ca-ACPKS of 1.05 

g with RE of 99.5 %. However, according to the |DOE standard, the H2S removal at an 

initial concentration of 300 mg/L is acceptable. Hence, an initial concentration below 300 

mg/L is within the range of 0.5 mg/L which correspond to the DOE Malaysian standard.  

Objective 4: The adsorption isotherm and kinetic models studies are conducted 

using Ca-ACPKS as an adsorbent to investigate the behavior of adsorption process. The 

results found that the Freundlich isotherm model is more fit to the study and the 

adsorption kinetic study is followed by pseudo –second order kinetic model. The 

maximum adsorption capacity of Ca-ACPKS was 543.4 mg/g. The negative value of ΔH° 

indicates the exothermic nature of the current adsorption interaction. However, the 

positive value of ΔS° reflects the affinity of Ca-ACPKS for H2S (aq) and increasing 

randomness at the solid–solution interface during the adsorption process. The negative 
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value of ΔG° indicates the feasibility and the spontaneous nature of the current adsorption 

process. 

The use of optimization tools for the removal of H2S (aq) from waste water was 

not really reported by many researchers. This study made use of optimization tools (RSM) 

to optimize the removal of H2S (aq) at higher concentration by means of ACs and IACs. 

Also, a detail study on the modification of surface properties of adsorbents using calcium 

carbonates extracted from egg shells has not been reported. Therefore, this research 

bridged these knowledge gap by investigating the absorption capacities and removal 

efficiencies of locally sourced adsorbents obtained from coconut shell, palm kernel shell 

and wood saw dust  for the removal of H2S (aq) from simulated waste water. Thus, it is 

concluded that the activated carbon derived from palm kernel shell and impregnated with 

calcium extracted from egg shells are very useful green and economical adsorbent due to 

their easy availability and absence of any toxic. Therefore, it is very suitable for the 

removal of H2S (aq) from petroleum waste wasters. 

5.2 Future Recommendations 

Based on the results from this study the following recommendations be carried 

out for any future work as continuation: 

i. Looking for greener methods to deal with toxic chemical instead of using 

dangerous solvents. This study was conducted to determine the feasibility and 

effectiveness of locally sourced waste materials in the removal of H2S (aq) 

from petroleum waste water.  

ii. Based on the theoretical framework, investigation into different greener 

adsorption method is of necessity.  

iii. A cheaper yet more efficient method to regenerate spent IACs should be 

investigated and analysed. The potential of used same adsorbent for removing 

of H2S (g) from stream using continues adsorption process. 

iv. Further investigation is needed to be conducted on used this composite of 

activated carbon with calcium extracted from egg shells to remove other toxic 

pollutant such as heavy metals from petroleum industrial waste water. For 
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instance, further explored should be made based on the results obtained in this 

study for the treatment of complex mixtures. 

v. A continuous evaluation of use new agricultural wastes as an adsorbent to 

treatment H2S (aq) technologies. A collaboration should be made with 

petroleum refinery waste water   companies in order to collect up-to-date data 

from full scale facilities to identify the real technology needs in the field. This 

study in H2S (aq) treatment from solution opens new field that will need strong 

research to its application in actual field. 

vi. The actual petroleum refinery waste water   streams also contain a huge 

amount of other materials, such as NH3, heavy oil, phenol, hydrocarbons, 

particulates or grease. Therefore, the effect of these pollutants on 

adsorption/oxidation process of H2S (aq) over IACs surface are worth 

studying when considering industrial application of this process. 
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APPENDIX A 

THE IMAGES OF MATERIALS, SIMULATED, AND REAL WASTE WATER 

BEFORE AND AFTER ADSORPTION PROCESS 

   

Carbonization 

process 

Tubular furnace  Activation process  

Figure A.1: Carbonization and activation process of ACs using tubular furnace  

 

  

ACs IACs 

Figure A.2: Sample of prepared ACs and IACs  
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Simulated waste water   Real waste water   

Figure A.3: Stock solution of simulated and real waste water  

   

Before treatment with 

adsorbent 

During the adsorption 

process 

After adsorption  

process 

Figure A.4: real waste water before, during the adsorption process and after treatment 
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APPENDIX B 

CALCULATIONS AND RESULTS 

CALCULATIONS B. 1: Determination of the initial concentration of dissolved H2S (aq) 

Number of moles of atoms =
mass in gram

molar mass of atoms
 

For concentration of 100 mg/L  

Number of moles of sulfur =
 0.1g

32 g/mol
 =0.003125 mol  

W = M × V × MW  

W = 0.003125 mol × 1L × 240.04 g/mol      = 0.750 g/L 

Where W is weight of Na2S.9H2O g/L, MW is molecular weight of Na2S.9H2O, Mis the 

number of moles of sulfide, V is the volume of solution.  

Determination of Removal efficiency (RE) 

 RE = 
𝐶°− 𝐶

𝐶°
×100 

For 500 mg/L of dissolved H2S (aq) 

RE = 
500−30

500 
×100 = 94 

 Where, Cois the initial concentration of dissolved H2S (aq) (mg/L), C is the concentration of 

dissolved H2S (aq) at equilibrium (mg/L) 

Yield (%) =
Wc

WO
 x 100                                                                                                                  

Where, Wc and Wo are the dry weight of the final sample and the dry weight of precursor, 

respectively. 
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Yield (%) =
1.205

3.566
 x 100 = 33.8                                                                                            

RL =
1

1 + bC0
 

Where C0is the initial concentration of H2S (mg L−1) and bis the Langmuir constant, the value 

of RL indicates the shape of the isotherm. 

RL =
1

1 + (0.0495 x 500)
 =  0.0388                                                                                                      
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APPENDIX C 

OPTIMIZATION OF THE PREPARATION AND OPERATION CONDITIONS 

OF CA-ACPKS 

Table C.1: The design matrix and the response of preparations factors of Ca-

ACPKS 

Runs Ca-ACPKS preparation conditions variables RE 

(%) 

Yield 

(%) A: calcination 

temperature (°C) 

B: calcination 

contact time 

C: concentration 

of calcium V% 

1 900 60 50 98 35.2 

2 800 30 75 89.5 35 

3 900 60 92 92 33.4 

4 1068 60 50 91 25 

5 800 30 25 89.3 35.6 

6 900 110 50 91 33 

7 1000 30 75 92 29.3 

8 900 10 50 91 36.3 

9 800 30 75 89.8 35.2 

10 800 30 25 89 35.5 

11 1000 30 25 90.2 31 

12 1000 90 75 91 28.4 

13 1000 90 25 90.5 28.5 

14 900 60 50 98.2 35 

15 1000 90 25 91 28.6 

16 1068 60 50 91 25.1 

17 900 60 50 99 35.1 

18 900 60 50 98.4 35 

19 800 90 25 91.3 34.6 

20 731 60 50 89 35 

21 1000 90 75 90.3 28.2 

22 1000 30 75 92.4 29.5 

23 1000 30 25 90.5 31.2 

24 900 60 92 92 33 

25 731 60 50 88.7 35 

26 900 60 8 91.1 35 

27 900 60 50 99 36 

28 900 60 8 91 35.1 

29 800 90 75 90.2 34 

30 800 90 25 91 34 

31 900 10 50 91 36 

32 900 60 50 98 35 

33 900 110 50 91.3 33 

34 800 90 75 90.5 34 
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Table C.2: Analysis of variance (ANOVA) for the screening of operation 

condition of removal of H2S using Ca-ACPKS (2 level factorial) 

Sources Sum of 

squares 

Contribution 

(%) 

F-value P-value 

Model 131.31  94.98 < 0.0001 

A-Initial H2S concentration 31.36 23.6 158.78 < 0.0001 

B-adsorption contact time 70.56 53.10 357.27 < 0.0001 

C-adsorbent dosage 5.29 3.98 26.78 0.0008 

D-pH 0.36 0.27 1.82 0.2139 

E-agitation speed 0.81 0.61 4.10 0.0774 

AB 17.64 13.27 89.32 < 0.0001 

BC 5.29 3.98 26.78 0.0008 

Residual 1.58    

Cor Total 132.89    

 

Table C.3: Validation of optimization of operating conditions using Ca-ACPKS 

Runs Factors Response  

  A: Initial conc. B: Time C: Dosage RE (Actual) RE predicted 

1 700 660 1.25 94 94.11 

2 300 660 1.25 95.4 95.86 

3 500 540 1.4 95.6 95.8 

4 500 540 1 98.7 98.08 

5 163 540 1 95.8 95.67 

6 500 741 1 96 95.21 

7 500 540 1 97.8 98.08 

8 700 420 1.25 90.2 90.1 

9 500 338 1 88 88.4 

10 500 540 1 98 98.017 

11 500 540 1 98 98.081 

12 500 540 0.58 94.7 94.34 

13 700 420 0.75 88.9 88.63 

14 836 540 1 91.7 91.49 

15 500 540 1 98.3 98.08 

16 300 660 0.75 95.6 95.84 

17 300 420 0.75 91.8 91.87 

18 500 540 1 97.7 98.08 

19 300 420 1.25 94.63 94.15 

20 700 660 0.75 94.2 94.86 
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APPENDIX D 

THE RESULT OF MEASURING CALCIUM CONCENTRATION 
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