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Abstract 

The purpose of this study is to investigate the potential of Moringa stenopetala seed husks 

(MSSH) for making activated carbon and its applicability as an adsorbent for removing 

Reactive Black 5 (RB5) and Basic Blue 3 (BB3) from textile effluent. To produce activated 

carbon, the MSSH was first impregnated with H3PO4 at a ratio of 3:1 followed by pyrolysis 

at 400 ℃ and 500 ℃ under N2 flow for 1 hour. BET analysis showed a higher surface area 

(1693 m2/g) for the sample carbonized at the higher temperature, which was selected for the 

rest of the experiments. Adsorption studies were conducted at different pH, contact time, 

activated carbon doses, and initial dyes concentrations. Results showed that Langmuir 

isotherm can better describe adsorption data indicating a monolayer coverage on the 

adsorbent surface. The maximum monolayer adsorption capacity of prepared activated 

carbon was found to be 833 and 67 mg/g for BB3 and RB5, respectively, which shows the 

produced activated carbon has a higher affinity toward cationic dyes. Based on the kinetic 

studies, the adsorption of the dyes onto the prepared activated carbon well followed the 

pseudo-second-order kinetic model. In experiments performed with synthetic textile 

wastewater, 100% dye removal was achieved at pH 6 in one hour by applying 3 g/L activated 

carbon when the concentration of each dye was as high as100 mg/L. The results of this study 

revealed that MSSH can be used to produce sustainable activated carbon which is competitive 

to the commercial one and has high efficiency for complete dye removal from textile 

wastewater.
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CHAPTER 1. INTRODUCTION 

Each year approximately 1.3×1010 metric tons of lignocellulosic biomass, including 

agricultural waste, are produced worldwide (Lee et al. 2014; Abdullah et al. 2017). A considerable 

amount of these materials are deposited in landfills, negatively affecting the environment (El-

Hendawy 2005). Biomass contain organic compounds and depositing them in landfills leads to the 

creation of leachate and groundwater pollution. They also increase the emission of volatile organic 

compounds (VOCs) and greenhouse gases. As a result, diverting biomass from the disposal and 

recovering them would be very important from environmental protection aspects. Agricultural 

wastes are cellulosic, lignin, or lignocellulosic materials, and based on their sources, may contain 

high carbon content, multifunctional group surfaces such as carboxylic and hydroxyl, as well as 

bioactive agents. These properties make agricultural waste a promising option for environmental 

remediation, phytomedicine, and biofuel generation (Dinita et al. 2011; Inyinbor et al. 2016; 

Oluyori et al. 2016). 

One of the high-value-added products that can be made from agricultural waste is activated 

carbon (AC), which refers to carbon-rich material, and as an adsorbent for pollutant removal, has 

numerous applications, particularly in water and wastewater treatment industries because of its 

unique properties including favorable pore sizes and structure as well as its high surface area 

(Bhatnagar et al. 2013). The surface characteristics and adsorption capacity of AC highly depend 

on the nature of the precursor and the activation process (Cagnon et al. 2009).  

For many years, coal was believed to be the best precursor for making AC; however, coal 

mines are not renewable and high production cost of AC from coal has limited its application. On 

the other hand, bio-renewable resources, such as lignocellulosic biomass, which are abundant and 
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inexpensive, have a great potential for sustainable production of AC, mainly because of their high 

volatile matter and low ash content (Danish and Ahmad 2018; Dias et al. 2007). Having said that, 

three main reasons justify the production of AC from lignocellulosic biomass: 1) the unique 

properties of biomass, particularly in terms of surface functional groups to make a carbonaceous 

adsorbent, 2) the wide availability of biomass that makes the mass production of AC cost-effective, 

and 3) the substantial decrease in organic waste disposal due to converting biomass to value-added 

products which indeed benefits the environment (Chowdhury et al. 2012). 

In this study, among various agricultural waste containing lignocellulosic material, the 

Moringa Stenopetala Seed Husks (MSSH) was selected as a precursor for producing AC, since its 

potential for AC production has not been studied and understood yet, while a few previous studies 

showed that its seed and seed husk powder have high potential as a bio-adsorbent and natural 

coagulant for pollutant removal from wastewater (Abiyu et al. 2018; Degefu and Dawit 2013; 

Gatew and Mersha 2013; Kebede et al. 2019). 

Moringa is a multipurpose tree with vital nutritional, industrial, and medicinal applications 

that make it economically and socially significant (Council 2006; Jahn 1991). The Moringa family 

has different species, among which Moringa Oleifera and Moringa Stenopetala are the most 

common. However, despite many kinds of research that have been conducted about the potential 

uses of M. Oleifera, only a few research can be found about the potential application of M. 

stenopetala as a whole and its seed husks in particular (Abiyu et al. 2018; Degefu and Dawit 2013; 

Gatew and Mersha 2013; Kebede et al. 2019). 

M. stenopetala, also known as "cabbage tree", is a tree endemic to East Africa, and it is 

extensively grown in southern Ethiopia as a food crop. Each part of this tree, such as root, stem, 

leaves, and seeds, is utilized for different purposes. The seed of M. stenopetala is considered a 
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significant source of oil suitable for human consumption. The seed oil can also be used in industrial 

applications. Based on the recent study done by Abiyu et al. (2018), M. stenopetala seed oil has 

considerable potential to be used as a raw material in producing biodiesel. During the seed 

processing for oil production, a significant amount of seed husk is generated, which is a 

lignocellulosic waste corresponding to about 25% of the seed weight (Melaku et al. 2017). A 

considerable portion of these seed husks is disposed of in landfills or set on fire, resulting in 

environmental pollution. One of the efficient utilization of this lignocellulosic biomass that can 

bring obvious economic and environmental benefits is its conversion to AC. Annual seed 

production of one M. Stenopetala tree can reach 6 kg, of which 25% is husk (Melaku et al. 2017). 

In the ideal condition, the AC production from lignocellulosic material is reported to be around 

50% (Marsh and Reinoso 2006), which means annual AC production of 750 g per tree. Considering 

many M. Stenopetala trees cultivated in different regions, particularly in South Africa, the amount 

of waste reduction and AC production will be significant. Hence, using the seed husks as a 

precursor for AC production, on the one hand, decreases its waste noticeably and, on the other 

hand, leads to the generation of AC that can be competitive to the commercial one due to its high 

quality and low production cost.  

After producing AC from M. stenopetala seed husks, among various applications of 

activated carbon, this research aimed to evaluate its efficiency in removing anionic and cationic 

dyes from textile wastewater. Many industries, including textiles, printing, rubber, cosmetics, 

plastics, and leather manufacturing, use different dyes to color their products, which leads to the 

generation of a considerable amount of colored effluent. Among these industries, textile-

manufacturing companies, which apply more than 1000 tons of dyes annually, are the most dye 

consumers for coloring a wide variety of fibers. It was estimated that during dyeing processes in 
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textile industries, around 10 to 15 percent of these dyes are discharged as effluents (Reisch 1996). 

Synthetic dyes are among environmental pollutants with significant challenges in their removal 

from wastewater due to their aromatic structures, which resulted in being resistant to oxidation, 

chemical and biological degradation, and their stability toward the light (Banerjee and 

Chattopadhyaya 2017; Sepulveda and Santana 2013). Even a very low concentration of dyes in 

water bodies can prevent the penetration of light into the water, decreasing photosynthetic 

activities of aquatic life. As a result, the amount of dissolved oxygen decreases, leading to 

disturbance in biological processes that occur in water. Moreover, due to the toxicity of most of 

the dyes, their presence in water will harm organisms and aquatic life and consequently can harm 

humans as well (Boeniger 1980; Cox 1995). In addition, people who work in textile industries are 

in danger of long time exposure to the dyes, which increases the risk of bladder cancer (Mimi et 

al. 2002). 

The dyes that are selected in this study are Reactive Black 5 (RB5) and Basic Blue 3 (BB3), 

which are anionic and cationic dyes, respectively. BB3 is a synthetic dye that primarily applies to 

textile industries for direct printing acrylic carpet, dying wool, acrylic blended fabric, and silk 

(Diquarternasi 2009). BB3 is among the most prevalent azo dyes in the textile sector. Reactive 

dyes are extensively applied to color many synthetic and natural fabrics such as silk, cotton, nylon, 

and wool because of their high level of interaction with the fabric surfaces (Mottaleb and Littlejohn 

2001). However, the most common application of reactive dyes is for coloring cotton, which 

constitutes almost half of the world's fiber consumption (Vandevivere et al. 1998). The fixation 

rate of reactive dyes is about 60-70% (Carr 1995). As a result, 30-40% of hydrolyzed dye remained 

unfixed in the bath after the reactive dyeing process, making the effluent highly colored. It is 

reported that the human eye could detect even a small concentration of reactive dyes, i.e., 0.005 
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mg/L, in water. Therefore, concentrations more than this amount would not aesthetically be 

permitted (Pierce 1994). 

The conventional treatment methods, such as coagulation, flocculation, and biological 

methods, have been shown to be insufficient for complete dye removal. In contrast, adsorption 

methods have been reported as a promising option to decolorize textile wastewater provided that 

low-cost AC such as those produced from waste is applied to make the adsorption method cost-

effective (Santhy and Selvapathy 2006). 

The objectives of this research were firstly production of activated carbon from 

M.Stenopetala seed husk and then among various applications of AC, this research focused on its 

efficiency to remove dyes, in particular Reactive Black 5 (as an anionic dye) and Basic Blue 3 (as 

a cationic dye) from synthetic textile wastewater. 
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CHAPTER 2. LITERATURE REVIEW 

2.1. Textile industry 

Textile industries produce fibers under dry and wet techniques. The latter consists of sizing, 

de-sizing, sourcing, bleaching, mercerizing, dyeing, printing, and finishing processes (Babu and 

Parande 2007; Wang et al. 2011). Among these processes, the dyeing step is of great importance 

in textile production. During this process, different dyes are used to color fibers, and a number of 

chemicals may be applied to enhance the fixation between dyes and fibers, such as metals, salts, 

surfactants, organic processing aids, sulfide, and formaldehyde (Yaseen and Scholz 2019). The 

dying process also consumes a significant amount of potable water. It is estimated that dying 

processes of 12 to 20 tons of textiles per day lead to the generation of 1000 to 3000 m3 wastewater 

(Al-Kdasi et al. 2004; Pagga and Brown 1986). There is always a portion of dyes that are not fixed 

onto the fibers during dyeing processes which makes the remaining water very colored. Colored 

effluent not only causes receiving water bodies to be aesthetically undesirable but also negatively 

affects the environment since most of these dyes are toxic and non-biodegradable (US EPA 1996). 

Therefore, dyes must be removed before discharging the colored effluent to the water bodies. 

2.2. Dyes classification 

Dyes are coloring agents with chemical compounds that bind to fabrics or surface shells to 

give them color. Nowadays, most of the dyes are synthetically made, while in the past, plants, 

animals, and minerals were used to produce natural colorants. Approximately 10,000 dyes are 

commercially available that can be used in textiles, paper, rubber, plastics, leather, cosmetics, 

pharmaceutical, and food industries. Each year almost 7×105 tons of various dyes are produced 

worldwide (Chowdhury et al. 2011; Gupta et al. 2008). As a result, it is of great importance to 
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classify dyes due to the existence of several kinds and a large number of colorants. Dyes are mainly 

categorized based on their chemical structure or according to their mode of application. The former 

classification includes azo, anthraquinone, indigo, phthalocyanine, sulfur, nitro, and nitroso dyes. 

Azo dyes constitute almost 60–70% of all dyes utilized by the textile industries (Dutta et al. 2016; 

He et al. 2012). In terms of application methods, dyes can be categorized as reactive, disperse, 

acid, basic, direct, and vat dyes (Gürses et al. 2016). Dyes can also be cationic or anionic according 

to their charge. While the positive charge is attributed to protonated amine or groups containing 

sulfur, sulphonate causes the negative charge of anionic dyes (Khatri et al. 2015). 

The types of dyes and chemicals used in the textile industry depend on the fabrics to be 

colored. Fabrics can be produced from cellulosic materials such as cotton, rayon, and linen, or they 

can be obtained from animals as protein fibers such as wool, silk, and mohair. There are also other 

types of fabrics that are artificially produced, named synthetic fibers, including nylon, polyester, 

and acrylic (Yaseen and Scholz 2019). Cellulose fibers can be colored with dyes such as Reactive, 

direct, naphthol, and indigo. Reactive dyes are the most common dye applied, particularly for 

dyeing cotton (Keane and te Velde 2008; Lorimer et al. 2001; Robert et al. 2008). Protein fibers 

are mostly dyed with acid dyes. These dyes chemically react with the fibers, and the dye molecule 

that formed on the fiber is insoluble (Valko 1957). Synthetic fibers, including polyester, nylon, or 

acetates, are mostly dyed with dispersed dyes (UNSD 2013). However, the coloring of Nylon 

fibers and acrylic fibers would be more effective using direct dyes and basic dyes, respectively 

(Burch 2013). 
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2.3. Textile wastewater treatment methods 

Various treatment methods have been used to remove dyes from textile wastewater, which 

can be categorized as physical, chemical, and biological methods. Majority of dyes have complex 

aromatic molecular structures that render them stable to photo-degradation, bio-degradation, and 

oxidizing agents (Ramakrishna and Viraraghavan 1997). Therefore, physical or chemical methods 

have been a center of attention in various research for dye removal from textile wastewater. In 

spite of the efficiency of chemical methods in removing dyes, a huge number of by-products will 

be generated mainly due to the utilization of different chemicals, which leads to the production of 

high sludge volume after treatment. In addition, these treatment methods are very energy-intensive 

and need specialized equipment as well (Robinson et al. 2001). By contrast, physical treatment 

methods including adsorption, ion exchange, and membrane filtration, do not have the problem of 

by-product generation and they have been shown to be more effective for dye removal compared 

to the chemical and biological methods (Vandevivere et al. 1998). Among physical treatment 

methods, many researchers have investigated removing anionic and cationic dyes by adsorption 

on different natural adsorbents, particularly activated carbon due to its simplicity of design, easy 

operation, and low initial cost (Crini 2006; Faria et al. 2004; Janoš et al. 2003).  

2.4. Adsorption  

Adsorption is a process in which atoms, molecules, or ions accumulate at the interface of 

two phases like solid and liquid or solid and gas (Tareq et al. 2019). Thus, in the liquid phase, i.e., 

water and wastewater, undesired substances can be adsorbed on a solid phase and eliminated from 

the solution. The constituent that is adsorbed on the solid is known as the adsorbate, and the solid 

is named adsorbent.  
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2.4.1. Adsorption Isotherms 

If the adsorbate and adsorbent are contacted long enough, an equilibrium distribution of 

adsorbate between the solid and liquid phases will be established. Then the concentration of the 

adsorbate in the liquid phase can be determined spectrophotometrically and compared to the initial 

adsorbate concentration. Many mathematical relationships can describe the equilibrium 

relationship. These relationships are referred to as adsorption isotherms since they are only 

applicable when the temperature is constant during adsorption tests. Among isotherm equations, 

Langmuir and Freundlich have been widely applied for adsorption modeling (Sharma and 

Upadhyay 2011). 

Langmuir isotherm model can be applied to describe adsorption data. The assumptions of 

this model are: 1) Points of valency exist on the adsorbent surface; 2) Only one molecule can be 

held by each site (monolayer coverage only); 3) The affinity of all adsorption sites is equal for the 

adsorbate molecules; 4) Adsorbate molecules on near sites do not have any interaction with each 

other. On the other hand, when the surface of the adsorbent is heterogeneous, adsorption data can 

be analyzed by Freundlich isotherm model (Freundlich, 1907). 

2.4.2. Kinetics of adsorption 

Adsorption process is progressed through four steps: 1) The movement of adsorbate from 

the liquid bulk toward the thin film exists around the adsorbent particle; 2) The transportation of 

adsorbate from the adsorbent film to its external surface (film or external diffusion); 3) Adsorbate 

species transfer to the adsorbent interior particles (intraparticle diffusion or internal diffusion) 

through a pore or surface diffusion; 4) Energetic interaction between the adsorbate molecules and 
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the final adsorption sites. Total adsorption rate is controlled by the film and/or intraparticle 

diffusion (the slower process) since the first and last steps are done very fast (Worch 2012). 

2.4.2.1. Kinetic Models 

Kinetic adsorption studies are necessary for identifying the optimum and efficient 

operating conditions for the industrial scale. Kinetic models indicate the rate of adsorbate uptake, 

which controls the solute dwell time at the solid-solution interface. Among several kinetic models, 

the pseudo first-order, the pseudo second order, Elovich and intraparticle diffusion has been widely 

applied by researchers. The compliance between values from the kinetic model prediction and 

experiments is illustrated by the correlation coefficients (R2). The higher R2 values (close or equal 

to 1) indicate the better description of solute adsorption kinetics by the model (Malik 2004). 

2.4.3. Chemisorption versus physisorption  

Accumulation of dissolved species on the solid surface can happen through a chemical 

reaction (chemisorption) or physical attraction (physisorption) to the surface. Physisorption, the 

most common mechanism in adsorbates removal from the aqueous phase, is a rapid process that 

occurs due to the week van der Waals forces without any exchange of electrons. This process is 

reversible, which means the adsorbate desorbs from the solid surface if its concentration in the 

solution becomes lower than that on the solid surface. The physical adsorption process is 

exothermic with adsorption heat generally ranging from 4 to 40 kJ/mol (Crittenden et al. 2012). 

In chemisorption, a chemical reaction with the surface occurs because electrons are 

transferred between the adsorbate and adsorbent. The heat of adsorption for chemisorption 

generally exceeds 200 kJ/mol (Crittenden et al. 2012). 
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2.4.4. Adsorbent types 

Adsorbents applied for water and wastewater treatment can be classified as natural and 

synthetic adsorbents. While the former has a natural origin like minerals, natural zeolites, oxides, 

or biopolymers, the latter is prepared from different kinds of wastes, including household wastes, 

agricultural and industrial wastes, sewage sludge, and polymeric adsorbents. Many adsorbents' 

characteristics, such as their pore structure and porosity and their surfaces' nature and functional 

groups, are specific to each adsorbent. Among different adsorbents, activated carbon is the most 

common adsorbent used in water and wastewater treatment (Rashed 2013). 

2.5. Activated Carbon production 

A variety of carbon-based materials can be used to produce activated carbon. The internal 

pore structure, as well as the surface area and the surface chemistry of the produced AC, are highly 

dependent on the type of precursor and the activation process (González-García 2018). Conversion 

of raw material to the AC can be done through two main routes: physical activation and chemical 

activation. 

In physical activation (also called thermal activation), first, the precursor carbonized under 

an inert atmosphere (pyrolysis) at temperatures ranging from 400 ℃ and 850 ℃ to remove organic 

compounds and produce a solid residue with high carbon content. In the next step, which is 

activation, the carbonized material undergoes slow oxidation with mild oxidizing agents such as 

steam and carbon dioxide at temperatures usually between 800 ℃ and 900 ℃. This process leads 

to the creation of new pores and enlarging the existing pores. Compared to steam, carbon dioxide 

has lower reactivity that allows the better control of oxidation rates which develops uniform 

porosity (González-García 2018).  
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In chemical activation, dehydrating agents such as H3PO4, H2SO4, HNO3, ZnCl2, and KOH 

are used to impregnate the raw precursor and prevent the tar and other unwanted products from 

forming in the process of carbonization. Application of chemical agent also develops the precursor 

porosity by dehydrating and degrading its structure. After drying the precursor-agent mixture 

under 110 ℃, the char undergoes pyrolysis at temperature ranges from 400 ℃ to 1000 ℃ under 

an inert atmosphere such as nitrogen to generate and develop the internal porosity in the precursor 

better. The final product should be washed extensively to remove chemical agents (González-

García 2018). Although washing and removing chemicals at this stage might be considered a 

drawback for this method (with respect to the environment), chemical activation requires a lower 

temperature than physical activation, and the yield is also higher (Contescu et al. 2018).  

According to the particle sizes, there are two other categories of AC: powdered activated 

carbon (PAC) and granular activated carbon (GAC). PAC has smaller particle sizes (20 - 50 µm), 

but a higher surface area (1400 to 1800 m2/g) compared to GAC which has particle sizes of 0.5 to 

3 mm and surface area of 950 to 1075 m2/g (Crittenden et al. 2012). 

2.6. Application of activated carbon 

Activated carbon is an efficient adsorbent that can remove a variety of organics and 

inorganics from gaseous and liquid media, particularly water and wastewater, due to its noticeable 

surface area, well-built pore structure, effective pore sizes, and a broad range of surface functional 

groups (Yahya et al. 2015). The most common applications of AC from 1985 to 2016 were reported 

for removing heavy metals (59.95%), dyes (8.47%), organics (7.41%), catalyst (6.77%), and CO2 

capture (5.82%) (González-García 2018). 
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2.7. Textile wastewater treatment by waste-derived activated carbon 

Due to the paramount importance of solid waste management and converting waste to 

valuable products such as activated carbon, many studies have been conducted on AC production 

from biomass and agricultural waste and its applicability for different purposes such as pollutant 

removal from wastewater. However, no work has been reported previously on the potential of M. 

stenopetala seed husks for AC production. Some of the achievements in producing waste derived 

AC to remove dyes from colored wastewater are as follows: 

2.7.1. Removal of cationic dyes by waste-derived activated carbon 

Nor Salmi et al. (2017) studied the optimal condition to produce AC from Moringa Olifera 

seed pod. Based on their result, the precursor should be chemically activated with ZnCl2 and then 

carbonized at 800⁰C in a furnace with nitrogen flow. This process resulted in producing AC with 

a BET surface area of 853.68 m2/g, with which a 90.7 % of methylene blue removal was observed 

(Abdullah et al. 2017). 

Sunflower oil cake was used by Karagöz et al. (2008) for AC production. The precursor 

was first activated by sulfuric acid with different impregnation ratios (0, 0.85, 1.9) followed by 

carbonization at 600 ℃. Then adsorption experiments were performed to determine the 

effectiveness of produced AC in removing methylene blue (MB) from aqueous solutions. Their 

results showed that carbons impregnated with the ratio of 0.85 showed better performance. 

Furthermore, experimental data fitted well with the Langmuir isotherm and pseudo-second-order 

kinetic models. They obtained a maximum adsorption capacity of 16.43 mg MB per gram of 

activated carbons at pH of 6 (Karagöz et al. 2008). 
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García et al. (2018) conducted research to produce AC from palm kernel shells (PKS), 

which were then tested for methylene blue (MB) removal from colorant water. The palm kernel 

shell was activated by ZnCl2 with mass ratios of 1:1 and 1:2, followed by carbonization at 500 ℃ 

and 550 ℃ for 1 hour. Their result showed that the maximum adsorption capacity of 225.3 mg/g 

was achieved due to the high specific surface area (2058 m2/g) when the precursor was prepared 

with 1:1 (PKS: ZnCl2) and carbonized at 550 °C. They also reported over 90 % removal of 

methylene blue when the initial dye concentration was 200 mg/L without pH adjustment (García 

et al. 2018). 

García et al. (2018) conducted research to produce AC from palm kernel shells (PKS), 

which were then tested for methylene blue (MB) removal from colorant water. The palm kernel 

shell was activated by ZnCl2 with mass ratios of 1:1 and 1:2, followed by carbonization at 500 ℃ 

and 550 ℃ for 1 hour. Their result showed that the maximum adsorption capacity of 225.3 mg/g 

was achieved due to the high specific surface area (2058 m2/g) when the precursor was prepared 

with 1:1 (PKS: ZnCl2) and carbonized at 550 °C. They also reported over 90 % removal of 

methylene blue when the initial dye concentration was 200 mg/L without pH adjustment (García 

et al. 2018). 

Hameed and Daud (2008) studied Basic Blue 3 from an aqueous solution by AC produced 

from rubber (Hevea brasiliensis) seed coat. Initially, carbonization of the precursor was conducted 

at 700 ℃ under nitrogen flow for 2 hours. Then it was washed with potassium hydroxide pallets 

(ratio 1:1) followed by activating at 850 ℃ under carbon dioxide flow for 2 hours. The produced 

AC reported to have BET surface area and the total pore volume of 1225 m2/g and 0.85 cm3/g, 

respectively. Adsorption isotherm studies indicated that the Freundlich model could describe the 

experimental data very well resulted in a monolayer adsorption capacity of 227.27 mg/g at 30℃. 
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Pseudo-second order was also found to be the best kinetic model to describe the adsorption kinetics 

(Hameed and Daud 2008). 

Ahmed et al. (2018) studied the potential of AC produced from rice husk for dye removal 

from tannery wastewater. The AC was applied as an adsorbent in laboratory batch tests with 

methylene blue and tannery wastewater. The results showed the color removal of 94.13% for 

methylene blue and 77% for tannery wastewater. Although the experimental adsorption process 

was represented reasonably well by both Langmuir and Freundlich isotherms, the Langmuir model 

fitted better, indicating the possibility of monolayer adsorption (Ahmed et al. 2018). 

2.7.2. Removal of anionic dyes by waste-derived activated carbon 

Malik (2004) developed AC from Mahogany sawdust by carbonization and then activation 

of the precursor at 500 ℃ and 800 ℃ for 1 hour, respectively. He investigated the removal of 

direct dyes (Direct Green B and Direct Blue 2B) from textile wastewater by the AC. The data from 

experiments were more in line with the Langmuir isotherm and pseudo-second-order model. The 

equilibrium adsorptive capacity determined by these models reported to be 300 – 500 mg per gram 

of produced AC. He reported a pH of 3 and below as the best pH for direct dyes adsorption on 

sawdust carbon (Malik 2004). 

Orange peel was impregnated by H2SO4 and used to produce AC by Khaled et al. (2009). 

They tested the prepared AC for Direct N Blue-106 removal from synthetic textile wastewater. 

The adsorption data showed good consistency with both Langmuir and Freundlich models (R2 > 

97). Based on their result, when the DNB-106 concentration is 150 mg/L, carbon dosage is 2 g/L, 

and the pH is 2, the maximum adsorptive capacity would be 107.53 mg/g. In this experiment 

condition, they reported more than 75% DNB-106 removal in 3 hours. Based on their result, the 
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best model representing the adsorption kinetics was the pseudo-second-order model (Khaled et al. 

2009). 

In research carried out by Namasivayam and Kavitha (2002), AC production from coir pith 

was studied for Congo Red removal from aqueous solution. Initially, to carbonize the precursor, it 

was placed in a muffle furnace at 700℃ for 1 hour and then sieved to 250 –500 micron. Their 

result showed that adsorption data could be described by both Langmuir and Freundlich isotherms 

very well. Kinetic studies revealed that adsorption data is consistent with the pseudo-second-order 

model. They reported the maximum adsorption capacity of 6.72 mg/g in acidic pH (Namasivayam 

and Kavitha 2002). 

Santhy and Selvapathy (2006) evaluated the removal of three reactive dyes, including 

Reactive Orange 12, Reactive Red 2, and Reactive Blue 4, from textile wastewater by AC produced 

from coir pith. The coir pith was first impregnated by sulfuric acid and then activated at 900 ℃ in 

the presence of carbon dioxide for 30 min.  Their result showed a higher affinity of the prepared 

AC for Reactive Orange, which decreased for Reactive Red and Reactive Blue 4, respectively. 

Acidic pH was reported as a favorable condition for maximum removal of all the dyes. Freundlich 

and pseudo-first-order models were found to be the best isotherm and kinetic models, respectively, 

for adsorption of dyes (Santhy and Selvapathy 2006). 

Pelaez-Cid et al. (2016) prepared mesoporous AC from three vegetable residues: prickly 

pear peels (CarTunaQ), broccoli stems (CarBrocQ), and white sapote seeds (CarZapQ) to remove 

dyes from textile wastewater. By conducting adsorption studies in batch systems and adjusting the 

experimental data with Langmuir and Freundlich isotherms, CarBrocQ was found the best carbon 

derived with similar efficiency to the commercial one for textile dyes removal. Their result showed 
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high total pore volume (1.06 - 2.16 cm3/g) with average pore size diameters between 4.1 and 8.4 

nm and a large specific surface area (1025-1177 m2/g) for produced AC (Peláez-Cid et al. 2016). 
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CHAPTER 3: MATERIALS AND METHODS 

3.1. Preparation of activated carbon 

Moringa Stenopetala Seed Husk (MSSH) was bought from BioTEI Inc., and the activated 

carbon was produced from MSSH based on the methodologies applied in previous studies for other 

agricultural waste (Ferraz and Yuan 2020; Hameed and Daud 2008; Karagöz et al. 2008; Reffas et 

al. 2010). Initially, the precursor (MSSH) was washed with deionized water to remove 

contaminants, then dried at 105 °C for 24 h, and after being cooled down to room temperature, it 

was sieved at 0.850-1.4 mm. This particle size was chosen based on the study of Lori et al. (2010). 

It was also found that if the precursor sieved to very small particles, i.e., less than 0.850 mm, it 

causes a significant loss during pyrolysis at high temperatures. On the other hand, particle sizes 

bigger than 1.4 mm were not impregnated very well, making them unsuitable for the next step, 

which is pyrolysis at high temperatures. As a result, optimum particle sizes were found to be in 

the range of 0.850-1.4 mm.  

Afterward, a chemical activation method was applied to produce AC, which is carried out 

by impregnating the precursor, i.e., MSSH, with a chemical agent. This activation method has been 

preferred over the physical activation method because not only will the yield be higher, but also 

the surface area of the produced AC will be larger, and the porous structure will be developed 

better (Abdullah et al. 2017). In this study, among different activation agents available for this 

purpose, such as hydrochloric acid (HCl), phosphoric acid (H3PO4), sulphuric acid (H2SO4), nitric 

acid (HNO3), zinc-chloride (ZnCl2), and sodium hydroxide (NaOH), phosphoric acid (H3PO4) was 

selected as an activating agent due to a number of reasons. First of all, it is a Brönsted acid that 

promotes bond cleavage more effectively than other activating agents. In addition, Phosphoric acid 

has a non-polluting character compared to some other agents such as zinc chloride. It can also be 
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removed simply through water washing and recycled for further application. Another merit of 

using phosphoric acid as an activating agent is that, depending on the activation temperature, 

microporous and mesoporous carbon is better developed with a high specific surface area 

(Jagtoyen and Derbyshire 1998; Reffas et al. 2010; Nakagawa et al. 2007). The efficiency of 

activation with phosphoric acid in the production of activated carbons from various lignocellulosic 

precursors such as corncobs, peanut hulls, and the coffee ground has also been discussed in 

previous studies (El-Hendawy et al. 2001; Girgis et al. 2002; Reffas et al. 2010; Ferraz and Yuan 

2020). 

 To impregnate MSSH, 5 grams of it were soaked in specific volumes of phosphoric acid 

85% to reach the impregnation ratio of 3:1 (mass of acid: mass of precursor). This impregnation 

ratio was found to be optimum, as with the lower impregnation ratio, the MSSH could not be 

impregnated very well. A higher amount of acid also is not suggested as it prevents the 

development of microporosity and promotes the formation of mesopores and macropores (Zuo et 

al. 2010). It is also considered to have a negative effect on the yield (Mui et al. 2010) and leads to 

the production of activated carbons with lower adsorption capacity (Ferraz and Yuan 2020; García 

et al. 2018; Karagöz et al. 2008). 

After mixing phosphoric acid and MSSH with the impregnation ratio of 3:1, it was shaken 

very well and then sonicated for one hour. Then the samples were dried at 105 °C for 24 hours, 

and after cooling down to room temperature, weighed and kept in a desiccator for the next step, 

which is pyrolysis. In this study, pyrolysis was carried out using a Lindberg Blue M box furnace. 

Samples were placed inside the furnace for one hour under a steady nitrogen flow at two different 

temperatures, 400 ℃, and 500 ℃. For lignocellulosic materials activating with phosphoric acid, a 

temperature range between 400 ℃ and 500 ℃ were found to be optimum to produce high-quality 
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AC (Girgis et al. 2007). Although higher temperatures might enhance the quality of produced char 

by increasing ash and fixed carbon content and decreasing the amount of volatile matter, however, 

it noticeably decreases the yield of char (Ioannidou and Zabaniotou 2007). 

When 1-hour pyrolysis finished, the samples were kept in the furnace and allowed to cool down 

to room temperature under the N2 flow and then weighed. Finally, the samples were washed several 

times with distilled water to remove any remaining acids. Then, samples were mixed with 0.1 M 

hydrochloric acid (HCl) for one hour to remove any residual ash and metal oxides. Afterward, 0.1 

M sodium bicarbonate (NaHCO3) was added to the samples to remove any remaining acids from 

the previous steps. Then samples were rewashed with distilled water and rinsed until the pH of the 

remaining solution reached neutral (6-7). Finally, the samples were dried at 105 °C for 24 h, and 

after getting the room temperature, weighed, grind to a fine powder (< 250 µm) and kept in an 

appropriate storage bottle. In the end, the percentage of activated carbons yield and burn-off was 

determined based on the following equations: 

Yield (%) = [mAC/mMSSH] × 100                                                                                           (1) 

Burn off (%) = [mloss/mMSSH] × 100                                                                                    (2) 

Where mAC is the final mass of AC (mg), mMSSH is the initial mass of MSSH (mg) , mloss is the 

difference between the initial mass of MSSH and the final mass of AC (mg) (Ching et al. 2011; 

Tehrani et al. 2015). 

3.2. Adsorbent characterization  

The functional groups that exist on the surface of MSSH and MSSH activated carbon was 

characterized by Fourier transform infrared spectroscopy (FTIR) with the application of a Bruker 

Tensor 27 FTIR spectrometer equipped with a KBr beam splitter and a DLATGS detector.  
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2.5 mg of sample and 152.5 mg of crystalline KBr were ground to uniform grain size and pelletized 

at 10T of pressure. Mixtures with 5 mg of sample and 150 mg of KBr were analyzed but showed 

significant saturation in the OH-stretching region and thus 2.5 mg of sample was used instead. 

Spectra over the range 4000–400 cm–1 were collected by averaging 100 scans at an operating 

resolution of 4 cm–1. Base-line corrections were done using the OPUS software and absorption due 

to atmospheric CO2 transitions were removed using the OPUS software (García et al. 2018). 

To determine the textural properties of the produced activated carbons, nitrogen 

adsorption-desorption isotherms at -196 ℃ were conducted using a Mike ASAP2460 BET 

analyzer. Based on the isotherms analysis, the specific surface area (SBET) was determined by 

Brunauer- Emmett-Teller (BET) equations, the total pore volume was calculated by the amount of 

nitrogen adsorbed at P/P0 = 0.99 and the micropore volume and external surface area obtained 

from V-t-method (García et al. 2018). In addition, to determine the pore size distribution, Barrett, 

Joyner, and Halenda (BJH) method was applied. 

3.3. Determination of pHpzc 

One of the solution parameters that profoundly influences the adsorption of adsorbates by 

activated carbon is pH due to its effect on the surface properties of the adsorbent and the ionization 

and dissociation of the adsorbate molecules (Malik 2004). The type of active sites of adsorbent 

and its adsorption ability is determined by an important parameter that is the point of zero charge 

(PZC) (Malik 2004). The pH in which the net charge of the adsorbent surface is neutral is 

considered as pHPZC. This value is used to understand the surface electrokinetic properties. 

Generally, the charge of the adsorbent surface would be positive when pH < pHPZC and negative 

when pH > pHPZC (Liu et al. 2013). pHPZC is to be determined experimentally for each specific 
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adsorbent. In this study, pHpzc was determined based on the previous studies by the so-called pH 

drift method (Faria et al. 2004; Rivera‐Utrilla et al. 2001). Five Erlenmeyer flasks were filled with 

50 ml of Sodium Chloride solution (0.01 M), and the solutions’ pH were adjusted to 2, 4, 6, 8 and 

10 by adding HCl 0.1M or NaOH 0.1M. Then, in each flask, 0.15 g of prepared activated was 

added and agitated for 24 hours at room temperature. Afterward, the final pH of each solution was 

measured, and a curve of pH final versus pH initial was plotted. The point at which this curve 

crosses the line of pHfinal = pHinitial is the pHpzc (Faria et al. 2004). 

3.4. Preparation of RB5 and BB3 dye solution 

Two dyes from different classes, including Reactive Black 5 (RB5) and Basic blue 3 (BB3), 

were purchased from Sigma–Aldrich and used to evaluate the adsorption capacity of the prepared 

activated carbon. The characteristics of these dyes are shown in Table 1. A 1 g/L stock solution of 

each dye was prepared by mixing 1 gram of dyes with 1 liter of distilled water. The solution is 

kept in a dark place to prevent the decolorization that might occur by direct sunlight. RB5 and BB3 

dye solutions with different concentrations were made from the stock solutions, and their 

absorbance was measured using Altrospec 2100 pro UV-Visible spectrophotometer at their 

maximum absorption wavelength (λmax) of 597 nm and 654 nm, respectively. Then the standard 

calibration curves were generated, which represent the relation between absorbance data of RB5 

and BB3 solutions and their corresponding concentrations (Fig. 1). 
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Table 1. Properties and characteristics of RB5 and BB3.  

 Reactive Black 5 (RB5) Basic Blue 3 (BB3) 

Molecular formula C26H21N5Na4O19S6 C20H26ClN3O 

Molecular weight (g/mol) 991.82 359.89 

λmax (nm) 597 654 

Chemical structure 

 

 

 

 

 
 

Fig. 1. Calibration curves for (a) RB5 (at λmax = 597 nm)  and (b) BB3 (at λmax =654 nm).  

 

y = 0.0295x + 0.0059

R² = 0.9997

0.0

0.2

0.4

0.6

0.8

0 10 20 30

A
b
so

rb
an

ce

RB5 concentration (mg/L)

(a)

y = 0.1568x + 0.0092

R² = 0.9995

0.0

0.5

1.0

1.5

2.0

2.5

0 5 10 15 20

A
b
so

rb
an

ce

BB3 concentration (mg/L)

(b)



35 

 

3.5. Preparation of synthetic textile wastewater 

Textile wastewater was synthetically made based on the previous studies (Indu et al. 2017; 

Sahinkaya 2013). The composition of the synthetic textile wastewater is provided in Table 2. 

Table 2. Composition of synthetic textile wastewater 

Chemical Concentration (mg/L) 

Reactive Black 5 100 

Basic Blue 3 100 

NaCl 1500 

Na2CO3 500 

NaHCO3 500 

NaOH 500 

H2SO4 800 

Starch 500 

 

In the synthetic textile wastewater containing a mixture of two days, named A and B, with 

wavelengths of λ1 and λ2, and optical densities of d1 and d2, respectively, the remain dyes 

concentrations (CA and CB) are calculated by the following equations (Mahmood et al. 2011):  

CA = (KB2 d1 – KB1 d2) / (KA1 KB2 – KA2 KB1)                 (3) 

CB = (KA1 d2 – KA2 d1) / (KA1 KB2 – KA2KB1)              (4) 

Where kA1, kB1, kA2, and kB2 are the calibration constants for dyes A and B at the wavelengths λ1 

and λ2, respectively.  

For Reactive Black 5 and Basic Blue 3, these calibration constants can be found from Fig. 1 and 

Fig. 2. 
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Fig. 2. Calibration curves for (a) RB5 (at λmax = 654 nm)  and (b) BB3 (at λmax = 597 nm). 
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12000 rpm for 5 minutes and filtered with a 0.45 µm filter. Then the absorbance of the solutions 

was measured using the spectrophotometer. Based on the absorbance data and dyes’ calibration 

curves, the final concentration of each dye solution was determined. 

The effectiveness of the adsorption process can be determined by an important factor, which is the 

adsorptive capacity (qe). It is defined as the amount of adsorbate that can be absorbed in 

equilibrium per unit mass of the adsorbent. Adsorptive capacity was calculated by conducting 

adsorption batch tests and using the following equation: 

qe =
(C0− Ce)V

w
                 (5) 

 where Co and Ce are the initial and equilibrium concentrations of the dye (mg/L), respectively. V 

is the solution volume (L), and W is the mass of adsorbent (g). 

When the optimum pH was determined from the batch tests, it was used for the subsequent 

adsorption experiments, which were conducted at various time intervals in order to determine the 

adsorption equilibrium time and the maximum removal of RB5 and BB5. The experiment was also 

conducted to investigate the effect of different AC doses as well as different initial dye 

concentrations (50 – 200 mg/L). 

3.7. Adsorption Isotherms 

In this work, adsorption isotherms at 30 °C were studied by mixing 50 ml of RB5 and BB3 

dye solutions of different concentrations (50 - 150 mg/L) with a fixed dose of AC. Samples were 

mixed for 24 hours, followed by centrifuging at 12000 rpm for 5 minutes. Afterward, the remaining 

dye concentration in the solution was measured with a spectrophotometer, and the adsorption 

equilibrium data were analyzed using Langmuir and Freundlich isotherm models.  
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3.7.1. Langmuir isotherm 

Langmuir isotherm equation is shown as (Langmuir 1916; Benefield et al. 1982): 

qe =  
qm KL Ce

1+ KL Ce
          (6) 

Where qe is the amount of adsorbate adsorbed onto AC at equilibrium (mg/g), KL is the Langmuir 

constant (L/mg), qm is the maximum adsorption capacity (complete monolayer coverage on the 

surface) (mg/g) and Ce is the equilibrium concentration of the adsorbate (mg/L). 

The following equation is the linearized form of equation (6): 

Ce

qe
=  

1

Qm KL
+  

Ce

Qm
          (7) 

From the slope and intercept of the linear plot of Ce/𝑞𝑒 versus Ce, Langmuir constants, i.e., KL 

and qm can be determined, respectively. 

Essential characteristics of the Langmuir isotherms and the nature of the adsorption process can 

be expressed by a dimensionless separation factor (RL) (Weber and Chakravorti 1974): 

RL = 
1

(1+ KLC0)
          (8) 

where KL is the Langmuir isotherm constant (L/mg), and Co is the initial dye concentration (mg/L). 

The value of RL implies whether the nature of the adsorption process is irreversible (RL = 0), 

favourable (0 < RL < 1), linear (RL = 1) or unfavourable (RL > 1) (Weber and Chakravorti 1974). 
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3.7.2. Freundlich Isotherm 

Freundlich isotherm equation (Freundlich, 1907), is given by the following equation:  

qe =  KF Ce

1

n          (9)  

Where qe is the amount of adsorbate adsorbed onto AC at equilibrium (mg/g), Ce is the equilibrium 

concentration of the adsorbate (mg/L), KF and 1/n are equation constants indicating adsorption 

capacity and adsorption intensity, respectively. Generally, increasing KF implies an increase in 

adsorption capacity. Stronger adsorption intensity is correlated with higher values of n. Generally, 

n values more than 1 (or generally between 1 and 10) indicate favorable adsorption conditions 

(Ahmad and Alrozi 2011). 

Taking logarithms from Eq. (9) converts it to linearized form as follow: 

lnqe = lnKF +
1

n
lnCe          (10) 

Freundlich constants n and KF can be calculated from the slope and intercept of the linear plot of 

ln qe versus ln Ce (Fig. 2), respectively. 

3.8. Kinetic Models 

In this work, adsorption kinetic studies were conducted using pseudo-first order and 

pseudo-second order kinetic models. The experiments were performed at 30 °C using RB5 and 

BB3 dye solutions with an initial concentration of 50, 100, 150, and 200 mg/L and at different 

time intervals. 
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3.8.1. The pseudo-first order model 

The linearized integral form of the pseudo-first-order model (Muhammad et al. 1998) is expressed 

as: 

log (qe − qt) = log(qe) −  
K1

2.303
 t         (11) 

Where; qt and qe are the adsorption capacities at time t and at equilibrium, respectively (mg/g), 

K1 is the adsorption rate constant of the pseudo-first-order model (min−1) and t is the contact time 

(min). K1 and predicted qe can be derived from the slope and intercept of the linear plot of log 

(qe − qt) versus t, respectively. 

3.8.2. The pseudo-second order model 

The pseudo-second order adsorption kinetic rate equation is expressed as (Lagergren 1898): 

dqt

dt
=  k2 (qe − qt)2          (12) 

Where; K2 (g min mg -1) is the second-order rate constant of adsorption. Integrating Eq. (12) for 

the boundary conditions qt= 0 − qt at t = 0 − t, is simplified and linearized to get: 

t

qt
=

1

k2 qe
2

+
1

qe
t           (13) 

By considering the initial adsorption rate as h (mg/g/min), we have: 

h = k2qe
2           (14) 

 Then Eqs. (13) and (14) would be as follows: 

t

qt
=

1

h
+

1

qe
t 
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CHAPTER 4. RESULTS AND DISCUSSION 

4.1. FTIR Analysis 

FTIR spectra of MSSH and its associated activated carbons produced at 400 ℃ and 500 

℃ are shown in Fig. 3. Based on the results, noticeable changes can be seen between the precursor 

(MSSH) and the produced activated carbon. FTIR of the MSSH showed absorption peaks around 

3305 cm−1 which is attributed to hydrogen-bonded O-H stretching, while the one observed at 2920 

cm−1 can be assigned to unsymmetrical C–H stretching. The peaks at 1658 and 1512 cm−1 are due 

to the C=C stretching that can be assigned to the aromatic rings. FTIR spectrum of MSSH activated 

carbons prepared at 400 ℃ and 500 ℃ are almost the same. The carbon prepared at lower 

temperature showed a peak at 3355 cm-1 assigned to hydrogen-bonded O-H, while the absence of 

this peak in carbon prepared at 500 ℃, shows better dehydration during the production of AC. 

Other bands in AC-400 and AC-500, consist of peaks at around 1589 and 1581 cm-1, respectively, 

indicating C=C stretching in aromatic rings. 
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Fig. 3. Fourier transform infrared spectroscopy (FTIR) spectra for (a) MSSH and (b) Activated 

carbons prepared at 400 ℃ and 500 ℃. 
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4.2. Adsorbent properties 

Fig. 4 shows the nitrogen adsorption-desorption isotherms of the ACs, and Table 3 

summarizes the physical properties of the AC samples. Considering the International Union of 

Pure and Applied Chemistry (IUPAC) classification, both ACs showed type IV isotherms 

corresponding to hysteresis loop and mesoporous solid. Furthermore, given pore size distribution 

in Fig. 5 and average pore diameters in Table 3, both ACs identified as mesoporous, since IUPAC 

classified pore distribution based on the pore diameter (d) to microporous (d < 2 mm), mesoporous 

(d = 2-50) and microporous (d > 50 nm) (Rouquerol et al. 1994).  As it can be seen in Table 3, the 

ACs also have micropore specific surface areas around 44% to 50% of the total BET specific 

surface area. The simultaneous formation of micropores and mesopores was also reported in 

previous studies (Benadjemia et al. 2011; Mahamad et al. 2015). 

Based on the physical properties of AC samples (Table 3), it can be seen that the yield of 

both samples is in an acceptable range since a maximum 48% yield is expected to obtain for 

lignocellulosic precursors undergoing pyrolysis (Marsh and Reinoso, 2006). 

Regarding the BET surface area, values obtained in this study are relatively large compared 

with those previously reported in the literature for ACs derived from lignocellulosic precursors 

(González-García 2018). Based on the result, AC prepared at higher carbonization temperature, 

i.e., 500 ℃, has a higher total pore volume and BET surface area. This can be due to the production 

of more pyrolytic vapors at higher temperatures which results in the formation of more pores in 

AC structure (Bertero et al. 2011; Ahmad and Alrozi 2011). Furthermore, aromatization enhanced 

in high carbonization temperature resulted in higher BET surface area (Smith et al. 2009). Hence, 

the sample carbonized at 500 ℃ is selected for the adsorption studies. 
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Fig. 4. Nitrogen adsorption-desorption isotherms of the activated carbons produced at 400 ℃ (blue 

circle) and 500 ℃ (orange circle). 

 

Fig. 5. Pore size distributions obtained by the BJH method of activated carbons produced at 400 

℃ (blue circle) and 500 ℃ (orange circle). 
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Table 3. Physical properties of activated carbons prepared from MSSH 

 Activated Carbon Sample 

Parameter AC-400 AC-500 

Particle size (um) 250 250 

Yield (%) 

Burn off (%) 

46.80 

53.20 

40.65 

59.35 

BET surface area (m2/g) 1389 1693 

Micropore surface area (m2/g) 727 753 

External surface area (m2/g) 662 940 

Total pore volume (cm3/g) 0.95 1.13 

Micropore volume (cm3/g) 0.33 0.33 

Mesopore volume (cm3/g) 0.62 0.80 

Average pore diameter (nm) 2.7 2.6 

 

4.3. Batch adsorption studies  

4.3.1. Effect of pH  

The effect of pH on the adsorption of RB5 and BB3 onto the AC is shown in Fig. 6. After 

2 hours, the amount of RB5 removal decreased from 99.5 % to 62.2 % as pH increased from 2 to 

4, respectively, and then remained almost constant. This shows the amphoteric character of AC 

that its surface charge might be positive or negative, considering the pH of the solution. At pH < 

pHpzc, the charge of AC surface would be positive, favoring the adsorption of anionic species due 

to high electrostatic attraction. By contrast, adsorption of cationic species will increase at pH > 

pHpzc, where the charge of carbon surface is negative (Rodriguez-Reinoso 1998). In this study, 

the pHpzc of the prepared AC is 4 (Fig. 7), thus higher removal of RB5 as an anionic dye is 

expected in pH < 4. By contrast, the removal of BB3 as a cationic dye is expected to be higher in 

pH > 4. Although after 2 hours, this trend was observed, in both dye solutions, after 24 hours 
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monitoring period, when the equilibrium was reached, almost 100% dye was adsorbed on AC 

regardless of solution pH.  This means that electrostatic interactions between the functional groups 

of AC and dyes were not the primary adsorption mechanism. Another possible mechanism that 

can be considered is chemisorption, which is the chemical reaction between the dyes and the AC. 

So based on the solution pH, the adsorption can occur through either electrostatic attraction or non-

electrostatic interaction, such as p-p interaction, hydrogen bonding, and electron donor-acceptor 

complex mechanism (Moreno-Castilla 2004). Similar observations were found in the adsorption 

of Congo Red (Namasivayam and Kavitha 2002) and Acid Violet (Namasivayam et al. 2001) on 

AC prepared from coir pith. Their results showed that dye removal decreased slightly when the 

pH increased from 2 to 4 and then remained almost constant up to pH 10. 

Furthermore, it can be seen that at the same initial concentration and pH, after 2 hours 

contact time, the removal of BB3 is higher than RB5, although a much smaller amount of AC was 

applied for BB3 removal. This shows that the prepared AC has much more affinity towards 

cationic dyes than an anionic one, most probably due to its low pHpzc resulting from the acidic 

oxygenated groups on its surface. 

Based on the results, since the change in solution pH does not significantly change the 

prepared activated carbon's performance at equilibrium, the rest of the experiments were done 

without any pH adjustment and at the initial pH of RB5 and BB3 aqueous solutions which is 6 and 

6.2 respectively. 
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 Fig. 6. Effect of pH on adsorption of (a) RB5 and (b) BB3 onto MSSH activated carbon 

(Experimental conditions: temperature = 30 ℃; dye concentration: 50 mg/L; AC dosage: 2 g/L 

and 0.1 g/L for RB and BB3, respectively). 
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Fig. 7. Determination of pHpzc of activated carbon produced from MSSH 
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 Rapid adsorption at the primary stage is due to the presence of more available sites on the 

surface of AC at the initial phase of the adsorption process. As the sites are occupied by dye 

molecules, the electrostatic repulsion between the species that are adsorbed on the surface of ACs 

and those that remain in the solution causes the adsorption rate to become slower. Moreover, the 

pore diffusion of the solute into the porous structure of the AC occurs slowly, which results in a 

slow rate of the adsorption process.  

A similar trend was observed for RB5 removal; however, longer contact time (24 hours) 

was required for the maximum removal of RB5, which is 99.7%, 80.7, and 66.3% for RB5 initial 

concentration of 50, 100, and 150 mg/L, respectively. The same trend was found in the study of 

Felista et al. (2020) for the adsorption of RB5 using macadamia seed Husks.  

For BB3, the equilibrium time was found to be nearly 1 hour when 94.3%, 77%, and 57% 

of BB3 were removed with initial concentrations of 50, 100, and 150 mg/L, respectively. However, 

after 24 hours monitoring period still, a slight increase in BB3 removal was noticed, and the 

maximum removal was reported to be 99.7, 81.4, and 62.7%, respectively. As a result, equilibrium 

time was conservatively considered to be 24 hours for subsequent adsorption experiments of both 

dyes to standardize the experimental condition. 
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Fig. 8. Effect of contact time on adsorption of RB5 and BB3 onto MSSH activated carbon 

(AC dosage: 2 and 0.1 g/L for RB and BB3, respectively). 
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4.3.3. Effect of adsorbent dosage 

A given quantity of activated carbon is able to adsorb only a specific amount of adsorbate. 

Therefore, the initial adsorbent dosage is of great importance. In this study, to investigate the effect 

of AC dosage on dye removal, 50 mL of dye solutions with an initial dye concentration of 50, 100, 

and 150 mg/L were mixed with different dosages of AC for 24 hours using jar test at 30 °C (Fig. 

9). It can be seen that as the AC dosage increased, the dye removal percentage also increased until 

it reached a constant value. This is because a higher amount of AC provides more active surface 

sites for adsorbing dye molecules, and when all sites are occupied with adsorbate species, no more 

adsorption occurs. Previous studies also reported higher dye removal with increasing the AC 

dosage (Gong et al. 2005; Namasivayam and Kavitha 2002; Mahmoodi et al. 2011). 

Optimum adsorbent dosage for RB5 and BB3 removal was found to be 2 g/L and 0.1 g/L 

of AC for 50 mL of 50 mg/L dye solution, respectively. For the initial concentrations of 100 and 

150 mg/L, the optimum AC dosage for RB5 would be 3 g/L, and for BB3 would be 0.2 and 0.3 

g/L, respectively. 
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Fig. 9. Effect of AC dosage on adsorption of RB5 and BB3 onto MSSH activated carbon 
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4.3.4. Effect of initial dye concentration 

The effects of initial dye concentration on the percentage of dye removal were studied. 

Three different doses of AC were added to 50 mL solutions with different dye concentration 

between 50 and 200 mg/L. It was noticed that for both dyes, increasing initial dye concentration 

resulted in a decrease in dye removal percentage, as illustrated in Fig. 10. When the dye 

concentration is lower, the number of dye moles compared to the available sites on the surface of 

AC is also lower. While when the dye concentration is high, the number of dye moles can be more 

than the available adsorption sites. As a result, for a specific dosage of AC, the amount of dye 

removal depends on the dye initial concentration.  

This result is in compliance with previous studies on adsorption of anionic dye using AC from 

orange peel (Khaled et al. 2009), and cationic dyes using peanut hull (Gong et al. 2005), where the 

dyes’ removal percentage were greater at lower initial concentrations and smaller at higher initial 

concentrations. 
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Fig. 10. Effect of initial dye concentration on adsorption of RB5 and BB3 onto MSSH activated 

carbon. 
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4.4. Adsorption isotherm models 

The equilibrium data of RB5 and BB3 adsorption onto MSSH activated carbon was fitted 

with Langmuir and Freundlich isotherm plots (Fig. 11-14). Isotherm parameters were calculated 

and summarized in Table 4. It can be seen that correlation coefficients, is high for the Langmuir 

isotherm model (R2 > 0.98) compared to the Freundlich model (R2 < 0.98), which implies that the 

adsorption of anionic dye (RB5) and cationic dye (BB3) on the produced AC follows the Langmuir 

isotherm model. Furthermore, the value of separation factor (RL), which is in the range of 0-1, 

indicates the favorability of dye adsorption on the produced AC. Thus, according to the assumption 

of the Langmuir model, the dye uptake by the AC continues until a monolayer coverage of dye 

molecules is formed onto the homogeneous surface of the AC, and no more adsorption occurs at 

the occupied sites. The maximum monolayer adsorption capacity calculated from the Langmuir 

isotherm model was 833.33 and 67.11 mg/g for adsorption of BB3 and RB5, respectively. These 

amounts are relatively close to those obtained from experiments, which are 856.2 and 58.4 mg/g, 

respectively, which indicates that the Langmuir isotherm model can appropriately describe the 

adsorption process of RB5 and BB3 on to the surface of produced AC.  

Table 4. The Langmuir and Freundlich isotherm parameters for the adsorption of RB5 and BB3 

dye onto MSSH activated carbon 

Dye 
AC conc. 

(g/L) 

Langmuir Isotherm model  Freundlich Isotherm model 

Qm 

(mg/g) 
KL (L/mg) RL R2   1/n   n 

KF  

(mg/mg)(L/mg)1/n 
R2  

RB5 
1 

67.11 0.029 0.1459 0.9852   0.3644 2.74 7.97 0.9594  

2 63.69 0.089 0.0530 0.9913   0.1326 7.54 23.60 0.9038  

            

BB3 
0.1 833.33 1.500 0.0033 0.9998   0.0929 10.76 124.88 0.9797  

0.2 769.23 1.857 0.0027 0.9878   0.1225 8.16 116.75 0.9682  
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 Fig. 11. Langmuir isotherms plots for anionic RB5 adsorption by MSSH activated carbon. (AC 

dosage: (a): 1 g/L and (b): 2 g/L). 
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Fig. 12. Langmuir isotherms plots for cationic BB3 adsorption by MSSH activated carbon. (AC 

dosage: (a): 0.1 g/L and (b): 0.2 g/L). 
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Fig. 13. Freundlich isotherms plots for anionic RB5 adsorption by MSSH activated carbon. (AC 

dosage: (a): 1 g/L and (b): 2 g/L). 
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Fig. 14. Freundlich isotherms plots for cationic BB3 adsorption by MSSH activated carbon. (AC 

dosage: (a): 0.1 g/L and (b): 0.2 g/L). 
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the correlation coefficients of pseudo-second order are near to 1, and higher than the R2 values of 

the pseudo-first-order kinetic model. Furthermore, the adsorptive capacities calculated from the 

pseudo-second-order kinetic model are much closer to the experimental data. Therefore, 

adsorption of RB5 and BB3 on the produced AC follow the pseudo-second-order kinetic model, 

which implies that the chemical adsorption or chemisorption is probably the phenomenon that 

controls the rate of adsorption through valency forces arising from sharing or exchange of electrons 

between AC and dyes. A similar result was found in the adsorption of Basic Blue 3 on AC prepared 

from rubber seed coat (Hameed and Daud, 2008) and adsorption of Direct N Blue-106 on AC 

prepared from orange peel (Kaled et al., 2009). 

 

Table 5. Kinetic parameter of the pseudo-first order and pseudo-second-order for the adsorption 

of RB5 and BB3 dyes. 

Dye 
Dye conc. 

(mg/L) 

qe (exp.) Pseudo-first-order kinetic model  Pseudo-second-order kinetic model 

mg/g k1 (h
−1) qe cal (mg/g) R2   k2 (g/(mg h)) qe cal (mg/g) R2  

RB5 

50 
24.91 0.222 15.35 0.967   0.0211 26.39 0.995  

100 40.15 0.175 25.76 0.987   0.0131 42.55 0.993  

150 58.40 0.171 32.14 0.986   0.0105 53.19 0.995  

           

BB3 

50 498.35 0.047 152.26 0.960   0.0005 476.19 0.999  

100 813.66 0.048 266.50 0.962   0.0003 769.23 0.999  

150 856.20 0.052 359.50 0.965   0.0002 833.33 0.999  
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Fig. 15. Plots of the pseudo-first-order kinetic model for adsorption of (a) RB5 and (b) BB3. 
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Fig. 16. Plots of the pseudo-second-order kinetic model for adsorption of (a) RB5 and (b) BB3. 
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4.6. Dye adsorption in synthetic textile wastewater 

To investigate the performance of produced AC in textile wastewater, which contains a 

mixture of different dyes and other organic and inorganic additives, simulated textile wastewater 

containing both RB5 and BB3 was prepared based on Table 2. Fig. 17 shows the performance of 

AC in distilled water and synthetic textile wastewater. As mentioned before, the required amount 

of AC for complete removal of 100 mg/L RB5 and BB3 dye solution is 3 g/L and 0.2 g/L, 

respectively. As a result, for a solution containing a mixture of these dyes, 3 g/L of AC was applied 

to ensure a satisfactory removal of both dyes. By comparing Fig. 17, a, and b, it can be seen that 

100% BB3 removal was achieved in both distilled water and synthetic textile wastewater. 

Regarding the anionic dye, RB5, although it was removed almost 100% in both solutions; the 

complete removal took around 1 hour in textile wastewater while it took almost 24 hours in 

distilled water. The higher dye removal efficiency in textile wastewater is due to the presence of 

salt ions, which can induce the aggregation of dye molecules and increase the amount of dye 

adsorbed on the AC surface (Mishra 2020). This result is in agreement with the study of Khaled et 

al. (2009) who reported a 5 percent increase in DNB-106 removal from synthetic textile 

wastewater compared to distilled water. 
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Fig. 17. Percentage of dye removal in (a) distilled water and (b) synthetic textile wastewater. RB5 

concentration:100 mg/L, BB3 concentration: 100 mg/L, AC dosage: 3 g/L, pH:6. 
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textile wastewater in 1 hour contact time which is usually considered as a common contact time in 

large-scale applications. 

Fig. 18 shows the percentage of dye removal from synthetic textile wastewater with the 

commercial AC. Comparing this figure with Fig. 17 (b) indicates that both ACs are capable of 

removing almost 100 % of dyes in 1 hour. However, this high removal percentage was achieved 

with 3 g/L of AC produced in this study and with 1 g/L of commercial AC.  

 Although the amount of AC dosage required for 100% removal is lower with commercial 

AC, its production cost should be investigated compared to the MSSH activated carbon, which is 

made from an inexpensive and widely available precursor. Moreover, using only phosphoric acid 

with a low concentration as an impregnation agent in producing MSSH activated carbon can make 

it a better option compared to the commercial one that applied different impregnating chemicals, 

i.e., sulfuric acid and phosphoric acid, to produce AC.  

 

 

Fig. 18. Percentage of dye removal in synthetic textile wastewater with commercial activated 

carbon. RB5 concentration:100 mg/L, BB3 concentration: 100 mg/L, AC dosage: 1 g/L, pH:6. 
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CHAPTER 5. CONCLUSION 

This research focused on the MSSH potential for activated carbon production since no 

work has been done on it so far. Impregnating the precursor with phosphoric acid at a 1:3 ratio 

followed by pyrolysis at 500 ℃ resulted in AC with a higher BET surface area (1693 m2/g) 

compared to the one activated at 400 ℃ (1389 m2/g), thus the former was selected for the rest of 

the experiments. Adsorption batch tests showed that dye removal could be significant in the 

original pH of dye solutions which was around 6. It was also found that the percentage of dye 

removal increased with increasing contact time and adsorbent dosage up to a certain point and 

remained constant thereafter. However, the amount of dye adsorbed on the AC decreased by 

increasing the initial dye concentration.  

Isotherm studies showed that the adsorption behavior of MSSH activated carbon can be 

described by a monolayer Langmuir isotherm. The maximum monolayer adsorption capacity of 

prepared AC is 833 and 67 mg/g for BB3 and RB5, respectively, which shows that the MSSH 

activated carbon has a higher affinity toward cationic dyes than anionic dyes, most probably 

because of its surface acidity. The kinetic modeling of the adsorption of the dyes onto the AC well 

followed the pseudo-second-order rate model with correlation coefficients as high as 0.99.  

Results also showed that the produced AC can be considered as a highly efficient adsorbent 

for treating textile wastewater, containing a mixture of dyes, i.e., RB5 and BB3. 100% dye removal 

was achieved in one hour, at pH 6, by applying 3 g/L activated carbon at 30 ℃ when the 

concentration of each dye was as high as 100 mg/L.  
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Adsorption studies with commercial AC revealed that the AC produced in this study can 

be competitive to the commercial one considering its high removal efficiency and low-cost 

production. 

According to this study diverting the seed husk of M. Stenopetala from disposal and 

converting it to a valuable product, i.e., activated could be a sustainable and economic option for 

textile wastewater treatment. As this research is the first one studying the potential of MSSH to 

produce AC, more investigation is needed to improve the production method and obtain a higher 

surface area. Furthermore, considering the large-scale application, the AC production cost, and the 

feasibility of AC regeneration after the treatment process need to be investigated. 
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CHAPTER 6. ENGINEERING SIGNIFICANCE 

The findings of this study will redound to the benefit of the environment considering that 

efficient organic waste management and diversion from landfills play an important role in 

protecting the environment. Agricultural waste constitutes a huge amount of organic waste that 

can be converted to valuable products as a promising alternative to landfill disposal. One of the 

high-value-added products suitable for a wide range of pollutant remediation is activated carbon. 

A lot of research has been done so far on activated carbon production from agricultural waste and 

its applicability for different purposes. However, no work has been reported previously on the 

potential of M. stenopetala seed husks for activated carbon production. 

This study managed M. stenopetala seed husk, as a biomass and utilized it in an efficient 

and economical way to produce high porous activated carbon. Hence, waste will be converted to 

a valuable and versatile product, i.e., activated carbon that can be applied to remove different 

pollutants from different sources. Among its various applications, this study showed that the 

produced waste-derived activated carbon can totally remove dyes from colored effluent, i.e., textile 

wastewater, which if not properly treated, negatively affects the receiving water bodies and the 

environment mainly due to the dyes’ toxic nature. 

 Furthermore, from the academic perspective, this study will help the researchers uncover 

critical areas in making activated carbon from M. stenopetala seed husks, particularly in terms of 

optimum conditions since no research have been investigated on it so far. 
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