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Abstract 

Biochar derived from Wheat Straw (WS), Waste Tire (WT), and their combination of 

1:1 (WS/WT) was activated by different chemical activation methods i.e., wet 

activation (Molar solution of KOH and Biochar) and dry activation (Physical mixing 

of Biochar and KOH). Moreover, the synthetized adsorbents were characterized by 

SEM-EDS, FTIR, BET, XRD and Point of Zero charge (PZC). Efficient adsorbent 

from both the methods was selected based on the results of characterization and 

removal efficiency for Chromium (VI). It indicated that WSKOH 1:3 prepared from 

dry activation method possess well developed porous structure, abundant active sites, 

and larger specific surface area (529.48m2/g), auspicious for the elimination of 

Chromium (VI). The effect of adsorbent dosage, pH, contact time, initial pollutant 

concentration, and temperature on the efficient adsorbent was also investigated. The 

batch adsorption studies revealed that WSKOH 1:3 had the highest Chromium (VI) 

removal at PH 2.0 and contact time of 120 minutes. The Pseudo-second order (PSO) 

kinetic model and the Freundlich Isotherm model well defined the removal of 

Chromium (VI), indicating that chemical adsorption predominated the adsorption 

process. The maximum Langmuir adsorption capacity (qmax) of WSKOH 1:3 at 25oC 

was 96.082 mg/g, which is comparable to other studies. The thermodynamic analyses 

revealed that Chromium (VI) uptake is endothermic (+ΔH) and spontaneous (-ΔG) in 

nature. Furthermore, electrostatic attraction, complexation, ion exchange, and 

reduction to chromium (III) were involved in the removal of chromium (VI) by 

WSKOH 1:3. Hence, the results proposed that WSKOH 1:3 exhibited great potential 

for chromium (VI) adsorption. 
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CHAPTER 1 

1. INTRODUCTION 

1.1 Background 

Chromium (Cr) is a heavy metal commonly used in industrial processes such as 

steel production, textile dyeing, metal smelting, tanning, and paints. In the natural 

environment, chromium can be found in a variety of oxidation states ranging from +2 

to +6, however, Cr (III) and Cr (VI) are the most ubiquitous among all (Md Aminul 

Islam et al., 2019).  Industries that use Cr (VI) include leather tanning, mining, wood 

preservation, textile printing and dying, paints and pigments, aerospace, and 

electroplating (Ren et al., 2017). The primary reason for the release of Cr (VI) into the 

environment include the improper disposal practices associated with industries. 

According to the World Health Organization (WHO), the maximum allowable limit of 

Cr (VI) in water is 0.05 mg/L, while the United States Environmental Protection 

Agency (USEPA) recommends 0.1 mg/L in inland surface water (Md Aminul Islam et 

al., 2020). Therefore, it is critical to select an appropriate and profitable Cr (VI) 

removal technology. 

Various methods utilized for heavy metal removal from wastewater include ion 

exchange, electrochemical treatment, membrane separation, precipitation, and 

adsorption. However, most of the technologies have technical and economical 

limitations for instance incomplete removal of metals, production of sludge and high 

energy requirements which impede their widescale development and 

commercialization (J. Zhao et al., 2020a). For practical application, adsorption 

method seems to be most feasible wastewater treatment technology owing to its 

environmental and economical sustainability (Alshameri et al., 2018). The adsorption 

process necessitates a low cost and highly efficient adsorbent with high removal 

proficiency and high adsorption capability under various conditions (N. Zhao et al., 

2017a). Commercially available Activated Carbon (AC) are commonly used as 

adsorbent, but the most important drawback of these adsorbent is the high production 

cost (Amen et al., 2020). Biochar, which is synthetized by pyrolyzing various 

biomass, has specific surface properties, and can be used as an inexpensive adsorbent 

for heavy metal removal (X. Zhang et al., 2018). Therefore, biochar is considered as a 

cost-effective and energy effective alternate of AC for pollutant.  
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Biomass is available in abundance and is regarded as the world's largest source of 

renewable energy (Farooq et al., 2018). Wheat straw (WS) is the second most 

abundant biomass type, trailing only rice straw (Neshat et al., 2017). Wheat is widely 

grown crop and is cultivated in over 115 countries. . WS is used in animal feed in 

part, but its large production causes assortment and dumping issues. Likewise, the 

automobile industry is growing rapidly due to modernization and improved lifestyle 

across the globe. Annual manufacturing of tire is around 1.4 billion units which is 

equal to 17 million tons of waste tire per year (Acosta et al., 2016). Consequently, the 

waste tires production and their disposal are a global environmental challenge. The 

valorization of agricultural residues and waste tire to produce high carbon biochar and 

activated carbon is an intriguing subject among global researchers. Various biomass 

types such as corn straw (H. Ma et al., 2019), rice husk (Agrafioti et al., 2014), and 

sawdust (Garg et al., 2004) have been utilized as pyrolysis feedstock. Biochar 

produced from pyrolysis of feedstock have been extensively used for adsorption 

purposes due to its cost-effective and environment friendly nature. Unfortunately, 

biochar acquires small specific surface area that affect its adsorptive performance (Qu 

et al., 2021). Hence, activation of biochar by physical and chemical methods are 

commonly used to improve adsorptive efficiency of biochar (Dias et al., 2020). 

1.2 Problem Statement 

Growing industrialization and urbanization have posed a significant threat to the 

quality of groundwater. A potential environmental and public health concern for 

millions of people worldwide is groundwater contamination with chromium metal 

from the tanning and leather industry. In natural environment, chromium occurs as 

Chromium (III) and Chromium (VI), while Chromium (VI) is more solvable and 

perilous than Cr (III). Cr (VI) can cause stern health issues like lungs damage, skin 

irritation and even cancer.  

On the other hand, large potential of agriculture biomass is burnt every year which 

directly effects environment and human health. Wheat crop is cultivated in many 

areas of Pakistan and the surplus of wheat residue (wheat straw) is considered as 

waste. Proper handling is required to manage the surplus of wheat residue. Literature 

survey shows, unsatisfactory handling practices creates problems and create negative 

effect on the environment. Consequently, its utilization in the form of biochar via 
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pyrolysis can be a valuable process. This study is carried out to prepare a low-cost 

activated carbon derived from pyrolytic biochar of WS, WT, and their 1:1 

combination, i.e., (WS/WT)BC, for the removal of Cr (VI). Adsorption, as opposed to 

traditional methods, is a sustainable and profitable method for the management of 

toxic elements such as chromium.  

1.3 Research Objectives 

The main objectives of this research work are   

➢ Production, Activation, and Characterization of Biochar  

➢ Evaluation of Chromium (VI) removal efficiency and adsorbent removal capacity 

using batch experiments.  
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CHAPTER 2 

2. LITERATURE REVIEW 

2.1 Background 

One of the major concerns facing the world today is environmental pollution. 

Many countries along with Pakistan are facing this problem due to ever growing 

population rate, consumption of natural and synthetic resources, industrialization, and 

heavy dependency on fossil fuels. Every aspect of our life contributes to air pollution, 

water contamination or soil pollution one way or the other. Rapid industrialization is a 

major contributor to water pollution.  

Water is considered as an essential commodity for sustaining life and environment 

that is always thought to be an inexhaustible resource. In this new era, over eight 

billion humans, is facing a serious water crisis. Pakistan is a water stressed country, 

with per capita water accessibility of only 930 m3 annually. Rapid industrialization 

and urban development, along with increasing irrigation needs for agriculture, are 

depleting both the quantity and quality of the country’s water resources, have negative 

impact on the agricultural output and the health of the population (WWF, 2021). The 

effluent released, contaminates freshwater bodies like rivers, lakes, and fresh 

underground water reservoirs. This renders the water unsuitable for domestic usage.  

Toxic metals in the environment are a worldwide concern due to their negative 

impacts on humans and aquatic flora and fauna. Heavy metal dumping to the soils and 

water causes substantial environmental risks due to its non-decomposable nature 

(Agrafioti et al., 2014). Arsenic (X. Sun et al., 2021), Lead (Das et al., 2021), and 

Chromium (T. Li et al., 2021) are among the most toxic heavy metals. Researchers 

around the world are focusing to remove or reduce the concentration of these heavy 

metals from wastewater up to acceptable limits. 

2.2 Introduction of Chromium 

Chromium is a heavy metal that displays several properties depending on its 

valence states, chromium (III), a trace element, is crucial for human body in contrast 

hexavalent chromium (VI) is lethal and oxidative (Hayashi et al., 2021). Chromium 

and its compounds are mainly utilized in, metallurgy, and pigments. Effluents from 



5 

 

these industries are disposed into rivers, ponds, and oceans and directly effecting 

living organisms due to its carcinogenic and mutagenic nature. Exposure of heavy 

metals like chromium even in small concentrations is hazardous and its removal is 

still a challenging task for modern researchers. 

2.3 Sources of Chromium 

Chromium compounds are only noticed in trace amounts in water; however, the 

element and its compounds can be disposed into surface water by a variety of 

industries. Chromium is present in both natural and man-made sources. Geological 

ultramafic and basaltic rocks, especially serpentinites, are natural sources; these rocks 

are frequently replaced by amphiboles, garnets, micas, pyroxenes, and spinel. Man-

made sources include tanneries, metal finishing, cooling towers, pigment synthesis, 

dyeing, and chemical industries that use high chromium salts (Kanagaraj & Elango, 

2019). 

2.4 Application of Chromium  

Chromium oxide (Cr2O3) has become a widespread material for research 

purposes due to its superb physicochemical properties. Chromium is used to tint glass 

emerald, green. Chromium compounds are used as mordents in the textile industry, as 

well as anodizing aluminum in the aerospace and other industries. Because of its high 

melting point, medium thermal expansion, and crystalline structure stability, chromite 

has been used in the refractory industry to form bricks and shapes. Chromium is 

employed in alloy fabrication, alloy steel preparation to improve corrosion and heat 

resistance, nonferrous alloy manufacturing to impart special qualities to the alloys, 

insoluble salt production and processing, and moth proofing wool (Babu et al., 2019). 

According to the arrangement of the glass and the melting condition, Cr3+ and Cr6+ 

ions can coexist in silicate and borate glasses in varying ratios (Marzouk et al., 2013). 

The main function of Chromium in the body is to regulate blood flow, moderate 

cholesterol levels, contribute to lean muscle mass, promote arterial health, boost the 

immune system, and stimulate protein synthesis (Costa, 2003). 

2.5 Effects of Chromium 

Cr (III) is required by plants, whereas Cr (VI) is toxic to both plants and animals 

at low concentrations. Because Cr (III) oxides are only marginally soluble in water, 

their concentration in water sources is constrained. Under aerobic conditions, 
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hexavalent chromium compounds are stable, but under anaerobic conditions, they are 

reduced to Cr (III) compounds. In an oxidizing environment, the reverse process is 

also a possibility. Chromium concentrations in soils ranging from 500 to 6000 mg/L 

are not harmful to plants (Mohamed et al., 2020). Chromium toxicity has a pH-

dependent mechanism. Chromium availability to plants is reduced as soluble 

chromates are converted to insoluble Cr (III) salts. This mechanism safeguards the 

food chain against excessive chromium levels (Sanyal et al., 2015). Cr (VI) is a 

poison that is easily absorbed and can be swallowed or inhaled. Skin contact with Cr 

(VI) can cause vulnerable and genetic defects, as well as cancer, by raiding the 

respiratory track (Mohamed et al., 2020). High chromium concentrations due to the 

disposal of metal products in surface water can affect the gills of fish swimming near 

to the disposal site (Wionczyk et al., 2006).  

2.6 Technologies for Cr (VI) Removal 

Technologies for Cr (VI) removal include (Karimi-Maleh et al., 2021). 

➢ Ion exchange 

➢ Electrocoagulation 

➢ Photocatalysts 

➢ Membrane technology 

➢ Adsorption  

2.6.1 Ion Exchange  

The ion exchange is known physicochemical method that implies the replacement 

of ions between solids and liquids (Hu et al., 2020). and has great success for the 

removal of Cr (VI). Cr (VI) was removed from water using a variety of ion exchange 

resins. These resins are composed of a matrix, a three-dimensional molecular network 

having chemically bonded charged functional groups. Sapari et al. (1996) considered 

the removal of Cr (VI) from real plating wastewater using synthetic ion exchange 

resin (Dowex 2-X4) and achieved 100% results. Use of IRN77 and SKN1 cation 

resins for removal also shows effective results and remove 95% Cr (VI) from water. 

Adsorption capacities for both IRN77 and SKN1 were 35.38 and 46.34 mg/g 

respectively (Rengaraj et al., 2001). Some of the important parameters for ion 

exchange method include resin dose, pH, and initial Cr (VI) concentration (Fu et al., 

2013). 
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The main drawbacks of this process are 

➢ Other competing ions like sulphate, carbonate, phosphate reduces the removal 

efficiency. 

➢ The cost of resin, waste disposal and regeneration make the process expensive. 

➢ Treated water contains high level of chlorides.   

2.6.2 Electrocoagulation  

Electrocoagulation (EC) is an effective method for eliminating impurities from 

water that involves passing an electric current through metal plates to subvert fine 

material and counteract the electric charge of impurities, causing them to coagulate 

(Nidheesh et al., 2021). A relatively small reactor is required for confined wastewater 

at low temperature and turbidity. The flocks formed in EC are more stable and 

resistant to acids when compared to chemical coagulation; however, when aluminum 

or aluminum sulphates are used in EC, its efficiency for Cr(VI) removal increases 3 

times as compared to chemical coagulation (Golder et al., 2007). Two phases involve 

for the treatment of Cr (VI) includes (W. Jin et al., 2016).  

➢ Reduction to Cr (III)  

➢ Cr (III) parting as hydroxide  

2.6.3 Photocatalysts 

Photocatalysts, which produce no harmful chemicals, are another highly effective 

and cost-effective method for reducing Cr (VI) (Farooqi et al., 2021). Attempts have 

been made to find an extremely effective photocatalyst for Cr (VI) reduction when 

exposed to UV, solar, and especially visible light (Liu et al., 2020). Some 

photocatalysts used for this intent include WO3, SnS2, CdS, CuS, and Ag2S (Niu et 

al., 2020) although these are hindered by slow reduction rates and low efficiency.  

2.6.3.1 Titanium dioxide (TiO2) 

Titanium dioxide is a photocatalyst that is commonly used for Cr (VI) reduction 

due to its low noxiousness, low cost, and exceptional chemical stability. Some of the 

drawbacks associated with TiO2 include its narrow band gap energy and difficulty in 

separation after treatment (D. Chen et al., 2020). Photocatalytic activity of such 

photocatalysts depend on interfacial reactions. For that purpose, reduction of Cr (VI) 

includes three steps (L. Li et al., 2017). 
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➢ Surface adsorption 

➢ Photo-reduction and  

➢ Surface desorption  

The reduction of Cr (VI) over titanium dioxide, zinc oxide, and nickel oxide is 

affected by several factors such as structure crystallinity, photocatalyst (C. C. Wang et 

al., 2016), surface area, pH, Cr (VI) initial concentration, catalyst dose (Idris et al., 

2011), calcination time and temperature (Yoon et al., 2009).  

2.6.4 Membrane Technology 

Membrane filtration is another well known, technology used for the treatment of 

wastewater (Tanhaei et al., 2014) and used for the removal of Cr (VI) from 

wastewater (Adam et al., 2018). Various type of membranes depending on the pore 

size are utilized for this purpose include  

➢ Microfiltration 

➢ Ultrafiltration 

➢ Nanofiltration 

➢ Reverse Osmosis 

 

Figure 1: The schematic representation of membrane  
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2.6.4.1 Microfiltration (MF) 

Chromium (VI) ions are smaller in size and are difficult to separate by 

microfiltration or ultrafiltration. Therefore, a chemical modification is considered 

necessary to mix Cr (VI) ions with the other massive molecules present (Doke & 

Yadav, 2014). This problem can be solved by modifying the membrane material (Jana 

et al., 2010). Doke & Yadav (2014) used micellar-enhanced microfiltration (MEMF) 

as a surfactant-based membrane with a cationic surfactant of cetylpyridinium 

chloride. They discovered that the surfactant-to-chromate ratio was 2.5, which was 

lower than the CMC best ratio for 99% Cr (VI) removal when using a ceramic titania 

membrane. 

2.6.4.2 Ultrafiltration (UF) 

Ultrafiltration (UF) is one of the membrane methods that involves the least 

amount of pressure. The primary use of UF is to split pollutants with high molecular 

weight, such as peptides and polysaccharides. Because of their small pore size, UF 

membranes cannot separate ionic species (Yanhong Zhang et al., 2021). Basumatary 

et al (2016) investigated the exclusion of Cr (VI) in crossflow mode ultrafiltration 

using MCM-48, MCM-41, and FAU zeolite placed on porous ceramic support UF 

membranes. When extreme pressure was used, optimal filtration operation was 

achieved, whereas denial was high when cross flow rate was low. The removal 

efficiencies of FAU, MCM-41, and MCM-48 membranes were 82%, 75%, and 77%, 

respectively. Polymer-enhanced ultrafiltration (PEUF) (Haktanır et al., 2017) and 

micellar-enhanced ultrafiltration (MEUF) (Elfeky et al., 2017) membranes are also 

utilized for the removal of Cr (VI).  

2.6.4.3 Nanofiltration (NF) 

Nanofiltration has also been used for the removal of Cr (VI) from wastewater 

(Wei et al., 2019). NF300 membrane showed higher removal efficiency as compared 

to PN400 nanofiltration membrane and removed 97% and 92% Cr (VI) and fluoride 

ions from dual solution respectively (Gaikwad & Balomajumder, 2017). It was 

noticed that with an increase in pressure, refusal of Cr (VI) and fluoride ions also 

increased, and it will decrease as the feed concentration increased. The removal of Cr 

(VI) was also accomplished using a thin film charged surface NF membrane, the 

surface of which, owing to its negative surface charge, prevents the formation of Cr 

and other anions (Bohdziewicz, 2000). The results showed an increasing trend as the 
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pH increased. This is due to membrane surface deprotonation, which increased 

electrostatic repulsion and the production of CrO4
2-. 

2.6.4.4 Reverse Osmosis  

 The reverse membrane (RO) technology is advantageous for the removal of Cr 

(VI). RO membranes are operated at high pressures to achieve the highest effluent 

water purity. Gaikwad & Balomajumder (2017) used polyamide RO membranes to 

remove Cr (VI) and fluoride ions from aqueous solution. The results showed that 

increasing the pressure and decreasing the concentration of Cr (VI) and fluoride ions 

in the feed increased their removal. When the pH of the solution was raised to 8, 

removal was also increased. Similar results were obtained for Cr (VI) and fluoride 

ions using the NF500 membrane.  

2.6.5 Adsorption 

Adsorption is one of the most appropriate, competent, and applicable technology 

for the removal of heavy metals including Cr (VI) (Yaashikaa et al., 2019). 

Researchers have been looking for suitable adsorbents having higher removal 

efficiencies and higher adsorption capacities for the removal of Cr (VI) from polluted 

water. For that purpose, variety of adsorbents including natural organic, natural 

inorganics, and synthetic adsorbents  have been considered (Pakade et al., 2019). 

These adsorbents have been used in their original form, but their modification i.e., 

change in chemical structure, cross linking, and grafting has attracted great attention. 

Four mechanisms proposed for the interaction between Cr (VI) and adsorbents are 

(Pakade et al., 2019) 

➢ Adsorption through  electrostatic forces  

➢ Cr (VI) reduction to Cr (III) 

➢ Ion Exchange mechanism  

➢ Complex formation 

2.6.5.1 Characteristics of an Ideal Adsorbent 

The particle size of the adsorbents plays a vital role to improve the adsorption 

efficiency (Hamadi et al., 2001). The important characteristics of an ideal adsorbent 

are (Bhatnagar & Minocha, 2006).  

➢ Adsorbent has uniform pore structure 
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➢ It has large surface area 

➢ It requires less time to reach equilibrium  

➢ It has high chemical and physical strength 

2.6.5.2 Adsorbents used for Cr(VI) removal  

Common adsorbents used for the removal of Cr (VI) include (M. B. Ahmed et al., 

2016) 

➢ Activated Carbon (AC) 

➢ Graphene Oxide 

➢ Biochar 

Activated Carbon (AC) 

Activated carbons (ACs) are the extensively used adsorbents due to its versatile 

nature i.e., its properties can be modified according to specific  objectives. The most 

important aspects of ACs are the high specific surface area and pore volume that 

increase contact between adsorbent and effluent to obtain the maximum removal 

performance. However, the major disadvantage of ACs is its high production cost 

(Danish & Ahmad, 2018). Fox nutshells-based AC was used for Cr (VI) adsorption 

from water, and the results showed that the AC produced has a high surface area, the 

process is endothermic, and the maximum adsorption capacity was found at pH 2 

(Kumar & Jena, 2017). 

Graphene Oxide 

Graphene is a one-atom-thick layer of closely packed covalently bonded atoms of 

carbon in a two-dimensional honeycomb lattice (Yang et al., 2010). It has distinctive 

electronic, thermal, and mechanical properties, such as superior mobility of charge 

carriers, thermal conductivity and has thus been used for sensors supercapacitors , 

batteries , catalysts , and field-effect transistors (Youwei Zhang et al., 2013). 

However, Treatment of wastewater through adsorbent prepared from graphene is still 

a challenge. Ma et al. 2020 prepared a graphene adsorbent with amine group (ED–

RGO) from graphene oxide and found that the synthesized adsorbent performed better 

for the removal of Cr (VI) when the pH of the solution is less than 2.0 (H. L. Ma et 

al., 2012). .      
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Figure 2: Structure of Graphene Oxide 

 

Biochar 

Biochar is usually synthetized from organic feedstocks like industrial and 

agricultural waste, municipal waste, and algal biomass. It is regarded as an effective 

adsorbent material due to its excellent adsorption properties for a wide range of 

pollutants. Functional groups such as carboxylic acids, phenolic hydroxyls, lactones, 

quinone, carbonyls, ethers, and condensed aromatic rings) present on the surface of 

the biochar offer active sites for metal adsorption (Herath et al., 2021).  Furthermore, 

using agricultural waste as a feedstock for biochar synthesis aligns with the concepts 

of sustainable development and the circular economy. Several studies have been 

carried out to discuss the application of biochar for heavy metal adsorption. Ai et al. 

(2019) revealed that in acidic conditions adsorption capacity of Cr(VI) by sugar beet 

tailing biochar reached 123 mg/g (Ai et al., 2019). Corn cobs hydro char modified by 

polyethylene amine improved the Cr(VI) removal efficiency and the maximum 

adsorption capacity is 33.663 mg/g (Yuanji Shi et al., 2018). In recent times, there has 

been a surge of interest in biochar activation, and two methods have been widely used 

to create porous structures to improve adsorption performance. 

➢ Physical Activation  

➢ Chemical Activation  

Physical Activation 

Physical activation of biochar is usually done at 900°C with the help of steam or 

CO2 (Qu et al., 2021). It entails carbonizing feedstock and then activating the 

resulting biochar at high temperatures with appropriate oxidizing gases such as carbon 

dioxide, steam, air, or a combination of these gases (di Stasi et al., 2019). The 
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activation temperature ranges between 600 and 900oC, and the carbonization 

temperature ranges between 400 and 850oC, with temperatures occasionally 

exceeding 1000oC. Physically activated carbon lacked the properties required for use 

as adsorbents or filters (Ioannidou & Zabaniotou, 2007). 

Chemical Activation 

Chemical activation has achieved more attention as compared to physical 

activation due to its  economical operating conditions and superior qualities of the 

products such as higher specific surface area porosity (Aghababaei et al., 2017). The 

main drawback associated with chemical activation is corrosivity of the equipment. 

Moreover, the obtained adsorbent requires washing with suitable solvent after 

activation to remove activating agent (Ioannidou & Zabaniotou, 2007). Commonly 

used chemical agents for activation include ZnCl2, KOH, H3PO4 and less K2CO3. The 

production and activation of biochar could be attained in one step or two step 

technique. Feedstock is mixed with the activating agent and thereafter the mixture is 

pyrolyzed at suitable temperature in one step technique. Whilst in two step process, 

the biochar is prepared in the first stage which is then treated with the agent in the 

second stage. However, two-step process has been considered superior to one step 

method due higher surface properties of adsorbent synthesized through former 

(Abbaci et al., 2022). However, the limited literature is available on two step 

technique, using KOH as an activating agent, to synthesize activate carbon from 

wheat straw and waste tire to remove Cr(VI).  

Keeping the research gap in view, present study investigates the production of 

biochar from WS, WT and their combination using slow pyrolysis. Furthermore, the 

activation of biochar has been performed to produce activated carbon using various 

mixing techniques and ratios of biochar samples and activating agent (KOH). The 

performance of fifteen biochar and activated carbon samples was investigated by 

removing the Cr(VI) from the solution while keeping the operating conditions such as 

pH, contact time and initial concentration similar. Ultimately, the most efficient 

adsorbent was selected on the grounds of various characterization analysis and 

experiment which was further used in the adsorption experiments under varying 

operating conditions. In addition, the kinetics, isotherms, and thermodynamics 

properties of optimized adsorbent were investigated comprehensively. In addition, the 
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regeneration of the optimized adsorbent was also performed and the impacts on 

removal efficiency were investigated accordingly.  
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CHAPTER 3 

3. MATERIAL AND METHODS 

This chapter provides information on preparation of feedstock, synthesis of biochar, 

activation procedure of biochar , characterization of activated carbons, and removal 

parameters of Chromium(VI) used in this study. It details out the simulation methods 

used to quantify the experimental results. It also explains the analytical procedures 

adopted for the characterization of biochar and activated biochar.  

3.1 Feedstock preparation 

In this study, wheat straw (WS), a common agricultural byproduct, was calmly 

sourced from a nearby farm in Rawalpindi, Pakistan. It was sun-dried for one day to 

reduce the moisture content. It was manually shredded, ground, and sieved to achieve 

a particle size range of 0.6 to 1.2 mm, as shown in the Figure. 1. Waste tire (WT) was 

purchased from a local vendor in Lahore, Pakistan. It was shredded, ground, and 

sieved to achieve the same particle size as WS. 

(a)                       (b)       

 

 

 

 

 

(b)                                                               (d)          

Figure 3: Preparation of Feedstock (a) Raw wheat straw (b) Shredded form (c) 

Grinded form (d) Powder waste tire 

 



16 

 

3.2 Experimental Setup and Pyrolysis Procedure 

The components of experimental setup used for production of biochar are given in 

Figure 3.2. The setup contains 

➢ Fixed Bed reactor 

➢ Condenser 

➢ PID temperature controller 

➢ Flow meter for Nitrogen 

➢ Heaters 

➢ Nitrogen cylinder 

➢ Thermocouples  

Figure 4: The schematic diagram of experimental setup 

The pyrolysis and co-pyrolysis of WS and WT were carried out in a stainless-steel 

fixed bed reactor with a length of 20 inches and an internal diameter of 4.2 inches, as 

shown in Figure 2. 100 g of feedstock was fed into the reactor to produce biochar. 

Biochar was produced using two blend ratios 1:0 and 1:1. All experiments were 

carried out in triplicate. The reactor was heated at a constant rate of 20oC per minute 

from room temperature to 550oC until all the oxygenates had been expelled. It usually 

takes one hour. Nitrogen was introduced as a sweeping gas from the bottom of reactor 

at a rate of 300 mL/min. Prior to the start of the heating process, N2 flow was 
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maintained to purge the air from the reactor. During the pyrolysis process, vapors and 

gases were removed from the top of the reactor along with N2. Hot gases were 

expelled from the ice-covered condenser. The produced oil was collected in a conical 

flask attached to the condenser. Finally, after the reactor had cooled, the biochar 

produced was collected. The biochar produced by both blend ratios was designated as 

WSBC, WTBC, and (WS/WT)BC. 

Following the completion of the run, the liquid and biochar quantities acquired were 

weighted, and the amount of gas produced was determined by subtracting the initial 

sample weight from the total weight of liquid and char produced.  

3.3 Activation of Biochar 

In this study, the biochar produced from pyrolysis of WS, WT, and their 

combination of 1:1 i.e., (WS/WT)BC was activated by chemical activation.  

3.3.1 Activation method 

Two step activation method was used in this study. Potassium Hydroxide (KOH) was 

used as chemical activator. The activation methods are as follows.  

➢ Wet Activation 

➢ Dry Activation 

3.3.1.1 Wet Activation 

For Wet activation, biochar i.e., WSBC, WTBC, and (WS/WT)BC and two 

concentrations of KOH (1M, 3M) with a ratio of 1:100 (w/v) were mixed and stirred 

at 60oC for 2 hours. The liquid part was filtered, and BC dried overnight at 105oC. 

After this, the chemically treated biochar was heated at 700oC in a reactor under inert 

atmosphere for 1 hour at a heating rate of 10oC/min. The activated biochar thus 

obtained were named as WS-KOHx, WT-KOHx, and WS/WT-KOHx where x 

represents the concentration of KOH.  

3.3.1.2 Dry Activation 

For Dry activation, biochar was physically blended with two BC to KOH mass 

ratios (1:1 and 1:3). And introduced into the pyrolysis reactor for 1 hour at 700oC 

under inert atmosphere at a heating rate of 10oC/min. The activated biochar thus 
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obtained were named as WSKOH-r, WTKOH-r, and WS/WTKOH-r where r 

represents the impregnation ratio.  

Nitrogen was used as an inert gas to purge the air from the reactor at a rate of 100 

ml/min. Finally, the activated adsorbents from both activation methods were washed 

first with 1M HCl and then with deionized water to normalize pH and placed in oven 

for drying at 105oC for 24 hours. 

3.4 Characterization of biochar and Activated biochar 

Raw biochar and chemically activated biochar of WS, WT, and WS/WT were 

characterized by number of analytical techniques to evaluate the effect of chemical 

addition with biochar. Following section describes the experimental procedure with 

some theoretical background for each technique.  

3.4.1 Proximate Analysis 

Raw and Activated biochar were tested for proximate analysis via ASTM standard 

D3173, D3174, D3175 for Moisture content, Volatile matter, Ash content, and Fixed 

carbon respectively. 

To determine moisture content measured samples were placed in oven for 24 hours at 

105oC. After oven drying, samples were removed from the oven and difference in the 

weight give moisture content. For volatile matter measured samples were placed in 

crucibles with caps and placed in muffle furnace for 7 minutes at 950oC. After 

completion of time samples were taken out and difference in the weight of samples 

give volatile matter. For Ash content samples were placed in crucibles with lid and 

placed in muffle furnace at 725oC for 3 hours. After the specified time samples were 

taken out and the weight difference give the ash content. Fixed carbon in raw and 

activated biochar was determined by the difference of moisture content, volatile 

matter, and ash content from 100.  

3.4.2 Ultimate Analysis 

Concerning the elemental analysis, CHNS were quantified with CHN analyzer 

(Perkin Elmer 2400). Oxygen percentage was intended by difference in the values of 

C,H,N,S and ash content from 100. 80 mg of each sample was used to perform this 

analysis. 
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3.4.3 BET Analysis 

Surface textural properties of all the adsorbents were determined using 

adsorption-desorption isotherms of nitrogen at 77 K acquired through Surface Area & 

Pore size analyzer (NOVA 2200e, Quantachrome Instruments). Before performing 

experiments, all the adsorbents were degassed overnight to remove the moisture. The 

degassing temperature was set at 150oC. Multipoint method was used to determine the 

BET Surface area (SBET). To identify the type of isotherm, isotherms for all 

adsorbents were plotted between relative pressure p/po = 0.99 and quantity of N2 

adsorbed in cm3/g.  Pore volume was determined by the amount of N2 adsorbed at a 

relative pressure of p/po = 0.99. Pore size distribution data obtained from density 

function theory (DFT) method was used to calculate the average pore width and to 

plot the pore width against quantity of N2 adsorbed in cm3/g.   

3.4.4 SEM-EDS Analysis 

Surface morphology of the raw and activated samples were analyzed by scanning 

electron microscopy along with energy dispersive spectroscopy (51-ADD007, 

Oxfords Instruments). To acquire the SEM images the acceleration voltage was set as 

20 kV. And different magnifications i.e., 10X, 100X, 1000X was used.  

3.4.5 Fourier Infrared Spectroscopy (FTIR) 

Functional groups on the surface of adsorbents were determined by using Fourier 

infrared spectroscopy (FTIR; Bruker Spectrum 400 spectrometer). The KBr disk 

method was used for this purpose having wavenumber ranged from 4000 to 400 cm-1, 

with a resolution of 1 cm-1.  

3.4.6 Powder X- ray Diffraction (XRD) Spectroscopy 

Crystal structures were analyzed by X-ray diffractometer (θ-θ STOE Germany). 

Diffractograms were acquired with continuous scanning from 10 to 80o (2θ) with a 

step size of 0.04o (2θ). The crystallinity of all the samples were calculated by using 

the equation 

Crystallinity = 
area of crystalline + amorphous peaks

Total area of crystalline + amorphous peaks
∗ 100 

Phase identification was measured using X`Pert High Score Plus software. The degree 

of crystallinity was determined based on characteristic peak`s intensity at 2θ. 
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3.4.7 Point of Zero Charge (PZC) 

The Point of Zero Charge (PZC) of adsorbents was calculated based on the 

methodology described by (Mortazavian et al., 2018);(Godinho et al., 2017). 0.1 g of 

adsorbent was added in 50 mL of 0.1 M NaCl solution in 7 different flasks. Initial pH 

of NaCl solutions was adjusted to 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0 by addition of 

either 0.1 M HCl or 0.1 M NaOH. The samples were placed on shaker for 24 hours 

and after the termination of time final pH of samples were calculated using a pH 700, 

pH/mV/oC/oF meter. The PZC was determined by a plot between Initial pH and 

Equilibrium pH.  

3.5 Adsorption Experiments 

The Cr (VI) stock solution (1000 mg/L) was prepared by dissolving potassium d

 ichromate (K2Cr2O7) in distilled water.  

3.5.1 Selection of Efficient Adsorbent 

To select the most efficient adsorbent, adsorption experiments were carried out 

by shaking 0.1 g of adsorbent with 100 mL of Cr (VI) solution at 150 rpm. The initial 

concentration of Cr (VI) was 20 mg/100 mL. After filtration, the final concentration 

of Cr (VI) was determined by UV-Spectrometer (Specord 200 plus Germany). 

Removal efficiency (%) and adsorption capacity (mg/g) of the adsorbent was 

calculated as  

R(%) =
Co− Cf

Co
∗ 100               (1) 

qe (
mg

g
) = (Co − Cf) ∗  

V

m
       (2) 

where Co (mg/L) and Cf (mg/L) represent the initial and final concentration of Cr (VI) 

respectively. V (L) is the volume of solution and m is the mass of adsorbent. 

After selection of efficient adsorbent, batch experiments were performed on the 

efficient adsorbent to optimize the experimental parameters i.e., adsorbent dosage, 

pH, contact time, initial concentration, and temperature.  

3.5.2 Optimization of Experimental Parameters 

To optimize the experimental parameters for the removal of Cr (VI), all the 

parameters were varied one by one keeping the other parameters constant. 
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Effect of adsorbent dosage was determined by varying the dosage from 0.5 to 7 

g/L. Other parameters include initial concentration of Cr (VI) 100 mg/L, pH 2.0, 

contact time of 120 minutes, temperature 25oC and RPM 150.  

Effect of pH was investigated by varying the pH value from 1.5 and 9. Other 

parameters include the initial concentration of Cr (VI) 100 mg/L, adsorbent dosage 2 

g/L, contact time of 120 minutes, temperature 25oC and RPM 150.  

Effect of contact time was varied from 0 to 360 minutes during which samples 

were analyzed at different time intervals (5, 15, 30, 60, 90, 120, 180, 240, 300, and 

360 minutes). Other parameters include the initial concentration of Cr (VI) 100 mg/L, 

adsorbent dosage 2 g/L, pH 2.0, temperature 25oC and RPM 150.  

Effect of initial Cr (VI) concentration and temperature was investigated by 

varying the initial concentration of Cr (VI) i.e., 10, 20, 50, 100, 150, 200, and 250 

mg/L and temperature 25oC, 35oC, and 45oC respectively. Other parameters include 

adsorbent dosage 2 g/L, pH 2.0, contact time 120 minutes, and RPM 150. 

For comparison purpose, two commercially available activated carbons, 

commercial activated carbon (CAC) and lab grade activated carbon (LAC) were also 

analyzed under optimized conditions.  

3.5.3 Adsorption Kinetic Studies 

To quantitatively assess the trap of Cr (VI) by adsorbent,  two well recognized 

kinetic models, i.e., Pseudo-first order (PFO) kinetic model and Pseudo-second order 

(PSO) kinetic model were used  

qt =  qe(1 −  e−k1t)       (3) 

qt =  
qe

2∗ k2∗t

1+ qe∗k2∗t
        (4) 

in which qe (mg/g) and qt (mg/g) represent the amount of Cr (VI) adsorbed at 

equilibrium and at time t, respectively. K1 (min-1) and k2 (g/mg/min) are the 

respective rate constants.  
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3.5.4 Adsorption Isotherm Studies 

Two well-known isotherm models, i.e., Langmuir Isotherm model and Freundlich 

Isotherm model were employed to quantify the adsorption data. These models predict 

the single and multilayer adsorption respectively. 

     qe =  
qmax∗ KL∗Ce

1+ KL∗Ce
        (5) 

     qe =  KF ∗  Ce
1

nF
⁄         (6) 

in which qmax (mg/g) represents the uptake capacity of adsorbate onto the adsorbent. 

KL represent the energy constant,1/nF is the coefficient related to sorption intensity, 

and KF is the coefficient correspond to adsorption capacity (mg/g). 

3.5.5 Thermodynamic Parameter 

To further investigate the influence of temperature on adsorption capacity, the 

thermodynamic parameters (∆G°, ∆H°, ∆S°) were estimated by using these equations. 

∆G° =  ∆H° − T∆S°        (7) 

∆G° =  −RT ln kc        (8) 

Kc =  
qe

ce
⁄         (9) 

ln Kc =  −(∆H°
R. T⁄ ) + ∆S°

R⁄        (10) 

where, T (k) is the absolute temperature, R (J/(mol.k)) is the universal gas constant, kc 

(L/g) is the equilibrium constant, and ∆G°, ∆H°, ∆S° represent the standard free 

energy, enthalpy, and entropy changes respectively.  

3.5.6 Regeneration Studies 

Regeneration experiments were also implemented after adsorption of Cr (VI) onto 

the adsorbent. The Cr (VI) packed adsorbent was compiled by filtering the adsorption 

experiment suspension and then placed in 1M NaOH solution for desorption while 

being meticulously stirred for 12 hours. After stirring, the adsorbent was separated 

from the NaOH solution and washed numerous times with distilled water before being 

dried overnight at 105oC. Adsorption experiments were performed as described 

earlier. The adsorption-desorption experiments were performed several times.  
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CHAPTER 4 

4. RESULT AND DISCUSSION 

4.1 Characterization of Raw and Activated biochar 

The characterization of all the raw and activated biochar samples were performed 

and the results are presented here. Characterization of commercial ACs were also 

performed and presented. 

4.1.1 Proximate Analysis 

Raw biochar (WSBC, WTBC, (WS/WT)BC) was largely comprised of fixed 

carbon followed by volatile matter, and ashes content (Table 1). Among all char 

samples, WTBC has the highest fixed carbon which is attributed to higher fixed 

carbon content in WT feedstock (Khan et al., 2020). On the other hand, ash content is 

highest in WSBC which associated with the composition of WS feedstock. 

Agriculture residues are constituted of metallic content that contributes to ash 

formation (Khan et al., 2021). Moreover, the highest volatile content in WSBC might 

be an indication of inefficient decomposition of WS compared to WT during 

pyrolysis. It is pertinent to mention that the volatile content, calculated through 

characterization, in co-pyrolytic char (WS/WT)BC) was lower than its theoretical 

calculated value using rule of mixture. Similarly, the fixed carbon content (70.20) was 

also higher than the theoretical calculated value (57.80). These observations testify 

the synergistic reactions between the two feedstocks leading to enhanced 

decomposition of WS in presence of WT compared to pyrolysis of WS alone. After 

chemical activation with KOH, volatile matter of WSBC samples decreased from 

26.9% in the range (15.6% to 23.81%) and ashes content decreased from 25.5% in the 

range (10.2% to 17.8%) concentrating the fixed carbon (52.41% to 67.1%). Similar 

trends were also observed for AC samples of WTBC and (WS/WT)BC) as shown in 

Table 1. These results are in line with the findings reported by Dias et al. 2020 (Dias 

et al., 2020). Moreover, the higher activation temperature i.e., 700oC and the increase 

in concentration of KOH(1:1, 1:3, 1M, 3M) leads to greater loss of volatile matter 

(Pellera et al., 2012). These results are consistent with BET results as removal of 

greater fraction of VM increases the surface area specifically for WSKOH 1:3 (Table 

3). 
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Table 1: Proximate analysis of raw biochar and activated carbons (ACs 

Adsorbents Parameters 

 
M.C 

(%) 

V.M 

(%) 

Ash 

(%) 

F.C 

(%) 

WSBC 2.2 26.9 25.5 45.4 

WTBC 1.6 13.1 15.19 70.20 

(WS/WT)BC 1.10 17.6 17.30 64.00 

WSKOH 1:1 5.94 18.31 15.23 60.52 

WSKOH 1:3 7.10 15.6 10.2 67.1 

WS-KOH1M 5.98 23.81 17.8 52.41 

WS-KOH3M 9.2 21.0 14.7 55.1 

WTKOH 1:1 6.71 11.2 11.25 70.84 

WTKOH 1:3 7.08 9.59 6.92 76.41 

WT-KOH1M 5.94 11.37 14.19 68.5 

WT-KOH3M 7.09 9.65 8.1 75.16 

WS/WTKOH 1:1 5.13 15.94 13.23 65.7 

WS/WTKOH 1:3 8.73 12.13 11.1 68.04 

WS/WT-KOH1M 5.62 16.05 15.07 63.26 

WS/WT-KOH3M 9.05 11.27 11.78 67.9 

 

4.1.2 Ultimate Analysis 

Elemental analysis of raw biochar (WSBC, WTBC, (WS/WT)BC) and ACs 

prepared by KOH activation are presented in Table.2. The results indicated that 

carbon content in WSBC, WTBC, and (WS/WT)BC is 63.24%, 75.21%, and 68.95% 

respectively. After activation, the carbon content increased (Table 2) revealing that 

KOH activation accelerated the carbonization of raw biochar. The increase in 

temperature during activation could be another reason for the increase of relative C 

content (Shahrokhi-Shahraki et al., 2021). Similarly, the oxygen content also 

increased indicating that KOH activation increased the oxygen containing functional 

groups (H. Jin et al., 2014). The aromaticity and polarity of the adsorbents are 

demonstrated by the H/C and (O+N)/C molar ratios, respectively. The H/C and 

(O+N)/C values for raw biochar and ACs are also presented in Table 2. The lower 

H/C values indicate that ACs own high aromaticity and carbonization, making them 
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efficient adsorbent materials. Similar results were also reported by Qin et al.2022 (Qin 

et al., 2022). ACs have higher polarity index (O+N)/C as compared to raw biochar, 

implying that ACs  contain more polar functional groups that aid in heavy metal 

adsorption (N. Zhao et al., 2017b). From Table 2, WSKOH 1:3 acquire higher polarity 

index (0.314) as compared to other ACs. These results are also supported by FTIR 

analysis as discussed in section 4.1.5.  

Table 2: Elemental composition of Raw Biochar and Activated Carbons 

Adsorbents Parameters 

 
C 

(%) 

H 

(%) 

N 

(%) 

S 

(%) 

Oa 

(%) 

H/C 

(%) 

(O+N)/C 

(%) 

WSBC 63.24 0.77 0.59 0.05 9.86 0.144 0.250 

WTBC 75.21 1.81 0.62 2.3 4.87 0.286 0.104 

(WS/WT)BC 68.95 1.12 1.75 1.18 9.7 0.19 0.179 

WSKOH 1:1 71.07 0.52 1.33 0.73 11.12 0.086 0.251 

WSKOH 1:3 73.6 0.24 1.04 0.52 14.4 0.038 0.314 

WS-KOH1M 67.28 0.26 1.59 0.67 12.4 0.046 0.296 

WS-KOH3M 69.58 0.63 1.68 0.61 12.8 0.107 0.295 

WTKOH 1:1 77.36 0.61 0.54 1 9.24 0.093 0.191 

WTKOH 1:3 81.21 0.5 0.71 1.2 9.46 0.073 0.187 

WT-KOH1M 74.03 0.75 1.33 0.89 8.81 0.120 0.191 

WT-KOH3M 78.38 0.9 0.8 1.1 10.72 0.136 0.219 

WS/WTKOH 1:1 72.47 0.31 1.88 0.44 11.67 0.050 0.258 

WS/WTKOH 1:3 77.76 0.51 1.42 0.21 9 0.078 0.185 

WS/WT-KOH1M 69.71 0.71 1.09 0.11 13.31 0.121 0.0.306 

WS/WT-KOH3M 74.04 0.51 1.35 0.16 12.16 0.082 0.263 

acalculated by the difference method 
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4.1.3 BET Analysis 

To optimize the adsorbent for Cr(VI) adsorption, BET analysis of raw and AC 

samples were conducted prepared by two different methods i.e., wet activation and 

dry activation. Table 3 shows the physical characteristics of raw and AC samples. The 

BET surface area (SBET) of WSBC, WTBC, and (WS/WT)BC is 5.37 m2/g, 20.37 

m2/g and 11.89 m2/g respectively. After KOH activation at 700oC, the surface area of 

samples prepared with wet activation are as follows WS/WT-KOH1M > WT-KOH3M > 

WS/WT-KOH3M > WT-KOH1M > WS-KOH3M > WS-KOH1M. Whereas, the SBET of 

dry activation are as follows WSKOH 1:3 > WSKOH 1:1 > WTKOH 1:3, WTKOH 

1:1 > WS/WTKOH 1:1 > WS/WTKOH 1:3. The SBET of activated samples are much 

higher than their respective raw biochar, suggesting that ACs provide greater contact 

area and more adsorption sites for Cr (VI) adsorption. The total pore volume also 

increased after activation which could be due to the change in pore size distribution 

(H. Jin et al., 2014). The increase in SBET, and pore volume after activation indicate 

that KOH activation is conducive to enhance the surface properties of BCs (He et al., 

2019). The WSKOH 1:3 owned the highest surface area (529.48 m2/g) and pore 

volume (0.282 cm3/g) compared to other ACs proposing that WSKOH 1:3 provide 

greater interaction area and more adsorption sites for the uptake of Cr (VI) (Zhu et al., 

2018). Furthermore, the samples prepared with Wet activation possess low surface 

area (8.22 m2/g – 41.38 m2/g) as compared to the values found in literature 

(Aghababaei et al., 2017). Since most of the previous studies used biomass rather than 

biochar therefore the hydrophobicity (low atomic O/C value) of the biochar used in 

this study could explain the low surface area which impeded the diffusion of solution 

into solid biochar (di Stasi et al., 2019). The O/C values for WSBC, WTBC, and 

(WS/WT)BC are 0.11, 0.048, and 0.083 respectively. In case of (WS/WT)BC 

activated samples, the SBET decreased with the increase of KOH concentration (for 

both activation methods). This could be due to the collapse of structure of 

(WS/WT)BC at higher KOH concentrations (C. Wang et al., 2021). The SBET CAC 

and LAC is 819.32 m2/g and 301.92 m2/g respectively.  
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Table 3: N2 Physical adsorption parameters of Raw and AC samples 

Sample Parameters 

 SBET 

(m2/g) 

Pore Width 

(nm) 

Pore Volume 

(cm3/g) 

WSBC 5.37 11.44 0.006 

WTBC 20.97 3.46 0.0181 

(WS/WT)BC 11.89 3.52 0.0129 

WSKOH 1:1 134.37 1.85 0.112 

WSKOH 1:3 529.48 1.19 0.282 

WS-KOH1M 8.22 4.15 0.018 

WS-KOH3M 14.84 10.63 0.039 

WTKOH 1:1 47.60 12.79 0.235 

WTKOH 1:3 79.441 12.8 0.262 

WT-KOH1M 16.23 11.69 0.057 

WT-KOH3M 28.35 12.0 0.072 

WS/WTKOH 1:1 41.38 3.63 0.092 

WS/WTKOH 1:3 37.75 2.90 0.087 

WS/WT-KOH1M 34.09 12.225 0.083 

WS/WT-KOH3M 27.23 12.23 0.068 

CAC 819.32 1.06 0.43 

LAC 301.91 1.85 0.175 

 

The N2 adsorption-desorption isotherms are presented in Figure 5. The isotherms of 

WSKOH 1:3 and WSKOH 1:1 increased speedily at (P/Po ≤ 0.08) and become 

horizontal after relative pressure (P/Po ≥ 0.14) Fig 5(a). Similarly, the isotherm of 

CAC increased quickly at P/Po ≤ 0.05 and become horizontal after (P/Po ≥ 0.165) Fig 

5(g). According to IUPAC classification, these trends are consistent with Type I 

isotherm and suggest that large no. of micropores and some mesopores are present on 

the surface of WSKOH 1:1, WSKOH 1:3, and CAC (Wu et al., 2022). The H4 

hysteresis loops present in the N2 adsorption-desorption curves also revealed the 

existence of narrow pore on the surface of WSKOH 1:1 and WSKOH 1:3 and CAC 

(Gopinath et al., 2021). Moreover, all other samples of WSBC, WTBC, and 
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(WS/WT)BC Fig. 5(a,c,e) show Type IV isotherms with H3 hysteresis rings 

suggesting that mesopores are present on their surfaces (Qin et al., 2022). 

According to Non-Local Density Functional theory (NLDFT), pore size distribution 

of all samples is presented in Fig 5(b,d,f,h). For WSKOH 1:3 and CAC the pore size 

is distributed largely in the range 0 - 2.5 nm clearly indicative of the presence of 

abundant micropores for these samples. Micropores can provide large no. of active 

sites whereas mesopores could help in heavy metal transfer (H. Ma et al., 2019). The 

WSKOH 1:1 and LAC also present micropores however are abundant in mesopores 

Fig. 5(b,h). The pore size for all other samples lies between 2 - 20 nm implying the 

presence of mesopores. The large surface area of WSKOH 1:3 is comparable to other 

commercially available ACs typically ranging from 500 to 2000 m2/g (Duan et al., 

2019).    
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Figure 5: Nitrogen adsorption-desorption isotherms of activated samples (a) WSBC 

(c) WTBC (e) (WS/WT)BC (g) CAC and LAC and Pore size distribution of activated 

samples (b) WSBC (d) WTBC (f) (WS/WT)BC (h) CAC and LAC. 

4.1.4 SEM-EDS Analysis 

The morphologies of pristine and activated biochar were examined using scanning 

electron microscopy. Elements present on the surface of these biochar were also 

examined using EDS. The pristine BC exhibited aggregated morphology with some 

irregularly distributed pores. After KOH activation at 700oC, the WSKOH 1:3 

presented well-developed porous structure Fig. 6(b) which increased the specific 

surface area and provide abundant active sites for adsorption of Cr (VI). Similar 

observations have been reported by He et al. 2019 (He et al., 2019). SEM of CAC and 

LAC were also performed for comparison and results revealed visibly smooth and flat 

structure with small pores on the surface of CAC whereas LAC has blocky structure 

(Fig. 6c-d). After Cr (VI) uptake, small particles were observed on the surface of 

WSKOH 1:3 as depicted from Fig. 6(e). These observations have been in line with the 

results of EDS where Cr(VI) anchored on the surface of WSKOH 1:3 (Table 4b). 
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Other common elements include C and O whereas trace elements of Si and N are also 

present.  

       

                     

Figure 6: SEM images of raw and AC samples before and after Cr (VI) removal (a) 

WSBC (b) WSKOH 1:3 (c) CAC (d) LAC (e) WSKOH 1:3 after Cr(VI) uptake 

Table 4: EDS of WSKOH 1:3 (a) before and (b) after Cr(VI) adsorption 

               (a)                  

 

 

 

 

 

             (b) 

 

 

 

Elements Weight (%) Atomic (%) Error (%) 

C 71.2 79.8 10.2 

O 21.2 17.8 13.2 

Si 2.4 1.2 6.1 

K 0.8 0.3 10.7 

Fe 1.3 0.3 13.8 

Zn 3.1 0.6 5.1 

Elements Weight (%) Atomic (%) Error (%) 

C   62.1 71.6 12.9 

O   24.7 21.4 17.8 

Si 3.8 1.9 10.6 

K   0.9 0.3 26.5 

N 3.5 3.5 100 

Cr 4.9 1.3 12.8 
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4.1.5 FTIR Analysis 

The FTIR spectra reflects the surface functional groups of WSBC, WTBC, 

WS/WT(BC) and the prepared AC (Fig. 7). The peaks in the range of 3450 cm-1 - 

3200 cm-1 correspond to the  ̶ OH stretching vibrations of hydroxyl group (H. Zhang 

et al., 2020). Similarly, the peaks around 1750 – 1540 cm-1 correspond to the 

carboxylic group (C=O) and peaks at 1600 – 1450 cm-1 attributed to the aromatic 

C=C group (Shahrokhi-Shahraki et al., 2021). After activation, the strength of the 

peaks for all AC samples enhanced significantly as compared to their respective 

biochar samples, indicating that KOH activation is favorable for increasing surface 

functional groups of biochar (Yueyue Shi et al., 2020). The bands at 2923 cm-1 and 

2913 cm-1 for WSBC and (WS/WT)BC and prepared AC samples represent C-H 

stretch of alkane group (M. Azharul Islam et al., 2015) (Fig 7a,c). The peaks around 

1047 cm-1 for WS samples, 1020 cm-1 for WS/WT samples and 1013 cm-1 for WT 

samples represent C-O stretching in alcohols, and phenols (Kołodyńska et al., 2017). 

CAC, and LAC were also analyzed for FTIR spectrum and present peaks at 3440 cm-

1, 2921 cm-1, 1630 cm-1 and 1068 cm-1 corresponded to  ̶ OH, C ̶ H stretch of alkanes, 

C=O, and C ̶ O stretch respectively (Fig 7d). After KOH modification, the rich 

oxygen containing functional groups such as -COOH, -OH, and -OCH3 gets 

positively charged in the acidic environment and attract the negatively charged Cr(VI) 

ions like HCrO4
-and Cr2O7

2- (X. Zhang et al., 2018). Moreover, the peak value of 

2335 cm-1 for WSKOH 1:3, CAC and LAC related to CO2 absorption (Shan et al., 

2020). After adsorption of Cr (VI), the peaks of WSKOH 1:3 are either shifted to a 

new position or become weaker as depicted from Fig. 7d which might be due to the 

formation of complex between functional groups and Cr (Hotová et al., 2020).  
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Figure 7: The FTIR spectrum of raw and activated samples (a) WSBC (b) WTBC (c) 

(WS/WT)BC (d) CAC, LAC, and WSKOH 1:3 after adsorption. 

4.1.6 XRD Analysis 

The XRD analysis was performed to investigate the crystallite morphology of 

the adsorbents. The XRD patterns of raw biochar and the samples prepared with dry 

activation method obtained in the 2θ range of 10° to 80° are presented in Fig. 8. It can 

be seen from Fig. 8(a,b,c) that all the samples present two broad peaks around 2θ = 

20° – 25° and 41° – 43° correspond to the (002) and (100) crystal planes which reflect 

the typical peaks of amorphous carbon with non-crystalline structures (Qiu et al., 

2019). The CAC and LAC also present broad peaks at 2θ = 23.85° and 43.23° 

(Fig.8d) which represent their amorphous nature. Moreover, the diffraction peaks of 

WSBC at 2θ = 28.03° and 40.35° are assigned to (200) and (220) crystal plans and of 

(WS/WT)BC at 2θ = 19.93°, 39.95°, and 56,65° correspond to the crystal planes of 

(020), (213), and (244) respectively which agree well with the database of KCl 

according to the JCPS card no. (41-1476) (Y. Wang et al., 2017). Similarly, the 

diffraction peaks at 2θ = 29.4° and 47.6° correspond to the crystal planes of (122) and 

(311) which agree well with amorphous structure of  SiO2 (JCPS card no. 01–089-
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8936) (Y. Xu et al., 2021). After KOH activation, the KCl peak disappear as shown in 

Fig. 8(a,c), the reason for the disappearance of KCl could be due the thermal reaction 

between KCl and BC (J. Xu et al., 2022).  

The crystallinity of raw biochar samples i.e., WSBC, WTBC, and (WS/WT)BC was 

30.06%, 31.08%, and 30.84% respectively. After KOH activation, the crystallinity of 

the samples i.e., WSKOH 1:3, WTKOH 1:3, and WS/WTKOH 1:3 reduced to 

28.28%, 24.85%, and 23.92% respectively as compared to raw samples. The decrease 

in crystallinity of AC samples indicate that the crystal structure of these samples 

damaged after alkali treatment due to which the stability of the structure changed (W. 

Wang et al., 2019). This have led to increase the porosity of theses samples that 

ultimately increased the adsorption capacity (K. Li et al., 2022). The crystallinity of 

CAC and LAC is 17.6% and 21.98% respectively. These results are consistent with 

SEM and BET analysis.  
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Figure 8:  XRD patterns of raw and AC samples (a) WSBC and WSKOH 1:3 (b) 

WTBC and WTKOH 1:3 (c) (WS/WT)BC and WS/WTKOH 1:3 and (d) CAC and 

LAC. 

4.1.7 Point of zero charge (PZC) 

The point of zero charge (PZC) is the pH of solution where net surface charge is 

zero. The pristine biochar present neutral to slight basic PZC for WS (7.74 ± 0.02), 

WT (8.36 ± 0.02) and WS/WT (7.33 ± 0.02) respectively (Fig. 9a,b,c). Higher PZC 

for these samples indicate that basic groups dominate on the surface of these biochar 

(Herath et al., 2021). After activation, the PZC of WSKOH 1:3 (Fig. 9d) decreased to 

4.87 ± 0.02. The washing process removed some of the ash content, hence decrease 

the PZC for WSKOH 1:3. Similar findings were also reported by (Dias et al., 2020). 

In a solution, pH below 4.87± 0.02 the surface of WSKOH 1:3 is positively charged 

and attract anionic ions. At solution pH above 4.87 ± 0.02 surface gets negatively 

charged and attract cations. Figure 9(e,f) illustrated that commercial activated samples 

(CAC and LAC) present similar PZC values to each other (6.71 ±0.02 and 6.85±0.02).  
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Figure 9: Point of zero charge (a) WSBC (b) WTBC (c) (WS/WT)BC (d) WSKOH 

1:3 (e) CAC (f) LAC. 

4.2 Activation Mechanism 

The logical mechanism for the porous structure of biochar after KOH activated 

pyrolysis process was listed as follows (Y. T. Li et al., 2015). 

6KOH + 2C                      2K + 2K2CO3 + 3H2    (11) 

K2CO3 + C                     K2O + 2CO     (12) 

K2O + C                     2K + CO      (13) 

K2CO3                     K2O + CO2     (14) 

2K + CO2                     K2O + CO      (15) 

With increasing pyrolysis temperature, KOH began to form crystals, while thermal 

polymerization and curing activity on biochar began concurrently (Dai et al., 2019). 

As a result, biochar was compelled to form a porous sphere structure with KOH 

crystals inserted and become fixed in the pores. By further increasing the pyrolysis 

temperature, crystal KOH particles vaporize, and react with biochar, and the 
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subsequent potassium compounds like K2CO3, K2O, and K further ruptured the 

biochar, exacerbating it to enlarge its surface area and inevitably replace the existing 

mesopores and macropores with new micropores. Diffusion of CO2, CO and other 

gases produced more micropores on the surface of activated carbon.  

4.3 Adsorption Results 

 In this section, adsorption results of Cr (VI) are presented.  

4.3.1 Cr(VI) Standard curve 

Diphenyl carbazide (DPC) standard method APHA 3500-CR was used for the 

detection of Cr (VI) using UV spectrophotometer. A red violet color indicates the 

presence of Cr (VI) ions in the solution. A calibration curve was prepared at λmax 

540 nm using concentrations of Cr (VI) from 0.1 mg/L to 0.5 mg/L. Fig. 10 showed 

the calibration curve and the equation with a correlation factor R2 0.9993.  

 

Figure 10: Standard curve of Chromium (VI)          

4.3.2 Selection of Efficient Adsorbent 

To evaluate the appropriate adsorbent for Cr (VI) adsorption, different adsorbents 

based on different activation methods including wet and dry activation were 

employed. The efficacy of these adsorbents was assessed based on Cr (VI) removal 

experiments. Figure 11 reveal the removal efficiency of different adsorbents. The 

removal efficiencies of WSBC, WTBC, and (WS/WT)BC are 16.29%, 35.39% and 

29.28%, respectively. Less removal efficiency in case of raw biochar could be due the 
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poor surface properties as can be seen from Table 3.  After wet activation, Cr VI) 

removal efficiency of WSBC increased with an increase in KOH concentration as 

shown in Fig.11. Similar trend was also observed for (WS/WT)BC. The reason for 

that could be the removal of organic debris present in the raw bio char (WSBC, 

(WS/WT)BC) after activation with KOH as reflected from the increased specific 

surface area (Table 3) similar findings was also reported by (X. Zhang et al., 2018). 

whereas in case of WTBC, removal efficiency tends to decrease with an increase in 

the concentration of KOH. 

In case of dry activation, the removal efficiency increased by increasing the KOH 

impregnation ratio (1:1, 1:3) for WSBC and (WS/WT)BC. In comparison to wet  

activation method, the removal efficiency is much higher in dry activation method 

and is well explained from the polarity of the adsorbents, BET, FTIR, and XRD 

results. The adsorbent (WSKOH 1:3) showed the maximum Cr (VI) removal 

efficiency of 99.56%. The better results for WSKOH 1:3 could be due to the huge 

increase in its surface area (529.481 m2/g). WTBC showed the similar trend of 

decreasing removal efficiency with the increase of biochar to KOH ratio. Based on the 

results of characterization phase and removal results, the WSKOH 1:3 adsorbent from 

dry activation method  was selected for further experimentation.  
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Figure 11: Types of Adsorbents used for removal of Cr (VI). Experimental 

conditions: Co = 20 mg/L; Adsorbent dosage = 1 g/L; pH = 2; Contact time = 120 

mins.  

4.3.3 Effect of Adsorbent dosage 

Adsorbent dose is a critical constraint influencing the adsorption capacity of an 

adsorbent under given adsorbate concentration and operating conditions. Figure 12 

represents the removal efficiency and adsorption capacity of Cr (VI) on WSKOH 1:3 

at different doses (0.5, 1, 2, 3, 5, 7 g). As the adsorbent dose increased removal 

efficiency also increases whereas adsorption capacity reduced. This increment was 

assigned to more active sites and large surface area for high adsorbent doses (Panda et 

al., 2017). It was noticed that removal efficiency increased rapidly when the adsorbent 

dose increased from 0.5 g to 2 gL-1 as compared to 2 to 7 gL-1. In comparison 

adsorption capacity tends to decrease with an increase in adsorbent dose. This trend 

was attributed to the fact that for a particular initial concentration of adsorbate 

available sites and surface area was larger and the intensity of adsorbate loaded onto 

the unit surface area was lower (Y. Zhao et al., 2013).  
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Figure 12: Effect of adsorbent dosage on Cr (VI) removal efficiency and uptake onto 

WSKOH 1:3. Experimental conditions: Co = 100 mg/L; Contact Time = 120 mins; 

pH = 2 

4.3.4 Effect of pH 

During adsorption process, solution pH can substantially influence ionization 

degree of adsorbate and functional groups on the surface of adsorbent (J. Li et al., 

2017). It is well established that Cr (VI) exists as soluble species HCrO4
-, Cr2O7

2- at 

PH <6 and CrO4
2- at PH > 7 (Qu et al., 2021). As depicted from Fig. 13 removal of Cr 

(VI) greatly depends on the solution pH. At pH 2.0 the removal efficiency was 

98.47% which then reduced to 39.66% as the pH value went up to 9.0. PZC of 

WSKOH 1:3 was 4.87 as shown in (Fig. 9d) point out that adsorbent is positively 

charged when pHsolution is less than 4.87 and exhibits electronegativity at pH above 

4.87. When pHsolution < PZC the surface charge of the adsorbent gets protonated and 

contributes for the uptake of negatively charged HCrO4
-, Cr2O7

2- due to electrostatic 

attraction (Qu et al., 2019). However, Cr (VI) uptake declined exceptionally at high 

pH values due the  electrostatic repulsive effect (Hu et al., 2020). Thus, contemplating 

the removal efficiency and chemical addition for pH adjustment, PH 2.0 was 

considered as optimum value for Cr (VI) adsorption.  
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Figure 13: Effect of pH on Cr (VI) removal efficiency and uptake of Cr (VI) onto 

WSKOH 1:3. Experimental conditions: Co = 100mg/L; adsorbent dosage = 2 g/L; 

time = 120 mins.  

4.3.5 Effect of Contact time 

To explore the adsorptive rate of Cr (VI), time reliant experiments were 

conducted. It can be seen from Fig. 14 that removal efficiency of WSKOH 1:3 

increased quickly removing more than 80% of Cr (VI) from solution during first 60 

minutes. High adsorption removal rates during first 60 minutes reveals large no. of 

active sites are available (Y. Ma et al., 2021). With more rise in the contact time the 

adsorption process decelerated and reached equilibrium after 120 minutes for 

WSKOH 1:3. Thus, further increase in contact time did not have any significant effect 

(Pellera et al., 2012) and 120 minutes were considered as equilibrium time for Cr (VI) 

removal.  
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Figure 14: Effect of contact time on Cr (VI) removal efficiency and uptake of Cr(VI) 

onto WSKOH 1:3. Experimental conditions: Co = 100 mg/L; adsorbent dosage = 2 

g/L; PH = 2.  

4.3.6 Effect of Cr (VI) Initial concentration 

The influence of several initial concentrations of Cr (VI) on adsorption capacity is 

shown in Fig. 15. It can be seen from figure that adsorption capacity increased from 

4.96 mg/g to 101.39 mg/g while removal efficiency(%) decreased from 99.35% to 

81.11% with an increase in initial concentration of Cr (VI) from 10 mg/L to 250 

mg/L. This increase in adsorption capacity results from higher pollutant i.e., Cr (VI) 

concentration, which offer higher driving force to overcome all mass transfer 

resistances, that ultimately result in high Cr (VI) adsorption (M. Azharul Islam et al., 

2015);(Kumar & Jena, 2017).  
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Figure 15: Effect of Initial concentration on Cr (VI) removal efficiency and uptake of 

Cr (VI) onto WSKOH 1:3. Experimental conditions: Adsorbent dosage = 2 g/L; PH = 

2 contact time = 120 minutes.   

4.4 Comparison with Commercial Activated Carbon 

Two commercial Activated carbon CAC and LAC were also used for comparison 

purposes with  WSKOH 1:3 to remove Cr (VI) at optimized conditions. The result 

showed that WSKOH 1:3 performed better with a removal efficiency of 98.47% as 

compared to 93.09% for CAC and 87.32% for LAC respectively. The results are 

shown in Fig. 16.  
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Figure 16: Comparison of WSKOH 1:3, CAC, and LAC. Experimental conditions: 

Initial Cr (VI) concentration = 100 mg/L, Adsorbent dosage = 2 g/L; PH = 2, contact 

time = 120 minutes.  

4.5 Kinetic and Isotherm Studies 

Adsorption of Cr (VI) was analyzed using the kinetic and isotherm studies.  

4.5.1 Adsorption kinetics 

  To quantitatively evaluate the adsorption kinetics and mechanism for 

adsorption the experimental data of WSKOH 1:3 was fitted by pseudo first order, and 

pseudo second order kinetic models. The fitted plots are shown in Fig. 17. Adsorption 

process of WSKOH 1:3 was  better fitted with pseudo second order kinetic model 

with correlation coefficient R2 of 0.98 as compared to the pseudo first order (R2= 

0.93) for WSKOH 1:3. The calculated values of adsorption capacity (mg/g) were 

close to the experimental values as depicted from Table 5. Therefore, these results 

proposed the adsorption of Cr (VI) onto the porous adsorbent was subjugated by 

chemisorption by sharing or exchanging of electrons between adsorbents and Cr (VI) 

(Shan et al., 2020).  
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Figure 17: Adsorption kinetics fitted plots of WSKOH 1:3. 

Table 5: Kinetic model Parameters for adsorption of Cr (VI). 

 Pseudo-first order 

Model 

Pseudo-second order 

Model 

 

Adsorbent 

qe, exp. 

(mg/g) 

qe, cal. 

(mg/g) 

K1 

(min-1) 
R2 

qe, cal. 

(mg/g) 

K2 

(g mg-1 min-1) 
R2 

WSKOH 

1:3 
48.04 45.17 0.23 0.93 47.13 0.0075 0.98 

qe, exp. – qe, experimental; qe, cal. – qe, calculated 

 

4.5.2 Adsorption Isotherms 

The Langmuir and Freundlich isotherm models were used to quantitatively 

analyze the adsorption performance of Cr (VI) by WSKOH 1:3 (Fig 18). Data were 

fitted by nonlinear regression using Origin Pro 2021 Software. Results presented in 

Table 7 have shown that Freundlich isotherm model better describe the adsorption of 

Cr (VI) by WSKOH 1:3 with a higher correlation coefficient of (0.981, 0.966, 0.990) 

as compared to Langmuir isotherm model (0.935, 0.941, 0.943) under each 

temperature. Freundlich isotherm suggested that the uptake of Cr (VI) occurred on the 

multifaceted surface of adsorbent, succeeding in multilayer adsorption on the surface 
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of binding sites between surface functional groups of WSKOH 1:3 and Cr (VI) (N. 

Zhao et al., 2017b) . The 1/nF value of Freundlich isotherm model was less than 1 and 

proposed that the adsorption of Cr (VI) onto the WSKOH 1:3 was favored by 

chemical adsorption (Yueyue Shi et al., 2020). Moreover, the maximum Langmuir 

uptake(qmax) of WSKOH 1:3 for Cr (VI) was estimated to be 96.08 mg/g at 25oC 

which is comparable to other adsorbents previously reported as shown in Table 6.  

Table 6: Summary of different activated carbons for Cr (VI) uptake. 

Raw material Activating 

Agent 
 

SBET 

(m2/g) 

Adsorption 

capacity of 

Cr(VI)(mg/g) 

pH References 

Waste Tire H3PO4 4.07 102.90 2.0 
(Sivaraman et 

al., 2022) 

Corn Stalk KOH 498 89.5 4.5 
(J. Zhao et al., 

2020b) 

Apple peels H3PO4 - 36.01 2.0 
(Enniya et al., 

2018) 

Eucalyptus 

camaldulensis 

sawdust 

H3PO4 217.14 104 3.0 
(Haroon et al., 

2020) 

Mixed waste 

tea 
- 13.86 94.34 2.0 

(Cherdchoo et 

al., 2019) 

Wheat straw KOH 529.48 96.08 2.0 This study 
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Figure 18: Adsorption Isotherms of WSKOH 1:3. 

Table 7: Adsorption Isotherm parameters 

 Langmuir parameters Freundlich parameters 

Adsorbent 

 

T 

(oC) 

 

qmax 

(mg/g) 

 

KL 

(L/mg) 

 R2 1/nF 

 

kF 

(mg/g)(L/mg)1/n 

 R2 

W
S

K
O

H
 1

:3
 25 96.082 0.314 0.935  0.339 27.441 0.98 

35 97.657 0.700 0.941 0.319 32.838 0.96 

45 101.109 0.776 0.943 0.293 40.619 0.99 

 

4.6 Thermodynamic parameters 

Thermodynamic analysis was performed to understand the mechanism involved in 

the adsorption of Cr (VI) onto the adsorbent (WSKOH 1:3). The thermodynamic 

parameters (∆G°, ∆H°, ∆S°) was investigated in the temperature range of 25oC to 

45oC. Results are tabulated in Table 8. The negative values of ΔG for WSKOH 1:3 at 

all temperatures indicate that the adsorption process is impulsive (Fan & Zhang, 

2018). However, the absolute value of ΔG increases with the increase in temperature, 

suggesting that increase in temperature favors the spontaneous reaction (H. Ma et al., 
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2019). The positive value of ΔH for Cr(VI) uptake indicates that Cr(VI) capture by 

WSKOH 1:3 was an endothermic process (M. J. Ahmed et al., 2019). The adsorption 

type can be split into physical adsorption (2.1–20.9 kJ/mol) and chemical adsorption 

(20.9–418.4 kJ/mol) based on the value of ΔH (C. Sun et al., 2012). Form Table 8, the 

value of ΔH is 35.89 kJ/mol indicating that adsorption of Cr (VI) by WSKOH 1:3 was 

chemical adsorption. These findings are consistent with isotherm studies. 

Furthermore, the positive value of ΔS indicates the increased randomness at the 

solid/liquid interface during the adsorption of Cr (VI) on WSKOH 1:3 (B. Chen et al., 

2019).   

Table 8: Thermodynamic parameters for Cr (VI) onto WSKOH 1:3 

T 

(oC) 

∆G° 

(KJ/mol) 

∆H° 

(KJ/mol) 

∆𝑆° 

(KJmol-1k-1) 

25 -14.249 35.89 0.1692 

35 -16.777   

45 -17.596   

  

4.7 Regeneration Studies 

The reusability of the adsorbent is an important factor in determining its practical 

application in industry (Xie et al., 2019) . Adsorption of Cr (VI) is highly dependent 

on pH of the solution and difficult to desorb with acidic reagents. Results of Cr (VI) 

adsorption-desorption are depicted in  Fig. 19 and indicate that removal of Cr (VI) 

using regenerated WSKOH 1:3 maintained over 65% after first three cycles. While 

decreased to 48.98% after fourth cycle. Meanwhile the desorption efficiency was far 

less than that of adsorption. It decreased from 74.77% after first cycle to 26.795% 

after fourth cycle. Results concluded that strong chemosorption of Cr (VI) occur on 

the adsorbent surface (Guo et al., 2018). Decrease in adsorption-desorption 

efficiencies during each cycle could be due to the blockage of pores and hard 

desorption of complex between functional groups and Cr (VI), which ultimately 

reduce the active sites on the surface of adsorbent (Qu et al., 2021). Overall, results 

suggested WSKOH 1:3 to be dependable adsorbent and can be applied for practical 

application.  
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Figure 19: Regeneration performance of WSKOH 1:3. Experimental conditions: Co = 

100mg/L; T = 25oC; Adsorbent dosage = 2g/L  

4.8 Mechanism of Cr (VI) Adsorption 

Adsorption experiments were performed to understand the mechanism involved 

for the removal of Chromium (VI). Removal of Chromium (VI) from aqueous 

solution depends on the pH of the solution. The maximum removal percentage 

achieved in this study was at pH 2 and was selected as optimum pH. In acidic 

conditions, the functional groups present on the surface of the adsorbent such as 

hydroxyl group (-OH), carboxyl group (COOH) get protonated and adsorb the 

negatively charged chromium species. Moreover, at pH < 3 the dominant form of 

chromium is HCrO4
- and require only singular site for adsorption whereas, at pH > 3 

the dominant forms of chromium are Cr2O7
2-, CrO4

2- which require at least two 

exchangeable sites for adsorption. This electrostatic phenomenon was well supported 

by the kinetic and isotherm studies where Pseudo second order (PSO) kinetic model 

and Freundlich Isotherm model better fit the experimental data revealing that the 

adsorption process is controlled through chemisorption. SEM of the adsorbent 

WSKOH 1:3 after uptake of Chromium (VI) had a blocky structure as shown in Fig. 

6(b) which might be due to the uptake of Chromium (VI). This is also confirmed by 
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EDS results (Table 4a,b). Moreover, the FTIR curves of WSKOH 1:3 after uptake of 

Cr (VI) as shown in Fig. 7(d) clearly indicate a shift of the curve after binding of Cr. 

This could be due to the complexation (Eqs.(16) - (17)) between adsorbent active sites 

and Cr. Ion exchange (Eq.18) process was also involved in the adsorption process. 

Thus, overall mechanism of Cr(VI) adsorption onto WSKOH 1:3 involve chemical 

adsorption i.e., Ion exchange, electrostatic attraction, and complexation between 

functional groups on the surface of adsorbent and chromium. 

R – COO–  + Cr6+                    R – COO–….Cr6+     (16) 

R – O–  + Cr6+                               R – O–….Cr6+     (17) 

R – COOH + Cr6+                    R – COO–….Cr6+ + H+    (18) 
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CHAPTER 5 

5. Conclusion 

5.1 Conclusion 

In this study, different feedstocks (WS, WT, WS/WT) were employed to prepare 

biochar that was chemically activated by two different activation methods for the 

adsorption of Cr (VI). The results showed that WSKOH 1:3 prepared by dry 

activation, possessed larger specific surface area (529.48 m2/g), more active sites, and 

well-developed porous structure as compared to other activated carbon samples 

prepared by both dry and wet activation methods. When pH value is 2, the removal 

efficiency of Cr (VI) from WSKOH 1:3 reached 98.47% which is higher than other 

prepared activated samples and commercial AC (CAC and LAC). The adsorption data 

better fitted the PSO kinetic model and Freundlich isotherm model. The 

thermodynamic studies showed that adsorption of Cr (VI) onto WSKOH 1:3 was 

spontaneous and endothermic in nature. Further investigation into Cr (VI) removal 

revealed that electrostatic attraction, ion exchange, complexation of cr species with 

WSKOH 1:3, and reduction of Cr (VI) to Cr (III) are the primary mechanisms of Cr 

(VI) binding on the surface of WSKOH 1:3. Overall, the WSKOH 1:3 proved to be a 

promising adsorbent for the removal Cr (VI) from water. 
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