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ABSTRACT 

An agricultural byproduct, wheat straw, was chemically modified by alkaline treatment 

and succinylation, followed by sodium carbonate treatment as the adsorbents for cadmium and 

nickel. The adsorption capacities were calculated under different conditions. The experimental 

parameters such as adsorbent dose, initial metal concentrations, and solution pH, were studied. 

The adsorbents were characterized by FTIR (Fourier-Transform Infrared Spectroscopy) to 

investigate the changes of surface functional group. The optimum adsorption percentage of 

cadmium (> 99.0%) and nickel (> 98.0%) was achieved when using 5 g/L as adsorbent dose and 

50 mg/L as initial concentration. The adsorption competition between cadmium and nickel was 

investigated. The result shows that cadmium affected nickel adsorption more than nickel did on 

cadmium. The kinetic study shows that the adsorption of cadmium and nickel on modified wheat 

straw follows the pseudo-second order kinetics and the adsorption isotherm follows the Langmuir 

mono-layer adsorption model.  

KEYWORDS: Cadmium, Nickel, Adsorption Isotherm, Adsorption Kinetics, Succinylation, 

Agricultural Byproduct 
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CHAPTER 1  INTRODUCTION 

The contamination of water by cadmium and nickel has gained increasing concerns from 

the human society as it caused severe environmental problems and posed threats to the public 

health [1]. Cadmium and nickel are toxic and cancerogenic if ingested or inhaled by human beings. 

Pollution by cadmium and nickel is becoming an environmental issue due to the development of 

modern industry. Cadmium and nickel can be found in zinc processing plants, recycling of 

industrial waste, electronic waste, pigments, and other sources. Amongst these, spent nickel-

cadmium batteries are one of the most significant sources of heavy metal pollution [2]. Therefore, 

over the last two decades, various researches have been reported and different methods have been 

developed to mitigate or eliminate the impact of cadmium and nickel pollutions from the 

environment and human health [3-7].  

Methods of treating spent Ni-Cd batteries use pyrometallurgy and/or hydrometallurgy [3]. 

Because of the requirement of high energy input and the limitation of control in pyrometallurgical 

methods, hydrometallurgical treatment methods are comparatively more environmentally friendly 

and feasible [2]. Hydrometallurgical methods based on acid leaching, solvent extraction, ion 

exchange, electrowinning, and biohydrometallurgy have been reported [1]. Some of the proposed 

methods include ion-exchange resins, mercerized cellulose, synthesized polymers, and other 

complex compounds [8]. Despite high efficiency of Ni2+ and Cd2+ adsorption, these materials are 

costly and difficult to obtain. This study focuses on finding a less expensive adsorbent that can 

effectively recover cadmium and nickel from aqueous solution. Biomass and other cellulose-based 

materials are both common and promising; other researchers have successfully used succinylation 

of cellulose in the adsorption of metal cations [9-11]. Agricultural byproducts such as maize straw, 
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corn cobs, pineapple peels, olive stones, crab shell and gram husk, have been investigated to 

remove Cd2+ and Ni2+ from aqueous solutions in recent years [12-17].  

Wheat straw, as a major type of agricultural waste, is produced in large quantities 

throughout the world, and its disposal or reutilization has become a great concern. Large amounts 

of the hydroxyl and the carboxyl groups in the structure of wheat straw make it susceptible to 

various chemical reactions and enable modified wheat straw to adsorb metals [12]. Succinylation 

is one of the methods to chemically modify the wheat straw and make it favorable to the adsorption 

of metals. The vicinal carboxyl groups of succinate are able to rotate freely to accommodate large 

cations, thus making it possible to adsorb heavy metals such as Cd2+ and Ni2+ [11].  

In the present study, wheat straw was treated with succinic anhydride to introduce 

carboxylic groups on to the surface. After succinylation, proton from carboxylic group was 

substituted by Na+ to facilitate the adsorption of Cd2+ and Ni2+. The effect of pH, adsorbent dose, 

contact time, initial metal concentration and the ratio of Cd to Ni (Cd:Ni), and materials from 

different intermediate treatment steps on the adsorption efficiency were investigated. The 

adsorption kinetics and adsorption isotherms were modeled. In addition, the dynamic adsorption 

was studied using adsorption column in order to provide a more comprehensive idea for further 

scale-up applications. 
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CHAPTER 2  LITERATURE REVIEW 

2.1  Contamination of Cadmium and Nickel 

With the accelerating development of modern industries, mining and mineral processing 

have become an indispensable source of significant metals yet has also posed severe issues of 

heavy metal contaminations to the environment. In China, there are several thousand metal-based 

ore mines either abandoned or under operation. Mining activities have generated about 1,500,000 

ha (1 ha = 10,000 m2) of wasteland in China and have been continuously increasing at a rate of 

46,700 ha per year [18]. Without the proper treatment of this large quantities of mine waste, mining 

activities would have led not only to severe contamination of soil, sediments, plants, and drinking 

water in the vicinity of the mine, but also to health problems of people living downstream of the 

mine.  

 

  



 

 

 12

 

Figure 1.  Cadmium and lead pollution in Shangba Village, Guangdong, China, 1970s.  

 Figure 1 shows the cadmium and lead contamination in a river as a result of mining 

activities by Guangdong Dabaoshan Mining Cooperation. Shangba Village is located 

approximately 16 to 18 km south of the Dabaoshan Mine region, where the Hengshi River 

originates and flows past the village. The river therefore delivers significant quantities of heavy 

metals to numerous villages in the vicinity. After about 30 years of exposure to these metals, some 

local residents in the Hengshi River area have begun to acquire upper gastrointestinal diseases 

such as esophageal and stomach cancer [19]. As reported, over 250 people died of cancer in the 

village dated from 1987 because of the drinking water pollution by cadmium and other heavy 

metals.  
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2.1.1  Source of Cadmium and Nickel 

Cadmium (Cd, atomic number 48, molar mass 112.41 g/mol) is an element that is soft, 

ductile, lustrous, and with silvery white color, located at the end of the second row of transition 

elements [20]. The common oxidation state of cadmium is +2, but it also exists in the +1 state. 

When burned in air, cadmium reacts with oxygen and forms cadmium oxide (CdO). It can be easily 

dissolved in hydrochloric acid, sulfuric acid, and nitric acid to form cadmium chloride (CdCl2), 

cadmium sulfate (CdSO4), and cadmium nitrate (CdNO3). Naturally, cadmium can be found in 

mineral forms of greenockite, which is the main cadmium ore [21]. In the periodic table, cadmium 

is directly below Zn and is chemically similar to Zn. Cadmium tends to substitute for zinc during 

geochemistry processes. Because of the similar atomic size and deposition behavior, the 

occurrence of cadmium in mineral deposit is typically associated with zinc minerals. Therefore, 

cadmium is produced as an inevitable byproduct of Zn and occasionally lead refining. 

Accompanying zinc production, it can be produced in different commercial forms and used in a 

wide range of industries, such as the manufacture of alloys in electroplating, production of 

pigments, utilization as stabilizers for polyvinyl chloride (PVC), and application in rechargeable 

Ni-Cd batteries [20]. The most significant use of Cd is in Ni-Cd batteries. Additionally, acid rain 

and the resulting acidification of soils and surface waters have increased the concentration of Cd 

in surface water as the pH decreases [22].  

 Nickel (Ni, atomic number 28, molar mass 58.69 g/mol) is a lustrous, silver-white metal 

that is hard and ductile, with low thermal and electrical conductivities, and is able to be magnetized 

[23]. It is a transition group metal with the stable oxidation state of +2 and +3. In neutral to slightly 

alkaline solutions, nickel precipitates as a stable compound, nickelous hydroxide (Ni(OH)2) [22]. 



 

 

 14

Other stable nickel compounds under alkaline condition are nickelite ion (HNiO2), nickelo-

nickelic oxide (Ni3O4), and nickelic oxide (Ni2O3). In acidic regions, nickel commonly exists as 

its divalent ion (Ni2+), as shown in Figure 2. Though nickel abundance averages 80 ppm in the 

Earth’s crust, it is largely concentrated in the Earth’s core.  It is the fifth most common elements 

on Earth, typically occurred with iron in ore deposit. Because of the similar size to iron and other 

similar transition group metals, nickel can substitute for iron and cobalt in many minerals [23]. 

Economic nickel deposits occur dominantly in magmatic sulfides and laterites, along with 

pyrrhotite, chalcopyrite, and pyrite. The main nickel-bearing minerals are garnierite and 

nickeliferous limonite. Because of its physical and chemical properties, nickel is mainly used in 

the manufacture of stainless steel, nonferrous alloys, electroplating and other industries including 

rechargeable batteries.  

In general, the exposure of cadmium and nickel can happen to the environment through 

many ways such as natural activities, human activities, and remobilization of original sources. The 

natural activities include volcanic activity (both on land and in the ocean), weathering and erosion, 

and river transport. The human activities include tobacco smoking, mining, smelting and refining 

of non-ferrous metals, combustion of fossil fuel, the improper disposal of cadmium-nickel batteries 

and cadmium-bearing or nickel-containing electronic wastes. And the remobilization of original 

sources means that cadmium releases can be carried to an area from remote sources of emission 

by means of long-range atmospheric transport, for instance the contamination of watercourses by 

drainage water from metal mines [24]. Figure 2 shows the chemical species of cadmium and nickel 

under different pH and Eh.  
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Figure 2.  Eh-pH diagrams of the Cd-O-H and Ni-O-H systems. 

Σ Cd = 10−10, Σ Ni = 10−10, 25�, 1 atm [25]. 

 

2.1.2  Toxicity of Cadmium and Nickel 

Cadmium and nickel, classified as heavy metals, are significant environmental pollutants, 

and their toxicity is an increasing threat to the ecology and environment. The term ‘‘heavy metals’’ 

refers to any metallic element that has a relatively high density and is toxic or poisonous even at 

low concentration [26]. Adverse health effects due to exposure to cadmium and nickel pollutants 

are well documented and has been reported.  
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Cd is one of the big three heavy metal poisons and it is a particularly hazardous heavy 

metal because it can be accumulated by plants to levels toxic to living bodies when consumed even 

in small quantities [26-28]. Since cadmium has a chemical similarity to zinc, which is an essential 

micronutrient for plants and animals, this may account in part for Cd’s toxicity. Because Zn is an 

essential trace element, its substitution by Cd may cause the malfunctioning of metabolic processes 

[22]. The application of fertilizers, pesticides, and sewage sludge in agriculture activities, and the 

disposal of industrial wastes or the deposition of atmospheric contaminants increase the total 

concentration of Cd in soils, leading to a significant degree of Cd uptake in plants [22]. Plant 

species that tend to accumulate large amounts of Cd include lettuce, celery, wheat, poppy and 

linseed. The content of Cd in plants decreases in the order: roots  > stems > leaves > fruits > seeds 

[27]. The transfer of Cd to agricultural areas in the vicinity of a mine therefore poses a major 

human health risk and also impacts on the environment [28].  

Nickel is a transition element with resistance to corrosion by air, water and alkali, thus 

being regularly used in the manufacturing of alloys [29]. Nickel can be dangerous when the 

permissible amounts are exceeded [22, 30]. This can cause various kinds of cancer on different 

sites within the bodies of animals, mainly of those that live near nickel-processing plants. The 

major sources of nickel pollution in the soil are metal plating industries, combustion of fossil fuels, 

and nickel mining activities [30, 31]. It is released into the air by power plants and trash 

incinerators and settles to the ground after undergoing precipitation reactions. Nickel can also end 

up in surface water when it is a part of wastewater streams. The larger part of all nickel compounds 

that are released to the environment will be adsorbed to soils or sediments and become immobile 

as a result. In acidic soils, however, nickel becomes more mobile and often leaches down to the 

adjacent waterbody, forming acid drainage that is contaminated by nickel [22].  



 

 

 17

 

2.1.3  Contamination of Cadmium and Nickel 

 Waste containing cadmium is classified as “hazardous” if the concentration of cadmium 

exceeds 1.0 mg/L in wastewater [32]. The guideline value of Cd in well water is 0.003 mg/L, 

considered by World Health Organization (WHO) standard [33]. A large amount of waste and 

tailings are generated by mining activities, resulting in heavy metal contamination of the soils, and 

the further contamination of waterbody. Beside of mine drainage, cadmium pollution to the water 

bodies will also occur as a result of  plating, alloys, sewage, fungicides, chemicals, and processing 

plants [34].  

 Cadmium has few toxicological properties and will remain for a long term once absorbed 

by an organism, causing severe functional damage to several enzymes. The very appalling case of 

cadmium poisoning was reported in the Jintsu River Valley, near Fuchu, Japan [22, 31]. The 

victims suffered from severe pain by bone disease and kidney malfunction because of cadmium 

poisoning attributed to cadmium contamination of agricultural irrigation by a nearby mining 

activity [22, 31].  

The extensive industrial application of nickel has introduced considerable amounts of 

nickel pollutant into the environment. Though nickel could be beneficial as an activator of some 

enzyme systems and participating in important metabolic reactions at a very low level, the 

ingestion of nickel beyond the maximum tolerable levels will cause severe damage to lungs (lung 

cancer) and kidney (renal edema), gastrointestinal distress (nausea, vomiting, diarrhea), skin 

dermatitis, chest pain, shortness of breath, etc [29]. Dermatitis or nickel-itch is common among 
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workers involved in Ni-making/Ni-plating/Ni-containing manufactories. It is highly carcinogenic 

and high levels of nickel can induce the reduction of nitrogen and impaired growth [35].  

 

2.2  Treatment of Cadmium and Nickel Contamination 

 Contamination by cadmium and nickel has attracted wide attention. The efficient treatment 

of cadmium and nickel pollution has been given top priority in the world. The popular methods 

for cadmium and nickel removal from contaminated water are precipitation (as hydroxides, 

carbonates, and sulfides), ion exchange and adsorption using activated carbon, clay minerals, 

starch xanthate and biomass as adsorbents [34]. Adsorption, amongst all the available technologies, 

is considered one of the most sophisticated methods for cadmium and nickel removal. And out of 

the various kinds of adsorbent, biomass is chosen in this study because of its low cost, high 

efficiency, and local availability.  

 

2.2.1  Precipitation 

 Precipitation is one of the major chemical methods for heavy metal remediation. The 

precipitation of cadmium and nickel as hydroxides, carbonates, or sulfides is regarded as one of 

the simplest ways to remove them from liquid phase as insoluble compounds. Amongst all the 

treatment techniques, hydroxides precipitation of heavy metals is most commonly used due to the 

simple process and low cost [36]. The mechanism of this method can be expressed as Equation (1) 

[37]:  
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 ��� +  2(	
)�  ↔ �(	
)� ↓  (1) 

where M2+ represents the dissolved metal ions and OH- represents the precipitant, while M(OH)2 

is the insoluble metal hydroxide. The pH of the contaminated solution can be increased by using 

lime (CaO) or caustic soda (NaOH), thus immobilizing cadmium or nickel as their hydroxide 

precipitates. The main process of cadmium and nickel precipitation and the respective solubilities 

at 25� are summarized in Tables 1 and 2. A variety of hydroxide precipitation processes, 

regarding to the heavy metal remediation, have been developed since the last decade [36]. Several 

common hydroxide precipitation of cadmium and nickel were summarized by Kurniawan et al. 

and the results were listed in Table 3 [37-40]. Besides Ca(OH)2 and Fe(OH)3, sodium and 

magnesium hydroxide are also commonly used as precipitant. Chemical precipitation is currently 

regarded as the most widely used treatment for heavy metal removal in inorganic phase. However, 

the requirement of handling large amount of chemical discharge, the further treatment for produced 

sludge and the long-term impact to the environment have become the backwards of this method.  

 

Table 1.  Main compounds of cadmium precipitates, precipitation reactions and the solubilities. 

Compounds Precipitation Reactions Solubilities (25�) 

Cadmium hydroxide Cd2+ + 2 OH− → Cd(OH)2 Ksp = 7.2×10-15 

Cadmium carbonate Cd2+ + CO3
2− → CdCO3 Ksp = 1.0×10-12 

Cadmium sulfide Cd2+ + H2S → CdS + 2 H+ Ksp = 1.0×10-27 
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Table 2.  Main compounds of nickel precipitates, precipitation reactions and the solubilities. 

Compounds Precipitation Reactions Solubilities (25�) 

Nickel hydroxide Ni2+ + 2 OH− → Ni(OH)2 Ksp = 5.5×10-16 

Nickel carbonate Ni2+ + CO3
2− → NiCO3 Ksp = 1.4×10-7 

Nickel sulfide Ni2+ + H2S → NiS + 2 H+ 
Ksp = 4.0×10-20 (alpha) 

Ksp = 1.3×10-25 (beta) 

 

Table 3.  Cadmium and nickel removal using hydroxide precipitation.  

Species Precipitant 

Initial metal 

concentration 

(mg/L) 

Optimum pH 

Removal 

efficiency 

(%) 

References 

Cd(II) Ca(OH)2 150.0 11.0 99.67 [37, 38] 

Cd(II) Fe(OH)3 37.0 11.0 96.00 [37, 39] 

Ni(II) Fe(OH)3 2.0 5.5 98.60 [37, 40] 

 

2.2.2  Membrane Separation 

The membrane separation technique is based on the selectivity of macromolecule or 

inorganic semipermeable membrane, including electrodialysis, reverse osmosis, nanofiltration, 

ultrafiltration, supported liquid membrane (SLM), and mixed matrix membrane (MMM) [41-45]. 

The merits of membrane techniques includes lower energy requirement, higher selectivity of 

removal, smaller volume of retentate, better capability of reuse, and less limitations by size and 

labor requirement [42]. Electrodialysis (ED) is a membrane separation technique that ionized 

species in the solution are passed through an ion exchange membrane with the application of an 

electric potential [46]. Electrodialysis was used to extract nickel from its sulfate solution and 67.0% 
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of nickel was removed from initial nickel concentration of 11.74 mg/L, using Nafion 117 as cation 

exchange membrane [47]. Jakobsen et al. studied the electrodialytic remediation of cadmium from 

wastewater sludge and a removal efficiency of 69% was achieved [48]. The application of both 

reverse osmosis (RO) and nanofiltration (NF) technologies for the treatment of cadmium-

containing wastewater was investigated by Qdais et al., where the results show a successful heavy 

metal removal of 98.5% for cadmium by RO process and a cadmium removal efficiency ranging 

from 82% to 97% by NF process [49]. Saffaj et al. investigated the heavy metal removal by 

ultrafiltration (UF) by using low-cost ZnAl2O4-TiO2 UF membranes to remove cadmium from 

synthetic solution and a cadmium rejection of 93% was observed [50]. The supported liquid 

membranes (SLM) is represented as a thin layer of organic solvent extraction reagent, immobilized 

on and interposed between two aqueous solutions to remove selectively metal ions from a mixture 

[51]. It is widely used for the selective extraction of nickel [51-53]. In general, membrane 

separation is a very promising separation method regarding to heavy metal removal because of its 

high efficiency and low energy input. However, the complexity of membrane design and the high 

CapEx has inhibited its popularity.  

 

2.2.3  Solvent Extraction 

 Solvent extraction, also referred as liquid–liquid extraction, is a commonly used 

hydrometallurgical method for metal separation, purification, concentration and analysis in 

aqueous phase [2, 54]. In solvent extraction, a solution is brought into contact with a solvent thus 

able to transfer the metal ions from the aqueous phase to the organic phase under a certain pH 

(loading process), and then transfer them back to another aqueous phase by stripping process [55]. 
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Solvent extraction is widely applied to commercial scale for the extraction and separation of base 

metals, such as copper, nickel, cobalt, etc., usually operated in a close circuit with leaching and 

electro-winning (EW) [54]. Commercially used reagents for SX of non-ferrous metals are LIX 84, 

LIX 621, LIX 87QN, CORGA, DEHPA, Cyanex 272, Alamine 336, TBP and PC 88A, also 

referred as anionic, cationic, solvating or mixed reagents [54, 56].  

As reported by Gupta et al., Cyanex 923 can be used for the extraction of cadmium from 

other heavy metals such as Al3+, Mn2+, Co2+, Ni2+, etc., and the recovery percentage of Cd2+ are 

over 97%, while some results are even higher than 99% [57]. Furthermore, Reddy et al. developed 

a complete flow sheet of the process for the separation and recovery of Cd2+, Co2+ and Ni2+ using 

Cyanex 923, Cyanex 272 and TOPS 99. The resulted recoveries for Cd2+, Co2+ and Ni2+ are 99.9%, 

99.9% and 99%, respectively. SX of cadmium was studied by Wassink et al. using Aliquat 336 as 

extractant in either chloride (R4NCl) or thiocyanate (R4NSCN) forms [58]. The maximum loading 

of cadmium of 28 g/L was achieved using R4NCl with NaCl solutions, and an up to 99% or higher 

removal of cadmium was obtained by stripping using 97 g/L ammonia. Additionally, a selective 

separation of cadmium from nickel was investigated by Peng et al [59]. In their report, a three-

stage counter-current extraction simulation test was carried out at an A/O phase ratio of 4:1 and 

pH 2.5, using the mixture extractant of EHPA (2-ethylhexyl phosphonic acid mono-2-ethylhexyl 

ester) and TBP (tri-butyl phosphate). The results show that over 99.97% Cd2+ was extracted while 

over 99.97% nickel was left in the raffinate. This method was proved to be promising in recovery 

of cadmium and nickel from the leaching liquor of spent Ni-Cd batteries or the cadmium/nickel 

containing wastewater. Nogueira et al. also studied the SX separation of cadmium and nickel from 

the leaching liquor of spent batteries, using different extractants [5]. Their results show a high 
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separation factor between Cd and Ni of βCd/Ni = 110 in the range pH 1.5 to 3 by DEHPA, and a 

cadmium recovery of 99.7% is achieved at pH 3.  

 

2.2.4  Ion Exchange 

In addition to solvent extraction, ion exchange is also one of the most frequently applied 

hydrometallurgical treatments worldwide for wastewater. Ion exchange is a reversible interchange 

of ions between the solid and liquid phases, where an insoluble ion exchanger removes ions from 

an electrolytic solution and releases other ions of like charge in a chemically equivalent amount 

without any structural change of the ion exchanger [37]. An ion exchanger, also termed ion 

exchange resin, is solid substances able to exchange either cations or anions from the surrounding 

materials, usually made of synthetic organic substances [46].  

For ion exchange of cadmium, the commonly-used ion exchangers are cationic resins like 

Dowex 50Wx8 and Amberlit IR-120, chelating resins containing phosphonic groups like Duolit 

ES-463 and Diaion CRP-200, resins containing aminophosphonic groups such as Duolit C-467 

and Lewatit TP 260, amphoteric exchanger such as Retardion 11A8, and resins with sulphonic and 

twinned diphosphonic groups [60]. Otrembska et al. have studied the extraction of cadmium and 

nickel from sulfate solution using Lewatit OC 1026, Lewatit TP 207, and Lewatit MonoPlus SP 

112 [60]. The results show that the recoveries were almost 100% for both ions at pH higher than 

2 with initial ion concentration of 10 mM, using either resin with iminodiacetic groups (TP 207) 

or resin with sulfonic acid as a functional group (SP 112). The recovery percentage for nickel was 

only 6% but 38% for cadmium at pH over 3 using OC 1026, therefore indicating a possibility of 
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separation between cadmium and nickel. As indicated by the result, the separation between 

cadmium and nickel was troublesome with TP 207 or SP 112, despite of the high recovery for both 

ions, but more efficient with OC 1026 ion exchange resin. In addition to the conventional ion-

exchange process, Papadopoulo et al. has developed a two-stage process by combining ion 

exchange with precipitation as pretreatment to improve the removal efficiency of nickel [61]. As 

reported, the nickel removal from individual application of ion-exchange was 74.8%, while an 

even higher nickel uptake of up to 98.3% was obtained by using the combined treatment of 

precipitation and ion-exchange. Besides the synthetic ion exchange resin, natural and low-cost 

materials such as zeolite and clinoptilolite are also characterized as widely used ion-exchanger for 

heavy metal removal [62-64]. In 1990s, the use of zeolite as ion exchange and its removal 

efficiency for Pb and Cd was reported by Maliou et al., and a more theoretical study was carried 

out by Ahmed et al [62, 63]. As indicated by Mier et al., a removal percentage higher than 90% 

for cadmium was obtained by zeolite in either acidic or alkaline condition (from pH 4 to 10) with 

initial concentration of 15 m∙mol/L [64].  

Generally, ion exchange can be very efficient for metal removal in inorganic effluent with 

lower metal concentration and, it is capable for heavy metal removal in acidic conditions with pH 

ranging from 2 to 6 depending on the characteristics of the ion exchanger [37]. The disadvantage 

of this method is that it is not suitable for concentrated metal solution because the matrix gets 

easily fouled by organics and other solid contaminants in the wastewater [46].  
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2.2.5  Adsorption/Bio-adsorption 

 Recently, adsorption, especially using low-cost biomass as modified or unmodified 

adsorbent, has become increasingly popular for heavy metal removal in the wastewater treatment 

industry. Basically, adsorption is mass transfer process of ions from the solution phase to the solid 

phase, due to the bounding force by physical and/or chemical interactions [37]. In general, three 

main steps are involved during the adsorption by porous adsorbent [65]:  

(i) Transport of metal ions from the bulk solution onto the external surface (boundary layer) 

of the sorbent, drove by the concentration difference across the boundary layer around 

each particle.  

(ii) Intraparticle transport within the particle, which can be limited by pore and solid 

diffusion.  

(iii) Reaction kinetics at phase boundaries. In the case of chemisorption, the sorption rate is 

determined by the kinetics of bond formation.  

The study of adsorption kinetics is of significance in order to determine the time required 

to reach the equilibrium, develop predictive models for column experiments, and investigate the 

parameters which affect the adsorption process [65]. Technical feasibility and cost-effectiveness 

are the key factors for the selection of suitable adsorbent to treat inorganic effluent [46]. Raval et 

al. has reviewed over 200 relevant papers, from 1974 to 2015, on the application of various 

adsorbents used for the removal of nickel ions from aqueous environment, including but not 

limited to the application of activated carbon (charcoal, lignite, shell carbon), low-cost agricultural 



 

 

 26

by-products (rice bran, nut shell, straw, peat, hull), natural occurring materials (clays and zeolites) 

as adsorbents.  

Among the various physico-chemical treatments mentioned previously in this work, 

adsorption has advantages such as material availability, operation flexibility, technical feasibility, 

economic viability as well as effectiveness in heavy metal treatment. The drawbacks of adsorption 

are the high operational costs due to the chemicals used, the deterioration of adsorption capacity 

as the number of cycles increases, and the handling of spent adsorbent or the special requirement 

for desorption. However, the benefits of adsorption have outweighed the drawbacks and make 

adsorption one of the most suitable treatments for inorganic effluent. 

 

2.3  Application of Biomaterials in Heavy Metal Removal 

 Some biomaterials, such as agricultural waste or natural biomass, are available in large 

quantities and can be used as biosorbents due to their physico-chemical properties and low cost. A 

metabolism-independent binding of heavy metals by dead (inactive) or living (active) biomaterials 

is generally termed biosorption [66]. The mechanism of biosorption is less-studied and more 

complicated, mainly comprising of ion-exchange, chelations, adsorption by physical forces, 

entrapment in fibular capillaries and spaces of structural polysaccharides network [29]. The main 

advantages of biosorption beyond conventional treatment methods are low operating cost; high 

metal removal efficiency; easier sludge handling; less energy requirement; higher possibility of 

regeneration and re-utilization [29]. Numerous chemical groups in the structure of bioorganisms, 

such as carboxyl, hydroxyl, carbonyl, sulfhydryl, thioether, sulfonate, amine, imine, amide, and 

phosphonate have been suggested to contribute to biosorption of metal ions [67].  
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 Montazer-Rahmati et al. have studied the biosorption of cadmium, lead, and nickel ions 

from aqueous solutions by intact and modified brown algae [66]. Their results show that the 

maximum sorption capacities of brown algae in intact and chemically modified forms is 19.42 

mg/g for Cd2+ at an optimum pH of 5.5 and is 10.06 mg/g for Ni2+ at an optimum pH of 6.0. 

Anaerobic granules, which consist of microbial aggregates, are chemically modified by Ca2+ ions 

and used for the removal of cadmium and nickel [68]. After the Ca2+ modification, the exchange 

capacity was 0.56 m∙mol/g of biomass dry weight, which is comparable to commercial resins, and 

the qmax for Cd2+ and Ni2+ were 60 and 26 mg/g, respectively, at pH range of 4.0 - 5.5. Biomass 

obtained from outside of land, marine algae, has also been suggested as the biosorbent for the 

removal of cadmium and nickel from dilute aqueous solutions [69]. It is reported that the maximum 

adsorption capacity qmax were 0.75 m∙mol/g (84.31 mg/g) for Cd2+ and 0.63 m∙mol/g (36.97 mg/g) 

for Ni2+, at optimum pH 5.5. Higher adsorption capacities (2.52 m∙mol/g for Cd2+ and 2.79 m∙mol/g 

for Ni2+) using different strains of algae were found by Klimmek et al [69].  

 As there are dual advantages of bioadsorption, it is a continuing need to develop easily 

available, economically viable and highly effective biosorbent for efficient heavy metal removal. 

In this context, natural materials such as biomass and biopolymers have been extensively studied 

and widely acknowledged as effective and economic adsorbents for the removal of cadmium and 

nickel ions, as well as other heavy metals. Nevertheless, the biosorbents still have certain 

drawbacks, i.e. the difficulties in biological control of the biosorbents, the difficulties of solid-

liquid separation after the biosorption process and difficulties for the scale-up application [29]. 

Thus, for the better understanding and usage of biosorbents, interdisciplinary cooperation between 

different domains like chemistry, microbiology and biochemical engineering is required. 
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2.4  Research Purpose and Motivation  

With the rapid development of industrialization, the heavy metal pollution in water has 

gained increasing concern from our society. The toxicity of heavy metals is fatal to the human 

body by long-term accumulation. There are various heavy metal treatments developed and reported, 

for instance, chemical precipitation, solvent extraction, ion exchange, bio-remediation etc. 

However, there are numbers of disadvantages of these methods such as high energy input, high 

capital cost, or the cause of secondary pollution. Adsorption, on the other hand, has the advantages 

such as low operation and capital cost, high stability and removal efficiency, better selectivity 

towards targeted metals and etc., thus being considered as one of the alternative treatment 

techniques for wastewater laden with heavy metals. The application of agricultural waste as 

adsorbent is of great importance not only in term of protecting the environment, but also utilizing 

the waste resources. In the present study, a common agricultural waste, wheat straw, was 

chemically modified as an adsorbent for Cd2+ and Ni2+ removal from aqueous phase. The affective 

variables, the sorption kinetics and isotherms were investigated, aiming at an experimental basis 

and technical support to the application of modified wheat straw in heavy metal treatment. The 

main research contents of this study are described in Figure 3.  
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Figure 3.  Research contents of this study.  
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CHAPTER 3  MATERIALS AND METHODS 

 

The wheat straw used in the present study were purchased from OK Feed & Supply Store 

in Tucson, AZ, United States. Cadmium and nickel stock solutions were made by dissolving 

CdCl2∙2.5H2O and NiCl2∙6H2O in deionized water, respectively. All the chemicals used in the 

experiments were analytical grade and purchased from chemical reagent companies. Deionized 

water was used for all the chemical preparation and the dilution when analyzing samples.  

 

3.1  Preparation of Adsorbent 

The preparation of the adsorbent was illustrated by Figure 4. The raw wheat straw was cut 

roughly and suspended in 10% NaOH solution for 2 hours in order to remove the impurities and 

expose the hemicellulose. After the NaOH treatment, the wheat straw was washed with deionized 

water for neutralization and dried at 75�. For the subsequent succinylation, 5 g of the NaOH-

treated wheat straw (NaOH-W) was weighed and added into a 1 L three-neck flask, with 10 g of 

succinic anhydride, 14 ml of triethylamine and 500 ml of xylene. The wheat straw was then 

succinylated by refluxing at over 119 � (the melting point of succinic anhydride) for 8 hours and 

filtered. After filtration, the succinylated wheat straw was washed with acetone and deionized 

water and then dried. The succinylated wheat straw (S-W) was then treated with 0.01 mol/L 

Na2CO3 solution for 1 hour, stirring at constant speed at room temperature and filtered. This step 

is to substitute the proton in the carboxylic group by Na+. The fully prepared wheat straw (NaS-
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W) was rinsed by deionized water and oven-dried.  For all subsequent experiments, the NaS-W 

was ground under 30 mesh.  

 

Figure 4.  Preparation of the adsorbent. 

 

3.2  Adsorption Tests 

Batch adsorption tests for cadmium and nickel on the prepared adsorbent (NaS-W) were 

carried out in 100 l of solution with 0.5 g of NaS-W and stirred at constant speed for 1 hour at 

room temperature. Samples were taken at 5, 10, 20, 40 and 60 minutes. Adsorption kinetic 

experiments were carried out by suspending 0.25 g NaS-W in 50 mL of cadmium and nickel 
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solution with an initial concentration of 200 mg/L at room temperature and natural pH (pH 5.8) 

for 1 hour. The residues obtained from filtration were kept for the later regeneration tests. The 

samples were diluted and the concentrations of Cd2+ or Ni2+ were analyzed by a Perkin-Elmer 

flame atomic absorption spectrophotometer (FAAS) using wavelength at 228.8nm for cadmium 

lamp and at 231.1nm for nickel. The adsorption percentage of Cd2+ or Ni2+ (%R) was calculated 

by Equation (2):  

 %� = �����
��

× 100%  (2) 

where C0 (mg/L) and Ce (mg/L) are the initial concentration of metal in the solution and the metal 

concentration remaining in the solution at equilibrium respectively. The loading capacity (qe) per 

unit weight of the adsorbents at equilibrium was calculated by Equation (3): 

 ��(��
� ) = (�����)�

�   (3) 

where V (L) is the volume of solution and W (g) is the total weight of adsorbent applied.  

The effect of different variables was studied by varying each parameter in the batch test 

protocol over a range while keeping others constant. For the effect of pH, batch experiments were 

conducted at pH values of 1, 2, 3, 4, and the natural pH of cadmium and nickel solution. Since the 

precipitation of Cd(OH)2 occurs at pH > 7, no tests were conducted at pH higher than 7. For the 

effect of adsorbent dose, the tests were carried out with adsorbent dose of 0.2, 0.5, 1.0, 2.0, 5.0 

g/L. For the effect of initial concentration, 1 g/L modified wheat straw was suspended in cadmium 

solutions with cadmium or nickel concentrations ranging from 10 to 300 mg/L. The solutions were 

constantly stirred for 60 min under room temperature and original pH, and subsequently filtered.  
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For the effect of contact time, batch tests were conducted for 1 hour under constant stirring, and 

the samples were taken at the predesigned time intervals. To examine the interference of cadmium 

and nickel on each other’s adsorption, the cadmium - nickel binary solutions were prepared with 

different molar ratio of Cd:Ni. For one set of tests, the concentration of cadmium was fixed at 

1.78 m∙mol/L (200 mg/L) in all solutions while the concentrations of nickel were designed as 0 

m∙mol/L, 0.89 m∙mol/L, 1.78 m∙mol/L, and 3.56 m∙mol/L.  For the other set of tests, the nickel 

concentration was fixed at 1.78 m∙mol/L (approximately 100mg/L) (same molar concentration as 

cadmium in the first set of tests) in all solutions while the concentrations of cadmium were 

designed as 0 m∙mol/L, 0.89 m∙mol/L, 1.78 m∙mol/L, and 3.56 m∙mol/L, respectively.   

The degree of succinylation of wheat straw was determined by back titration [10]. 0.1 g of 

dried succinylated material was weighed and treated with 100 ml of 0.01 mol/L NaOH for 1 hour. 

The suspension was filtered and rinsed with deionized water. A few drops of phenolphthalein as 

the indicator were added into the solution until the color turned pink and 0.01 mol/L HCl was 

titrated into the solution. The succinylation degree was calculated as the concentration of 

carboxylic functions (nCOOH) by Equation (4):  

 n�  ! = "#$%&×�#$%&�"&'(×�&'(
)$*+,-./01

  (4) 

where V (mL) and C (m∙mol/L) are the volume of NaOH or HCl consumed and the concentration 

of NaOH or HCl, and madsorbent (g) is the mass of succinylated wheat straw. Succinylation degree 

for the succinylated wheat straw (S-W) in this study was 4.2 m∙mol/g.  
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3.3  Sorption Kinetics, Isotherm and Activation Energy 

In order to investigate the adsorption kinetics of cadmium and nickel on the modified 

wheat straw, batch experiments were carried out by suspending the adsorbent in 50 mL of 200 

mg/L cadmium and nickel solution with an adsorbent dose of 5 g/L. The tests were carried out 

using 125 mL Erlenmeyer flasks at room temperature and natural pH (5.8 for cadmium solution 

and 6.0 for nickel solution) for 1 hour with a constant stirring speed. Samples were taken at certain 

time intervals and the metal concentrations at sampling point were analyzed by FAAS. 

To determine the adsorption, equilibrium adsorption isotherms are adapted based on the 

experimental data and linear regression. In this study, Cd2+ and Ni2+ ions were adsorbed onto the 

modified wheat straw based on the mechanism of ion exchange and reached the equilibrium after 

60 minutes. The experimental data were obtained by suspending 1 g/L of the modified wheat straw 

in cadmium and nickel solutions with different initial concentration ranging from 10 to 300 mg/L. 

The suspensions were constantly stirred under room temperature and original pH for 60 min and 

subsequently filtered. The Cd2+ and Ni2+ concentrations at the equilibriums were estimated by 

FAAS. The sorption isotherms were established by the widely-used Langmuir mono-layer 

isotherm model and the Freundlich multi-layer isotherm model. 

In order to calculate the activation energy of cadmium and nickel adsorption process, batch 

adsorption tests were conducted at temperatures of 25, 35, 45�, using 1 g/L as adsorbent dose, 

under constant stirring speed. The adsorption type can be indicated by the obtained activation 

energy. 
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3.4  Regenerability of Adsorbent 

The regeneration tests of modified wheat straw were conducted at room temperature. At 

first, 1 g/L of adsorbent was stirred in 250 mg/L of Cd2+ or 250 mg/L of Ni2+ solution for 1 hour. 

The suspension was filtered and dried after adsorption. The Cd2+ or Ni2+ loaded adsorbent was 

then suspended in saturated NaCl solution (50 mL) and stirred for 1 hour. By this step, the 

adsorbed Cd2+ or Ni2+ were desorbed from adsorbent surface because of the high concentration 

gradient of Na+ in solution. The effluent after adsorption and desorption were analysed by FAAS. 

The regenerated adsorbent was washed and dried for the subsequent adsorption tests. Three 

regeneration (adsorption-desorption) cycles were carried out and adsorption capacity after each 

cycle was calculated.  

 

3.5  Column Adsorption Studies 

Cadmium and nickel adsorption using dynamic adsorption columns were carried out using 

0.5 g of modified wheat straw and 200 mg/L of initial cadmium and nickel concentration. The 

columns with a width of 15 mm and a height of 165 mm were packed with a bed volume of 2.5 

ml and a total bed height of approximately 40 mm. The flow rate of feed cadmium and nickel 

solution was 8 ml/min. Samples were taken every 5 minutes and analysed by FAAS. The 

adsorption test was stopped when the column reached the exhaustion point.  
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CHAPTER 4  ADSORPTION STUDIES OF CADMIUM AND NICKEL 

 

4.1  Characterization of the Material 

4.1.1  Scanning Electron Microscope (SEM) 

  

Figure 5.  SEM image of raw wheat straw (a) and fully treated wheat straw (b). 

  

The surface morphologies of raw wheat straw and fully treated wheat straw (NaS-W) were 

shown in Figure 5. It could be seen from the figure that the surface of raw material is less compact 

and smooth while the treated material appears in a more twisted shape. The twisting fibbers 

resulted in the higher surface area because there is more folded area on the surface, which favours 

the adsorption of metal ions on its surface. According to other studies, the surface area of untreated 

wheat straw determined by BET (Brunauer-Emmett-Teller) is 25 m2/g and that of treated wheat 

straw is 152 m2/g [70]. The higher surface area can also result in the higher surface charge density 

on modified wheat straw that will improve the adsorption of metal ion on the surface [71].  

(b) (a) 
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4.1.2  Fourier-Transform Infrared Spectroscopy (FTIR)    

 

Figure 6.  FTIR spectra of wheat straw from different treatment stages.  

The succinylated wheat straw and the raw material were characterized by FTIR 

spectroscopy. In Figure 6, curves of R-W, NaOH-W, S-W represent the FTIR spectra of raw wheat 

straw, NaOH-treated wheat straw and succinylated wheat straw, respectively. Before succinylation, 

a noticeable peak occurs at 1047 cm-1, attributed to C – O – C bond stretching from lignin [15]. 

After NaOH treatment, a wide peak at 3400 cm-1 comes up, attributed to hydroxyl group [15]. The 

appearance of peak at 3400 cm-1 and decrease of intensity at peak 1028 – 1047 cm-1 indicates that 

lignin filled in the cell wall of wheat straw was removed by strong alkali treatment, thus exposing 

the cellulose and hemicellulose, which contains hydroxyl group. However, after modification by 

succinic acid, the peak for hydroxyl group disappears and instead, two peaks at 2987 cm-1 and 

1728 cm-1 occur, attributed to O – H and C = O in carboxyl group respectively [12, 72]. The 
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decrease of intensity at peak 3400 cm-1 indicates that hydroxyl group was replaced by carboxyl 

group from succinylation process. 

 

4.2  Effect of pH 

Solution pH is one of the most influential parameters in metal adsorption. A proton (H+) 

at high concentrations competes with metal cations for the adsorption, therefore pH affects the 

adsorption efficiency of the adsorbent. The surface charge of modified wheat straw is determined 

by pH of point of zero charge. Metal cation adsorption is favored at pH > pHpzc, where the 

adsorbent surface is negatively charged, and is inhibited by positive surface charge at pH < pHpzc. 

The pHpzc of modified wheat straw was determined as 4.8 by the pH drift method [13].  

Figure 7 shows the adsorption capacity of modified wheat straw under different pH. The 

adsorption capacity is greatest at natural pH and decreases slightly when pH = 4. At pH < 4, the 

adsorption of Cd and Ni decreases significantly and is nearly zero at pH < 3. Since the pHpzc of 

modified wheat straw is determined as 4.8 by pH drift method, as shown in Figure 8, the loss of 

adsorption efficiency at lower pH could reflect the influence of either positive surface charge or 

competition between H+ and metal ions. The optimal adsorption capacity is 36.60 mg/g for Cd2+ 

and 22.86 mg/g for Ni2+ under original solution pH.  
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Figure 7.  Effect of pH on the adsorption capacity of Cd2+ and Ni2+ on NaS-W. 

 C0, Cd = C0, Ni = 200 mg/L, adsorbent dose = 5 g/L, T = 25�, t = 60 min.  

 

Figure 8.  pH drifts at adsorption equilibrium on NaS-W. 

 C0 = 200 mg/L, adsorbent dose = 5 g/L, T = 25�, t = 60 min.   
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4.3  Effect of Adsorbent Dose 

The effect of adsorbent dose on adsorption capacity and percentage removal of Cd2+ was 

studied and the result was shown in Figure 9. As expected, percentage removal of Cd2+ increases 

with the increasing amount of adsorbent used, as a result of increased surface area. Although 

percentage removal of Cd2+ increased, adsorption capacity (mg/g) decreased with the increasing 

adsorbent dose. A high removal percentage of Cd2+ over 90% occurred when 5 g/L of adsorbent 

dose was applied.  

 

Figure 9.  Effect of adsorbent dose on the Cd2+ adsorption capacity of NaS-W. 

 C0 = 200 mg/L, original pH = 5.8, T = 25�, t = 60 min.  
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4.4  Effect of Contact Time and Initial Concentration 

The adsorption capacity versus contact time under various initial concentration is shown 

in Figure 10 showing most of the adsorption occurs within the first few minutes. As indicated in 

Figure 10, 1 hour was enough to obtain the maximum adsorption at equilibrium. For Cd2+ 

adsorption, the total time for the adsorption to reach the equilibrium gradually increases with the 

increasing initial concentration. The adsorption capacity increased when increasing the initial 

cadmium concentration. For Ni2+ adsorption, the adsorption capacity also increased till the high 

initial concentration of 500 mg/L. However, with further increase the initial nickel concentration 

from 200 to 500 mg/L, the adsorption capacity (in m∙mol/g) only increased in a small amount. 

Therefore, based on the experimental data, the ideal contact time was determined to be 1 hour for 

an ideal initial concentration of 200 mg/L.  
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Figure 10.  Effect of initial concentration on the adsorption capacity of Cd2+ (a) and Ni2+ (b).  

C0 = 50, 100, 200 and 500 mg/L, original pH = 6, adsorbent dose = 5 g/L, T = 25℃, t = 60 min.  
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4.5  Effect of Intermediate Treatment Steps 

The adsorption tests using materials from intermediate treatment steps were carried out. 

R-W, NaOH-W, S-W and NaS-W represent for raw wheat straw, NaOH-treated wheat straw, 

succinylated wheat straw and Na2CO3-treated wheat straw. As shown in Figure 11, the raw wheat 

straw (R-W) contains the carboxyl groups and the hydroxyl groups, which makes it capable of 

adsorbing a small amount of metals when ground and untreated. After the alkaline treatment, the 

adsorption capacity of NaOH-W increased as a result of increasing amount of exposed hydroxyl 

groups. The test results show that wheat straw is most effective as an adsorbent when fully treated, 

i.e. succinylated and soaked in Na2CO3 solution. The adsorption percentage decreases slightly by 

omitting the Na+ substitution but drops significantly without the alkali treatment and the 

succinylation process.  
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Figure 11.  Percentage removal of Cd2+ and Ni2+ on adsorbent at intermediate treatment steps. 

C0, Cd = C0, Ni = 200 mg/L, pH = 6.0, adsorbent dose = 5 g/L, T = 25�, t = 60 min. 
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CHAPTER 5  SORPTION KINETICS, ISOTHERM AND ACTIVATION ENERGY 

 

5.1  Sorption Kinetics 

The sorption kinetics of the two metals were studied, and the experimental data were fitted 

into the widely-used kinetics models. As indicated in Figure 12, most of the adsorption of Cd2+ 

and Ni 2+ occurred within a short time and then reached the plateau. The fast adsorption is because 

of the sufficient adsorbing site on the surface of adsorbent in the beginning of the adsorption [15]. 

It is reported that the rate controlling step of the pseudo-second-order kinetics are highly likely to 

be chemisorption, such as ion exchange [73].  

In this study, the pseudo-first-order and the pseudo-second-order kinetic models were 

applied to the experimental data to find a match. The pseudo-first-order kinetics can be described 

as Equation (5): 

 23�
24 = K6(7� − 74)  (5) 

where Qt and Qe are the amounts of metals adsorbed onto the adsorbent at time t and at equilibrium 

respectively, and KI is the adsorption rate constant. The linear form of this equation can be 

expressed as Equation (6):  

 ln(7� − 74) = −K6: + ln 7�  (6) 

with a slope of KI and an intercept of lnQe, as shown in Figure 13. The pseudo-second-order 

kinetics can be expressed as Equation (7):  
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 23;
24 = K

Ⅱ

(7� − 74)�  (7) 

The linear form of the pseudo-second-order kinetics can be written as Equation (8):  

 4
3;

= 4
3�

+ <
=
Ⅱ

3�>  (8) 

where K
Ⅱ

 (g∙mg-1∙min-1) is the rate constant, Qt (mg∙g-1) is the adsorption capacity at a given time 

t, and Qe (mg∙g-1) is the predicted adsorption capacity at equilibrium. As Qt/t approaches zero, the 

initial adsorption rate h0 (mg･g-1∙min-1) can be expressed as Equation (9) [74]: 

 ℎ@ = A
Ⅱ

7��
  (9) 

The values of Qe, KⅡ
 and h0 can be calculated from the slope (1/Qe) and the intercept (1/ K

Ⅱ
Qe

2). 

Figure 14 shows the linear plot of the pseudo-second-order kinetics.  

For the pseudo-first-order model, the sorption rate constant, KI, the equilibrium Qe 

predicted by the adapted model and Qe obtained from linear regression of the experimental data 

are calculated and presented in Table 4. As shown in Table 4, the linear form of pseudo-first-order 

kinetics agrees well with the experimental data with r2 of 0.78 for Cd2+, but the predicted Qe
 is 

only 8.14% of the experimental Qe. Although the pseudo-first-order kinetic model managed to fit 

the experimental data reasonably, it failed to predict Qe precisely. The fitting of pseudo-first-order 

model for Ni2+ resulted in a lower r2 of 0.47 and an unprecise predicted Qe compared to 

experimental data. However, the predicted adsorption capacity Qe for both Cd2+ and Ni2+ by 

pseudo-second-order kinetics correlates well with the experimental Qexp, as shown and compared 
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with other parameters in Table 4. The r2 values of pseudo-second-order model for Cd2+ and Ni2+ 

are both >0.99, higher than that of the pseudo-first-order model.  

These results confirm that the adsorption of Cd2+ and Ni2+ on modified wheat straw (NaS-

W) follows the pseudo-second-order kinetic model. It is also indicated that the adsorption 

mechanism of Cd2+ and Ni2+ on NaS-W is controlled by ionic exchange between adsorbates in the 

aqueous phase and the adsorbent [12].  
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Figure 12.  Adorption kinetics of Cd2+ and Ni2+  on NaS-W. 

C0, Cd = C0, Ni = 200 mg/L, adsorbent dose = 5 g/L, T = 25�, t = 60 min. 

 

Figure 13.  Pseudo-first-order sorption kinetics of Cd2+ and Ni2+ on NaS-W.  
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Figure 14.  Pseudo-second-order sorption kinetics of Cd2+ and Ni2+ on NaS-W. 

 

Table 4.  Parameters of pseudo-first-order and pseudo-second-order reaction kinetic models of 

Cd2+ and Ni2+ adsorption on NaS-W. 

Metal 

ion 

Expt. 

Qe 

(mg･ 

g-1) 

Pseudo-first-order kinetics Pseudo-second-order kinetics 

Cal. Qe 

(mg･ 

g-1) 

KI 

(min-1) 
r2 

Cal. Qe 

(mg･ 

g-1) 

K
Ⅱ

 

(g･mg-1
･ 

min-1) 

h0 

(mg･g-1 

･min-1) 

r2 

Cd2+ 34.6816 2.8238 0.03978 0.77772 35.1 0.03342 41.1692 0.99994 

Ni2+ 27.7785 2.2843 0.06176 0.46667 27.94 0.09719 75.8725 0.99989 
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5.2  Sorption Isotherm 

The adsorption of metal ions onto adsorbent can be generally described by isotherm 

models such as the Langmuir and the Freundlich models, as an expression of metal distribution in 

solution and on the adsorbent [75].  Figure 15 shows the adsorption isotherms of cadmium and 

nickel on the modified adsorbent. In this study, adsorption isotherms were determined from linear 

regression of the variation in adsorption with different initial concentration of cadmium and nickel 

solution and fitted into the sorption isotherms based on the Langmuir mono-layer adsorption 

model and the Freundlich multi-layer adsorption model [76].  

The Langmuir sorption isotherm model can be described as Equation (10):  

 7� = 3BCD=E��
<�=E��

  (10) 

It can also be expressed by its linear form as Equation (11):   

 ��
3�

= ��
3BCD

+ <
3BCD=E

  (11) 

where Qe (mg∙g-1) is the amount of metal adsorbed per gram of sorbent, Qmax (mg∙g-1) is the 

maximum sorption capacity per gram of adsorbent, Ce (mg∙L-1) is the equilibrium concentration 

of metal in solution, and KL (L∙mg-1) is the Langmuir constant related to the energy of adsorption. 

The linear plot of the Langmuir adsorption isotherm of Cd2+ and Ni2+ are shown in Figure 16. The 

adsorption capacity at equilibrium, Qe, and Langmuir constant, KL, calculated by linear regression 

are presented in Table 5. For cadmium, the maximum adsorption capacity predicted by Langmuir 

model Qmax is 113.25 mg∙g-1 and r2 is > 0.99. For nickel, the maximum adsorption capacity 

predicted by Langmuir model Qmax is 138.5 mg∙g-1 and r2 is > 0.98. Though the value of relation 
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coefficient for Cd2+ is higher than that for Ni2+, the Langmuir model fits well for the adsorption 

process of both Cd2+ and Ni2+ on modified wheat straw. The Langmuir isotherm can be also used 

to predict whether adsorption is favored or not by evaluating the separation factor RL [76], as 

defined by Equation (12):  

 �F = <
<�=E�G

  (12) 

where KL is the Langmuir constant and Ci is the initial concentration of adsorbate. RL > 1 

represents unfavored sorption, RL = 1 for linear sorption, 0 < RL < 1 for favorable sorption, and 

RL = 0 for irreversible sorption.  

Another sorption isotherm model studied is Freundlich model, which can be expressed as 

Equation (13) or Equation (14) as its linear form:  

 7� = AHI�
< J⁄

  (13) 

 log 7� = <
J log I� + log AH  (14) 

where Qe (mg∙g-1) is the amount of metal adsorbed per gram of sorbent, Ce (mg∙L-1) is the 

equilibrium concentration of metal in solution, KF (L∙g-1) is the relative adsorption capacity 

constant of the adsorbent, and 1/n is the intensity of the adsorption constant, related to the 

magnitude of the adsorption driving force. A high n value represents for a more homogeneous 

surface, while a low value of n indicates a better adsorption efficiency at low solution 

concentrations, as a result of more active sites with high energy [77]. Figure 17 shows the linear 

plot of the Freundlich isotherm. The parameters of the Langmuir and the Freundlich adsorption 

isotherm models of Cd2+ and Ni2+ adsorption on NaS-W are shown in Table 5. For Cd2+ adsorption, 
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the correlation coefficient r2 of the Freundlich model is lower than that of Langmuir model, which 

indicates that the Langmuir model fits the experimental data better than the Freundlich model. For 

Ni2+ adsorption, the value of r2 is >0.98 for Langmuir model and >0.96 for Freundlich model, 

indicating a good fit in both Langmuir and Freundlich model, though the r2 of the Langmuir model 

is still higher than that of the Freundlich model. Generally, for both cadmium and nickel 

adsorption, the correlation coefficients r2 of the Langmuir model are higher than that of the 

Freundlich model, indicating a better fit of the experimental data in the Langmuir model than the 

Freundlich model. Similar results for the adsorption of Cd2+ and Ni2+ on different biosorbents 

were observed in other studies [9, 78-80].  These results indicate that the adsorption of Cd2+ and 

Ni2+ is multi-layer adsorption on modified wheat straw.  
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Figure 15.  Adsorption isotherm for Cd2+ and Ni2+ on NaS-W. 

Adsorbent dose = 1 g/L; C0 = 10 - 300 mg/L; pH = 6; T = 25�; t = 60 min. 

 

Figure 16.  Linear plot of Langmuir for Cd2+ and Ni2+ adsorption on NaS-W. 
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Figure 17.  Linear plot of Freundlich for Cd2+ and Ni2+ adsorption on NaS-W. 

 

Table 5.  Parameters of the Langmuir and the Freundlich adsorption isotherm models of Cd2+ 

and Ni2+ adsorption on NaS-W. 

Metal 

ion 

Langmuir model Freundlich model 

Qmax  

(mg∙g-1) 

KL 

(L∙mg-1) 
r2 

KF 

(mg∙g-1) 

1/n 

(L∙g-1) 
r2 

Cd2+ 113.2503 0.03368 0.99884 16.7236 0.35108 0.91308 

Ni2+ 138.5042 0.01464 0.98805 7.0097 0.52436 0.96966 
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5.3  Sorption Activation Energy 

Figure 18 and Figure 19 indicate the effect of temperature on the adsorption capacity of 

Cd2+ and Ni2+ on modified wheat straw. A slight increase of adsorption capacity was observed as 

the temperature increased from 25 to 45� (from 298 to 318 K) The rate constants obtained by 

pseudo-second-order kinetics were fitted into Arrhenius equation, demonstrated as Equation (15):  

 OP Q(R>)
Q(RS) = TC

U V <
RS

− <
R>

W   (15) 

where k is the rate constant, T is the temperature (K), Ea is the activation energy (kJ/mol), and R 

is the gas constant (8.314 J∙mol-1∙K-1).  

The activation energy was calculated as an indicator of the type of adsorption.  Two main 

types of adsorption are reported, chemisorption and physisorption [81]. Activation energy for 

activated chemical adsorption is typically from 8.4 to 83.7 kJ/mol, and that for non-activated 

chemical reaction is near zero [82, 83]. For physical adsorption, it is usually characterized with 

activation energy less than 4.2 kJ/mol [82] and within the interval from 1 to 8 kJ/mol [84]. In this 

study, the activation energy for Cd2+ and Ni2+ adsorption on NaS-W are 1.43 kJ/mol and 

2.31kJ/mol, respectively. Therefore, as the near-zero value indicated, the adsorption of Cd2+ and 

Ni2+ on NaS-W is non-activated chemisorption, which further indicates the rapid process of 

adsorption because of lower energetic barrier to overcome [12].  
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Figure 18.  Arrhenius plot of activation energy for Cd2+ adsorption on NaS-W. 

 

Figure 19.  Arrhenius plot of activation energy for Ni2+ adsorption on NaS-W. 
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CHAPTER 6  REGENERATION OF ADSORBENT 

 

Regeneration is considered as one of the most essential parameters of an adsorbent [13]. 

In this study, the regeneration tests were carried out by suspending the used adsorbent in saturated 

NaCl solution. After stirring for 1 hour, the desorption of Cd2+ and Ni2+ was observed and the 

mass balance of these two metals was calculated. Figure 20 shows the results of regeneration of 

modified biosorbent. The result shows that after 3 cycles of regeneration, the adsorption capacity 

decreased about 3.2% for cadmium and 3.8% for nickel. It is therefore concluded that the NaS-W 

is able to be regenerated and reused for multiple times.  

 

Figure 20.  Regeneration of Cd2+ and Ni2+ adsorption on NaS-W.  
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Figure 21.  The mechanism of adsorption and desorption of Cd2+ on the adsorbent [12]. 

Figure 21 shows the mechanism of cadmium adsorption and desorption on the modified 

adsorbent. In the adsorption process, cadmium ions were adsorbed on the modified adsorbent from 

the solution and replaced the sodium ions from the adsorbent. In the desorption process, the high 

concentration of sodium ions in saturated NaCl solution resulted in the substitution of Cd2+ by 

Na2+ on the surface of adsorbent, thus causing the desorption of Cd2+ from the adsorbent. Since 

Cd2+ was removed from the adsorbent, the adsorbent was regenerated and ready for the next 

adsorption test. The mechanism was similar for the adsorption and desorption of nickel.  
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CHAPTER 7  ADSORPTION COMPETITION BETWEEN CADMIUM AND NICKEL 

 

In the cadmium and nickel binary solution, the highest Cd2+ adsorption percentage was 

obtained in the control test without the interference by Ni2+ ions as seen in Figure 22. Adsorption 

percentage of Cd2+ at the equilibrium decreases with the increasing Ni2+ concentration. For Ni2+ 

adsorption, the trend is similar as shown in Figure 23. The desorption of Ni2+ was observed, in 

repeated experiments, when Cd2+ concentration in binary solution is relatively high. These results 

suggest that Ni2+ and Cd2+ compete for adsorption sites, although not equally; Cd2+ decreases Ni2+ 

adsorption more than an equivalent molar concentration of Ni2+ decreases Cd2+ adsorption.  
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Figure 22.  Effect of Ni2+ concentration on Cd2+ adsorption in Cd-Ni binary solution. 

 

Figure 23.  Effect of Cd2+ concentration on Ni2+ adsorption in Cd-Ni binary solution.  
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Figure 24.  Mechanism of adsorption competition between Cd2+ and Ni2+ ions [85]. 

 Figure 24 illustrates the possible cause of the desorption of nickel when the cadmium 

concentration is high in the binary solution. At the beginning, cadmium and nickel are absorbed 

by the adsorbent simultaneously when abundant adsorption sites are available. However, the 

adsorption of Ni2+ is inhibited by the increasing initial concentration of Cd2+ because Cd2+ shows 

a higher affinity to the adsorbent than Ni2+. The desorption behavior of Ni2+ results in a decreasing 

adsorption capacity in the succeeding stage, which explains the descending nickel adsorption in 

Figure 23 when the initial cadmium concentration is 3.56 m∙mol/L in the binary solution [85].  

  



 

 

 62

CHAPTER 8  COLUMN ADSORPTION STUDY 

 

The adsorption column studies were carried out using an adsorbent mass of 0.5 g, initial 

concentration of 200 mg/L, flowrate of 8 ml/min, under original pH of cadmium and nickel 

solution. The breakthrough point was determined as C/C0=0.05 and the exhaustion point was 

determined as C/C0=0.9. The dynamic adsorption curves were obtained as an indicator for the 

scale-up application.  

 

Figure 25.  Dynamic adsorption curves of Cd2+ and Ni2+ with flowrate of 8 ml/min. 

Figure 25 shows the adsorption curves of Cd2+ and Ni2+ in column study. As shown in the 

figure, the column reached the breakthrough point (Ce/C0=0.05) within a short time. For nickel 

adsorption, the adsorption column reaches its exhaustion point (Ce/C0=0.9) after approximately 

35 minutes, while it took 72 minutes to exhaust in the case of cadmium. Additionally, under same 

condition, at the same sampling time point, the value of C/C0 for nickel adsorption is higher than 
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that for cadmium adsorption, meaning that the concentration of cadmium in the effluent is lower 

than that of nickel. The lower concentration in effluent at same sampling point indicates a better 

column adsorption capacity for cadmium than nickel. The adsorption capacity of 97.4 mg/g for 

Cd2+ and 58.5 mg/g for Ni2+ was obtained respectively. However, as the Langmuir isotherm model 

predicted, the maximum adsorption capacity was 113.3 mg/g for Cd2+ and 138.5 mg/g for Ni2+. 

The lower adsorption capacity in column studies is possibly as a result of high flowrate, causing 

the solution flow through a preferred path and leading to an insufficient time for Cd2+ and Ni2+ to 

contact with the adsorbent [86]. 
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CHAPTER 9  CONCLUSIONS AND FUTURE WORK 

 

9.1  Conclusions 

Wheat straw is an abundant, locally available agricultural byproduct that, when 

succinylated and Na-treated, shows promise as a means of treating metal-contaminated waters by 

adsorbing cadmium and nickel cations from the solution. The percentage removal of cadmium 

and nickel is optimized (> 99.0% for Cd2+ and > 98.0% for Ni2+) with an adsorbent dose of 5 g/L, 

initial metal concentration of 50 mg/L, under original solution pH (5.8 for cadmium and 6.0 for 

nickel solution). The adsorption capacity decreases with the decreasing pH, either because of the 

inhibition from the positive surface charge or the competition between H+ and Cd2+/Ni2+. The 

adsorption percentage increases with the increasing adsorbent dose, but the per-unit effectiveness 

of the adsorbent decreases. As the initial concentration increases, the adsorption capacity increases 

while the adsorption percentage decreases. Also, the time to reach the equilibrium increases with 

increasing initial metal concentration. When both metals are present in solution, Cd2+ and Ni2+ 

interfere with each other’s adsorption, lowering adsorption efficiency; notably, cadmium 

decreases nickel adsorption more than an equivalent amount of nickel decreases cadmium 

adsorption. The kinetics of Cd2+ and Ni2+ adsorption on modified wheat straw are both pseudo-

second-order kinetics and the isotherm are modeled by the Langmuir adsorption isotherm. The 

maximum adsorption capacity Qmax predicted by the Langmuir model are 113.25 mg/g and 138.5 

mg/g for cadmium and nickel respectively. The activation energy for cadmium and nickel 

adsorption on modified wheat straw are 1.43 kJ/mol and 2.31 kJ/mol, respectively. The column 

tests show a better adsorption capacity for Cd2+ than Ni2+.   
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9.2  Future Work 

There are still a few phenomena need to be investigated. A detailed study to fully 

understand the mechanism of the adsorption process needs to be done. More research on materials 

characterization could be done to understand the change of functional groups before and after 

adsorption, and to relate the surface changes on the adsorption characteristics. Different 

modification processes will be required to develop novel processes with less energy and impacts 

on the environments.  
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APPENDIX A 

Equation (1):  

��� +  2(	
)�  ↔ �(	
)� ↓ 

M2+ - the dissolved metal ions 

OH- - the precipitant 

M(OH)2 - the insoluble metal hydroxide 

 

Equation (2):  

%� = I@ − I�
I@

× 100% 

 

%R - adsorption percentage of adsorbate;  

C0 (mg/L) - initial concentration of metal in the solution;  

Ce (mg/L) - metal concentration remaining in the solution at equilibrium.  

 

Equation (3):  

��(XY
Y ) = (I@ − I�)Z

[  

 

V (L) - the volume of solution;  

W (g) - the total weight of adsorbent applied;  

qe (mg/g) - loading capacity.  

 

Equation (4): 

n�  ! = V]^ ! × C]^ ! − V!�` × C!�`
m^bcdefghi
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nCOOH (m∙mol/g) - the concentration of carboxylic, i.e. the succinylation degree;  

V (mL) - the volume of NaOH or HCl consumed;  

C (m∙mol/L) - the concentration of NaOH or HCl applied;  

madsorbent (g) - the mass of succinylated materials.  

 

Equation (5):  

j7�
j: = K6(7� − 74) 

 

The pseudo-first-order kinetics:  

Qt (mg/g) - the amounts of metals adsorbed onto the adsorbent at time t;  

Qe (mg/g) - the amounts of metals adsorbed onto the adsorbent at equilibrium;  

KI (min-1) - the adsorption rate constant of the pseudo-first-order kinetics.  

 

Equation (6):   

ln(7� − 74) = −K6: + ln 7� 

 

The linear form of the pseudo-first-order kinetics.  

 

Equation (7):  

j74
j: = K

Ⅱ

(7� − 74)� 

  

The pseudo-second-order kinetics:   

K
Ⅱ

 (g∙mg-1∙min-1) - the rate constant;  

Qt (mg∙g-1) - the adsorption capacity at a given time t;  

Qe (mg∙g-1) - the predicted adsorption capacity at equilibrium.  
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Equation (8):  

:
74

= :
7�

+ 1
A
Ⅱ

7�� 

 

The linear form of the pseudo-second-order kinetics.  

 

Equation (9):  

ℎ@ = A
Ⅱ

7��
 

 

The initial adsorption rate of the pseudo-second-order kinetics: 

h0 (mg･g-1∙min-1) - the initial adsorption rate as Qt/t approaches zero.  

 

Equation (10):  

�F = 1
1 + AFIk

 

KL - the Langmuir constant  

Ci - the initial concentration of adsorbate 

 

Equation (11):  

7� = 7�lmAFI�
1 + AFI�

 

 

The Langmuir sorption isotherm model:  

Qe (mg∙g-1) - the amount of metal adsorbed per gram of sorbent;  

Qmax (mg∙g-1) - the maximum sorption capacity per gram of adsorbent;  

Ce (mg∙L-1) - the equilibrium concentration of metal in solution;  

KL (L∙mg-1) - the Langmuir constant related to the energy of adsorption.  
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Equation (12):   

I�
7�

= I�
7�lm

+ 1
7�lmAF

 

   

The linear form of the Langmuir adsorption isotherm.  

 

Equation (13):  

7� = AHI�
< J⁄

  

 

The Freundlich sorption isotherm model:  

Qe (mg∙g-1) - the amount of metal adsorbed per gram of sorbent;  

Ce (mg∙L-1) - the equilibrium concentration of metal in solution;  

KF (L∙g-1) - the relative adsorption capacity constant of the adsorbent;  

1/n - the intensity of the adsorption constant.  

 

Equation (14):  

log 7� = 1
P log I� + log AH 

 

The linear form of the Freundlich sorption isotherm model.  

 

Equation (15):  

OP n(o�)
n(o<) = pl

� q 1
o<

− 1
o�

r 

 

The Arrhenius equation:  

k - the rate constant of the pseudo-second-order kinetics;  
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T (K) - the reaction temperature;  

Ea (kJ/mol) - the activation energy;  

R (J∙mol-1∙K-1) - the gas constant (R = 8.314 J∙mol-1∙K-1).  
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APPENDIX B 

Effect of pH 

 

Cd 200 ppm + NaS-W with pH = 1, 2, 3, 4, Original 
     

pH=5.8 (original)       

pH (initial, final) 5.77 4.84    

Time/min Abs Dilution Conc.  % Ext 

0 0.154 100 192.26 0.00 

5 0.036 100 44.94 76.62 

15 0.018 100 22.47 88.31 

25 0.167 10 20.85 89.16 

40 0.143 10 17.85 90.71 

60 0.136 10 16.98 91.17 

 

pH=4 
       

pH (initial, final) 4.09 4.83    

Time/min Abs Dilution Conc.  % Ext 

0 0.148 100 187.82 0.00 

5 0.062 50 39.34 79.05 

10 0.101 20 25.63 86.35 

20 0.085 20 21.57 88.51 

40 0.078 20 19.80 89.46 

60 0.073 20 18.53 90.14 

 

pH=3 
        

pH (initial, final) 3 4.61    

Time/min Abs Dilution Conc.  % Ext 

0 0.15 100 190.36 0.00 

5 0.046 100 58.38 69.33 

10 0.036 100 45.69 76.00 

20 0.036 100 45.69 76.00 

40 0.036 100 45.69 76.00 

60 0.036 100 45.69 76.00 
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pH=2 
        

pH (initial, final) 2.08 2.14    

Time/min Abs Dilution Conc.  % Ext 

0 0.157 100 199.24 0.00 

5 0.156 100 197.97 0.64 

10 0.151 100 191.62 3.82 

20 0.151 100 191.62 3.82 

40 0.151 100 191.62 3.82 

60 0.151 100 191.62 3.82 

 

pH=1 
        

pH (initial, final) 1.03 1.03    

Time/min Abs Dilution Conc.  % Ext 

0 0.16 100 203.05 0.00 

5 0.16 100 203.05 0.00 

10 0.155 100 196.70 3.13 

20 0.155 100 196.70 3.13 

40 0.155 100 196.70 3.13 

60 0.155 100 196.70 3.13 
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 Effect of adsorbent dose 

 

Cd 100 ppm with 1, 2, 5, 10 g/L adsorbent dose 

  

Adsorbent dose = 1 g/L 

Time/min No. Abs Dilution Conc.  % Ext 

0 0 0.080 100 99.63 0.00 

10 1 0.059 100 73.91 25.82 

30 2 0.056 100 70.16 29.58 

60 3 0.056 100 70.41 29.33 

120 4 0.057 100 71.41 28.32 

180 5 0.057 100 71.41 28.32 

  

Adsorbent dose = 2 g/L 

Time/min No. Abs Dilution Conc.  % Ext 

0 0 0.080 100 99.63 0.00 

10 6 0.045 100 55.93 43.86 

30 7 0.039 100 48.06 51.76 

60 8 0.038 100 46.94 52.88 

120 9 0.035 100 44.07 55.77 

180 10 0.035 100 44.07 55.77 

  

Adsorbent dose = 5 g/L 

Time/min No. Abs Dilution Conc.  % Ext 

0 0 0.080 100 99.63 0.00 

10 11 0.091 10 11.36 88.60 

30 12 0.041 10 5.12 94.86 

60 13 0.037 10 4.62 95.36 

120 14 0.023 10 2.87 97.12 

180 15 0.044 10 5.49 94.49 

  

Adsorbent dose = 10 g/L 

Time/min No. Abs Dilution Conc.  % Ext 

0 0 0.080 100 99.63 0.00 

10 16 0.038 4.48 2.13 97.87 

30 17 0.018 10 2.25 97.74 

60 18 0.018 10 2.25 97.74 

120 19 0.015 10 1.87 98.12 

180 20 0.017 10 2.12 97.87 
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Effect of initial concentration 

Cd = 50 ppm     

Time/min Abs Dilution Conc.  % Ext 

0 0.073 50 45.57 0.00 

5 0.042 3 1.57 96.55 

15 0.005 3 0.19 99.59 

25 0.005 3 0.19 99.59 

40 0.005 3 0.19 99.59 

60 0.005 3 0.19 99.59 
     

Cd = 200 ppm     

Time/min Abs Dilution Conc.  % Ext 

0 0.154 100 192.26 0.00 

5 0.036 100 44.94 76.62 

15 0.018 100 22.47 88.31 

25 0.167 10 20.85 89.16 

40 0.143 10 17.85 90.71 

60 0.136 10 16.98 91.17 
     

Cd = 500 ppm     

Time/min Abs Dilution Conc.  % Ext 

0 0.071 500 443.20 0.00 

5 0.102 200 254.68 42.54 

15 0.085 200 212.23 52.11 

25 0.083 200 207.24 53.24 

40 0.083 200 207.24 53.24 

60 0.081 200 202.25 54.37 
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Wheat straw in different treatment steps with Cd 200 ppm 

 

R-W 
     

Time/min Abs Dilution Conc.  % Ext 

0 0.154 100 192.26 0.00 

5 0.149 100 186.02 3.25 

10 0.142 100 177.28 7.79 

20 0.14 100 174.78 9.09 

40 0.137 100 171.04 11.04 

60 0.136 100 169.79 11.69 

 

NaOH-W 
     

Time/min Abs Dilution   Conc. % Ext 

0 0.049 200 183.52 0.00 

5 0.071 100 132.96 27.55 

10 0.064 100 119.85 34.69 

20 0.064 100 119.85 34.69 

40 0.064 100 119.85 34.69 

60 0.064 100 119.85 34.69 

 

S-W 
     

Time/min Abs Dilution   Conc. % Ext 

0 0.049 200 183.52 0.00 

5 0.024 100 44.94 75.51 

10 0.018 100 33.71 81.63 

20 0.014 100 26.22 85.71 

40 0.01 100 18.73 89.80 

60 0.01 100 18.73 89.80 

 

NaS-W 
     

Time/min Abs Dilution Conc.  % Ext 

0 0.154 100 192.26 0.00 

5 0.036 100 44.94 76.62 

10 0.018 100 22.47 88.31 

20 0.167 10 20.85 89.16 

40 0.143 10 17.85 90.71 

60 0.136 10 16.98 91.17 
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APPENDIX C 

1. Adsorption kinetics 

 

  Pseudo-first-kinetics:  Pseudo-second-kinetics:  

  interception slope COD interception slope COD 

Cd 1.03808 -0.03978 0.77772 0.02429 0.02849 0.99994 

Ni 0.82608 -0.06176 0.46667 0.01318 0.03579 0.99992 

 

2. Adsorption activation energy 

 

Ea for cadmium adsorption on NaS-W 

Arrhenius Eq.  lnk = lnk0 − E/RT  

Slope -E/R -0.1718 

Intercept lnk0 -4.153 

T (�) 1000/T (K^-1) lnK 

25 3.3557047 -4.7279595 

35 3.24675325 -4.7139263 

45 3.14465409 -4.6916027 

R (J/molK) 8.314  

E (kJ/mol) 1.4283452  

k0 0.01571719  

 

Ea for Ni adsorption on NaS-W 

Arrhenius Eq.  lnk = lnk0 − E/RT  

Slope -E/R -0.2781 

Intercept lnk0 -1.9796 

T (�) 1000/T (K^-1) lnK 

25 3.3557047 -2.9110404 

35 3.24675325 -2.8861911 

45 3.14465409 -2.8522258 

R (J/molK) 8.314  

E (kJ/mol) 2.3121234  

k0 0.13812448  
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