
 
 

Enhancement of Cu (II), Zn (II), Ni (II) and humic acid adsorption in 
modified bentonite 

 
 
 
 
 
 
 
 
 
 
 
 

Kanogwan  Tohdee 
 
 
 
 
 
 
 
 
 
 
 
 
 

A Thesis Submitted in Fulfillment of the Requirements for the  
Degree of Doctor of Philosophy in Chemical Engineering 

Prince of Songkla University 
2018 

Copyright of Prince of Songkla University 



i 
 

 
 

Enhancement of Cu (II), Zn (II), Ni (II) and Humic Acid Adsorption 
in Modified Bentonite 

 
 
 
 
 
 
 
 
 
 
 
 
 

Kanogwan  Tohdee 
 
 
 
 
 
 
 
 
 
 
 
 
 

A Thesis Submitted in Partial Fulfillment of the Requirements for 
the Degree of Doctor of Philosophy in Chemical Engineering 

Prince of Songkla University 
2018 

 Copyright of Prince of Songkla University 



ii 
 

Thesis Title Enhancement of Cu (II), Zn (II), Ni (II) and humic acid adsorption 

in modified bentonite  

Author Miss Kanogwan Tohdee  

Major Program Chemical Engineering 
 ________________________________________________________________________________________________________  

Major Advisor 

 

............................................................... 
(Assoc. Prof. Dr. Lupong Kaewsichan) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Examining Committee: 

 

……...........................................Chairperson 
(Assoc. Prof. Dr. Nurak Grisdanurak) 
 
 
 
……............................................Committee 
(Assoc. Prof. Dr. Supawan Tirawanichakul) 
 
 
 
....................................................Committee 
(Assoc. Prof. Dr. Ram Yamsaengsung) 
 
 
 
....................................................Committee 
(Assoc. Prof. Dr. Kanda Panthong) 
 
 
 
…................................................Committee 
(Assoc. Prof. Dr. Lupong Kaewsichan) 

 
 
 

The Graduate School, Prince of Songkla University, has approved this 
thesis as fulfillment of the requirements for the Degree of Doctor of Philosophy in 
Chemical Engineering. 
 
 
 

         ................................................................. 
                (Prof. Dr. Damrongsak Faroongsarng) 
               Dean of Graduate School 



iii 
 

This is to certify that the work here submitted is the result of the candidate’s own 
investigations. Due acknowledgement has been made of any assistance received. 
 
 
 

 
.................................................Signature 
(Assoc. Prof. Dr. Lupong Kaewsichan) 
Major Advisor 
 
 
 
 
................................................Signature 
(Miss Kanogwan Tohdee) 
Candidate 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



iv 
 

I hereby certify that this work has not been accepted in substance for any degree, and 
is not being currently submitted in candidature for any degree. 
 
 
 
 
 

 
................................................Signature 
(Miss Kanogwan Tohdee) 
Candidate 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



v 
 

ช่ือวทิยานิพนธ์ การเพิ่มประสิทธิภาพการดูดซบัของ Cu (II) Zn (II) Ni (II) และกรดฮิวมิกในเบน

โทไนทท่ี์ดดัแปลง 

ผู้เขียน  นางสาวกนกวรรณ  โตะ๊ดี 

สาขาวชิา วศิวกรรมเคมี 
ปีการศึกษา 2561 

 

 

บทคัดย่อ 

 มลพิษทางส่ิงแวดล้อมเป็นท่ียอมรับว่าเป็นปัญหาหลกัทัว่โลก ความเป็นพิษของมลพิษ

เหล่านั้นอาจทาํให้เกิดปัญหาร้ายแรงต่อส่ิงมีชีวิต ดงันั้นการกาํจดัมลพิษทั้งจาํพวก สารอนินทรีย์

และสารอินทรียเ์ป็นความทา้ทายของนกัวจิยัทั้งหลายทัว่โลกในช่วงทศวรรษท่ีผา่นมา การศึกษาคร้ัง

น้ีมีวตัถุประสงคเ์พื่อเพิ่มความสามารถในการดูดซบัสารโลหะและสารอินทรียข์องเบนโทไนทโ์ดย

การปรับปรุงพื้นผิว ด้วยวิธีการเติมสารลดแรงตึงผิวชนิดประจุบวก (cationic surfactant Benzyl 

hexadecyl dimethyl ammonium chloride, BCDMACl) ได้ประสบความสําเร็จ ดินเบนโท-ไนท์

ธรรมชาติและดินเบนโทไนทท่ี์ไดมี้การปรับปรุงแลว้ไดถู้กตรวจสอบลกัษณะเฉพาะโดยวิธี FTIR 

spectroscopy, XRF, BET แ ล ะ ก า ร ท ด ส อ บ ก าร บ ว ม ตัว ข อ ง ดิ น  (swelling test) BCDMACl 

ประกอบดว้ย micelles ท่ีสามารถแทรกซึมเขา้ไปใน interlayers ของดินและป้องกนัไม่ใหดิ้นเหนียว

เกิดการบวมตวั การดูดซับโลหะหนักประกอบดว้ย Cu (II) Zn (II) และ Ni (II) และกรดฮิวมิกจาก 

aqueous solution ได้ถูกศึกษาโดยการทาํ batch experiment โดยพิจารณา ความเป็นกรด-เบสของ

สารละลาย (pH solution) เวลา (contact time) ความเข้มข้นของสาร (concentration) และความ

แขง็แรงของพนัธะไอออนิก (ionic strength) ความเขม้ขน้ของโลหะและกรดฮิวมิกในสารละลายได้

ทาํการตรวจวดัโดยวธีิ Atomic Absorption Spectroscopy (AAS) และ UV-Visible ตามลาํดบั  

 ผลการทดลองแสดงให้เห็นว่าสมการ pseudo-second-order rate ให้ผลดีท่ีสุดของ (R2 

ใกล้เคียง 1) ซ่ึงแสดงให้เห็นว่าเป็นการดูดซับทางเคมี ขอ้มูลการดูดซับจากการทดลองถูกนําเขา้

แบบจาํลองโมเดลของ Langmuir, Freundlich, Temkin และ Dubinin-Radushkevich ซ่ึงแบบจาํลอง 

Langmuir ให้ผลดีท่ีสุด โดยท่ี R2 และ APE มีค่าเท่ากบั 0.960-0.998 และ 2.35-9.43% ตามลาํดบั 
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สําหรับทุกกรณี นอกจากน้ี แบบจาํลองโมเดลแบบสามพารามิเตอร์ (three-parameter isotherm) 

ทั้งหมดยงัสนบัสนุนแบบจาํลอง Langmuir เบนโทไนทท่ี์ถูกปรับปรุงมีความสามารถในการดูดซับ

ได้ดี ( maxq = 50.76, 35.21 และ 25.06 และ 86.21 mg / g สําหรับโลหะหนัก [Cu (II), Zn (II), Ni 

(II)] และกรดฮิวมิก ตามลาํดบั ซ่ึงเป็นปริมาณ 1.7-2.5 เท่าเม่ือเทียบกบัเบนโทไนทธ์รรมชาติ ผลการ

ดูดซับในระบบ multi-component ยงัแสดงให้เห็นว่าโลหะแต่ละชนิดท่ีมีการแข่งขัน ซ่ึงทาํให้

ปริมาณของโลหะท่ีดูดซบัมีค่าลดลงประมาณ 35.41-47.41% สาํหรับทุกกรณี 
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ABSTRACT 

 

 Environmental pollutants are recognized as a main problem around the world. 

Their toxicity can cause serious problems to living beings. Therefore, the removal of 

toxic inorganic and organic materials has been the great challenges of several 

researchers worldwide over the last decade. This study sought to enhance the metal 

and organic substance adsorption capacity of bentonite by improving its surfaces. 

Surface modification by the cationic surfactant ( Benzyl hexadecyl dimethyl 

ammonium chloride, BCDMACl) was successful in this respect. Natural and modified 

bentonite were characterized by FTIR spectroscopy, XRF, BET, and swelling test. A 

major characteristic of BCDMACl is forming micelles that can intercalate into 

interlayers of clay and prevent swelling. The adsorption of heavy metals [Cu (II), Zn 

( II)  and Ni (II)] and humic acid from aqueous solutions was studied in batch 

experiments, varying several effects; pH solution, contact time, concentrations of 

substances, and ionic strength. Concentration of the metals and humic acid in solution 

was detected by Atomic Absorption Spectroscopy ( AAS)  and UV-Visible, 

respectively.  

 Kinetic results showed that the pseudo-second-order rate equation provided 

the best fit to observed adsorption kinetics ( 2R  almost equaled to 1), indicated as 

chemical adsorption. The adsorption data were fitted with Langmuir, Freundlich, 

Temkin, and Dubinin-Radushkevich isotherm models, of which the Langmuir 

isotherm provided the best fit with experimental data, 2R  and APE ranged 0. 960-

0.998 and 2.35-9.43%, respectively for all cases.  Moreover, all the three-parameter 

models fits supported the two-parameter Langmuir model, regarding these 
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fundamental assumptions underlying it. The modified bentonite had significantly 

improved adsorption capacities ( maxq = 50.76, 35.21 and 25.06; and 86.21 mg/g for 

heavy metals [Cu (II), Zn (II), Ni (II)] and humic acid, respectively); about 1.7-2.5 

fold improvements over natural bentonite. Competitive adsorption result indicated 

that each metal competed together (antagonism), adsorption of all metals decreases 

totally which adsorption equilibrium reduction ( Y∆ ) ranged 35.41-47.41 % for all 

cases. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

 Water is one of the necessities for human consumption and uses. Safe water 

becomes more scarce as a result of anthropogenic contamination of the water 

resources (Jackson et al., 2001). The water demands around the world have 

significantly raised with 15% of the world population growth (WHO, 2000). WHO 

also found that 2.2 million people of an annual mortality caused by contaminated 

water consumption. Such contamination, either natural or anthropogenic, can affect to 

river or groundwater. Groundwater represents the most important water for human 

consumption. Groundwater contamination occurs due to geochemical phenomena 

which caused to accumulated chemical substance during the natural cycle of water 

into the bed rock. People around the world are being begged sustainable use of water 

for present and future generations. Therefore, a majority of technological 

improvements are unveiled to repair/recycle the industrial wastewater and 

contaminated water before it is left to the natural water resources.  

1.2 Heavy metals pollution in water and their effects 

 Water pollution by heavy metals is harmful to most animal species.  Most of 

such pollutions are released in water resources, from chemical industries including 

electric batteries, mining, and manufacture of glass. According to a list by the United 

States Environmental Protection Agency (USEPA, 2009), Cu ( II)  and Zn ( II)  are 

potentially harmful to human health.  Moreover, The World Health Organization 

( WHO)  suggests that maximum allowed concentrations of these heavy metals in 

drinking water should not exceed 1.0 mg/L and 5.0 mg/L (WHO, 2003; WHO, 2004), 

respectively. An increase in the amount of Cu (II) can cause health problems such as 

liver and kidney failure, Wilson's disease, gastrointestinal disturbance, and insomnia 

to human. Zn (II) can create some severe effects such as depression, lethargy, 
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neurologic signs, and increased thirst (Kurniawan et al., 2006a; Kurniawan et al., 

2006b). These problems are particularly serious concerns because these heavy metals 

can be accumulated by a living organism: even low levels of exposure can be harmful 

if prolonged.  Another metal, Ni (II) is known as one of many carcinogenic metals 

which are occupational and environmental pollutant. Chronic exposure has been 

resulted with high risk of lung cancer, neurological deficits, developed deficits in 

childhood, and high blood pressure (Chervona et al., 2012). The removal and control 

of heavy metal ions from wastewater/contaminated water are now a subject of major 

challenge of several researcher around the globe. Hence, it is important to control the 

metal level in wastewaters before it disposal into the water resources. 

1.3 Humic substance in water and their effects 

 Humic substances are mostly present in natural soils. Generally, they are 

categorized as three different groups; fulvic acids (FA), humic acids (HA), and 

humin, based on their solubility under several conditions in aqueous solutions. In 

treatment processes of drinking water, humic substances can react with chlorine and 

produce some products form disinfection such as trihalomethanes. This can cause 

potentially adverse health impacts (Karnik et al., 2005; Wan Ngah et al., 2008). The 

major type of humic substances is humic acid which occurs from a degradation of the 

microbial. Humic acid can blind several pollutants including heavy metals, and 

transport them through water treatment facilities (Li et al., 2011). Thus, humic 

substance removal from water is become necessary which many methods of the 

removal have been developed such as chemical coagulation, precipitation, adsorption, 

and advanced oxidation. 

1.4 Removal of heavy metals and organic matters from water 

Several methods have been developed to remove heavy metals and organic 

matters from wastewater and contaminated soil, including physicochemical methods 

(e.g., chemical precipitation, coagulation and flocculation, electrochemical treatments, 

ion exchange, membrane filtration, and electrodialysis) and biological methods 

(Gunatilake, 2015). Physicochemical adsorption is considered as suitable methods due 
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to inexpensiveness and easy to adapt (Bhattacharya et al., 2006). Recently, clay 

minerals become an alternative adsorbent because their properties are more suitable 

for adsorption processes. Natural bentonite is an essential adsorbent which was 

recently used to adsorb heavy metals and organic substances (e.g. Anna et al., 2015; 

Iskander et al., 2011; Ghomri F. et al., 2013). To enhance the adsorption efficiency of 

the bentonite, a surface modification can be available with cationic surfactants, such 

as hexadecyltrimethylammonium bromide (HDTMA-Br), cetyl pyridinium bromide 

(CPB), and benzyl hexadecyl dimethyl ammonium chloride (BCDMACl) (Chutia et 

al., 2009; Jin et al., 2008; Yusof and Malek, 2009). These methods have been proved 

that the surface modification can be improved the adsorption ability of clay. 

1.5 Aims and objectives 

 The aim of this study was to prepare a modified bentonite (a new adsorbent) 

by surface modification technique, and to evaluate their efficacy for the removal of 

heavy metals (Cu (II), Zn (II), and Ni (II)) and humic acid from aqueous solution.  

 1.5.1 To perform the surface modification of bentonite using a cationic 

surfactant named benzyl hexadecyl dimethyl ammonium chloride (BCDMACl). 

 1.5.2 To investigate and compare the characteristics of natural and modified 

bentonite by several methods such as XRF, FTIR, BET, and CEC. 

 1.5.3 To investigate several influent factors to adsorption processes of heavy 

metals (Cu (II), Zn (II), and Ni (II)) and humic acid.  

 1.5.4 To study a performance of BCDMACl modified bentonite through the 

removal of heavy metals (Cu (II), Zn (II), and Ni (II)) and humic acid from aqueous 

solution by determining the adsorption capacity, applying kinetic models and some 

commonly used adsorption isotherms through non-linear modeling. 

 1.5.5 To investigate the competitive adsorption of heavy metals mixed 

together onto both natural and BCDMACl modified bentonite. 
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 This research is expected that this work would strengthen the information 

available on a use of bentonite clay and its modification for removal of heavy metals 

from wastewater, and enhance the knowledge of adsorption behavior. 

1.6 Scope of this study 

 This study focus on the adsorption of heavy metals and humic acid in aqueous 

by conducting only laboratory batch experiments and focusing on adsorption kinetics 

and isotherms. All experiments were conducted at chemical engineering laboratory, 

Faculty of engineering, Prince of Songkla University. 
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CHAPTER 2 

BACKGROUND 

 

2.1 Clay minerals 

2.1.1 Structure of clay minerals 

Clay minerals (i.e. particle size is less than 2 µm) are main constituents of 

several soils, refers to hydrous aluminium silicates with magnesium substituting either 

partly or wholly for the aluminium in some minerals. Some cations (alkali and 

alkaline earth metals) also show as an essential chemical constituents in many soils 

(Grim, 1962). The atomic structure of clay minerals can be classified as two main 

kinds of cell geometry unit as follows 

 a) Tetrahedral unit 

Structure of tetrahedral unit is built from silica tetrahedral (Si4+) which is the 

foundation of silicate structures. This structure consists of one Si4+ at the center 

balancing with four O2- at the vertexes of tetrahedron (Fig. 2.1). These tetrahedral unit 

arranged an interlocking array connected with the same plane by sharing oxygen 

anions to form a hexagonal network, usually called a tetrahedral sheet (Schultz, 

1989). This hexagonal network is indefinitely repeated to form the tetrahedral sheet of 

Si4O6(OH)6 composition (Grim, 1962). 

 b) Octahedral unit 

Generally, aluminum and magnesium are a coordinating cation, and 

surrounded by six oxygens or hydroxyls. Its arrangement of these atoms results in an 

octahedron formation, so that the horizontal-plane linkage of each octahedra involved 

to a octahedral sheet (Fig. 1). The structure of gibbsite A1(OH)3 and brucite 

Mg(OH)2 are an example of clay minerals which their structure is similar to the 

octahedral sheets. In case of gibbsite structure, only two-thirds of hydroxyl positions 

are balanced the structure charges. This clay structure is therefore classified as 
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dioctahedrals. In other case, brucite structure, all hydroxyl positions are balanced the 

charge of the structure, which is thus classified as trioctahedrals (Grim, 1962). 

 

Figure 2.1 Structure of clay mineral unit; tetrahedral and octahedral 

(https://gsoil.wordpress.com/tag/clay/). 

2.1.2 Isomorphous substitution  

 An arrangement of clay structure presents a formation of silicate clay 

minerals. It is a fact that the composition of the clay minerals varies as a result of ion 

substitution in their structure. The substitution of Si4+, Al3+ and Mg2+ with another 

comparable cations under similar size of ionic radii can occur to tetrahedral and 

octahedral sheets. This process is referred to isomorphous substitution which one 

cation in clay structure was replaced with another ion resulting the charge in clay 

minerals presents a permanently negative and positive charges. For example, the clay 

structure with negative charge is built from Al3+ replacing with Si4+ in the tetrahedron 

sheet. In other case, alternatively, the replacement of Fe2+ (lower valence cation) by 

Fe3+ (higher valence cation) may result to gain one positive charge. However, some 
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clays exhibit both positive and negative charges, so that the electron gain and loss 

within mineral structure are balanced to determine the net charge of the minerals.  

2.1.3 Clay mineral classification  

 Groups of clay minerals are commonly referred to two main types (e.g. 1:1 

and 2:1 formation), depending on the arrangement of tetrahedral and octahedral sheets 

as layers in their structure.  

 a) 1:1 Clay Minerals 

This layer mineral consists of one tetrahedral and one octahedral sheet in 

structural unit which van der Waals bonding between the basal oxygens of the 

tetrahedral sheet and the hydroxyls of the octahedral sheet. Each layers are tightly 

hold by hydrogen bonding between the tetrahedral oxygens and octahedral hydroxyl 

ion. Kaolinite, the most common mineral in 1:1 type of clay mineral which the 

general structure exhibits Si4+ tetrahedral and Al3+ octahedral coordination 

(dioctahedral clay mineral), illustrated in Fig. 2.2. The arrangement of this structure 

allows to fix a lattice structure which kaolinite prevents water adsorbed into the 

interlayer, resulting swelling are unallowable. Also, it is ensure that the kaolinite 

cannot undergo isomorphic substitution adsorption (Brigatti et al., 2006). So that soils 

composed kaolinite show poor adsorption of cations.  
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Figure 2.2 Structure of kaolinite. 

 b) 2:1 Clay Minerals 

The octahedral sheet is sandwiched by two tetrahedral sheets, which unshared 

vertex of each tetrahedral sheet forms to each side of the octahedral sheet, producing a 

type of three-sheet mineral called 2:1 clay minerals. Cations of interlayer may 

coordinate with hydroxyls, and present individual cations. Montmorillonite is the 

most common mineral in this 2:1 type which presents the substitution of Mg2+ for 

Al3+ in octahedral sheets. The layers exhibit weak cation-to-oxygen linkages and are 

held by van der Waals bonding. Figure 2.3 displays the structure of montmorillonite, 

the water, other polar molecules and exchangeable cations can enter to the interlayer 

which other cation can be adsorbed for offsetting the isomorphous substitution 

(Sparks, 2002.). Bentonite clay, originating from weathering of volcanic ash, mostly 

consists of montmorillonite and amounts of quartz and feldspar. Generally, the 

bentonite clay forms by a combination of the montmorillonite mineral with different 

cations (e.g. sodium, potassium or calcium) under different substitutions of the silicate 

structure (Brigatti et al., 2006). 
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Figure 2.3 Structure of montmorillonite. 

2.1.4 Surface charge of soils 

 Surface properties of soils especially in clay minerals often play a major rule 

in their chemistry. The surface charge is one of important properties, depending on an 

organic and inorganic components which have an amphoteric character, and greatly 

present in the nature. Both components are a main source of negative and positive 

charge. 

 Negative charge 

 The negative charge can be subdivided as two type of charge, a constant 

charge and pH-dependent charge. The constant charge (i.e. this is often called a 

permanent charge) results from the shortcoming of soil structure due to isomorphous 

substitution (Sparks, 2002) or vacancies of site, in crystalline minerals and non-

crystalline hydrous oxides of Si, Al and Fe (Gast, 1977), does not depend on pH. An 

example of clay mineral for this constant charge are montmorillonite and chlorite (2:1 

mineral formation) which their physical and chemical properties are governed a 

location of isomorphous substitution in the mineral structure. Other, pH-dependent 

charge, this charge has an influence from protonation and deprotonation of surface 
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functional groups existing on the minerals. The 1:1 clay mineral is generally an 

example of this charge, such as kaolinite.  

2.1.5 Surface functional groups 

 In adsorption processes, surface functional groups in soil play an important 

role. The surface functional group was defined to a chemically reactive molecular per 

unit bound into soil structure. Either organic, such as carboxyl and carbonyl, or 

inorganic molecular can be the surface functional groups. In case of inorganic, the 

main functional groups are the siloxane surface groups. These functional groups 

associate with oxygen atoms bounded to the silica tetrahedral layer, and hydroxyl 

groups occurred as the edges of inorganic minerals (e.g. kaolinite and metal oxides, 

oxyhydroxides and hydroxides). Figure 2.4 depicted possible bounding of the 

functional groups at the interface of soils. 

S
OH

S
S OH S

OH2

OH

S
OH

OH

OH  

Figure 2.4 Surface functional group in soil. 

 Protonation and deprotonation of the surface functional groups can occur by 

adsorption of H+ and OH- respectively, and can undergo under metal binding, ligand 

exchange, and ternary surface complexation. The simplest reaction equilibrium of 

these processes are presented below (Schindler et al., 1987; Stumm, 1992; Stumm, 

1996): 

Acid-Base Equilibria 

S OH + H+ S OH2
+

S OH S O
-

+ H+

(protonation)

(deprotonation)  
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Metal binding 

S OH + Mz+ S OM(z-1)+

S OH + 2H+

H++

+ Mz+
(S-O)2M(z-2)+

S OH + 2H++ Mz+ S-OMOH(z-2)+

2

H2O+
 

Ligand Exchange 

S OH + L S L

S OH + 2OH
-

OH
-

+

+ L S2-L2  

Ternary Surface Complex Formation 

S OH + L
-

S-L-Mz+

+ H+

OH
-

+

S-OM-L(z-2)+

+ Mz+

S OH + L
-

+ Mz+

 

2.1.6 Surface complexation  

 Surface complexation refer to the interaction between the surface functional 

groups with molecules in the solution which can create a molecular entity. Figure 2.5 

depicts the surface complexations which can be classified as two types of surface 

complexes, outer-sphere and inner-sphere. The surface complexes between siloxane 

ditrigonal cavities and metal cations which occur on the edges of clay minerals as 

illustrated in Fig. 2.5. Outer-sphere complex is formed when a water molecule 

presents between the surface functional group and the bound ion. Other case, there is 

non-presented water molecule referred to an inner-sphere complex 

 Outer-sphere complex involves electrostatic interactions and is thus weak 

bond, the binding type is covalent or ionic. This is usually a rapid process and 

reversible. So that, the adsorption only occurs on the surfaces that are an opposite 

charge to the adsorbate. In contrast, the inner-sphere complexation is slower than that 

of outer-sphere complexation (i.e. this process is irreversible). Adsorption via inner-

sphere complexation can occur on the surfaces regardless of the original charge. 

However, it is important to note that both complexations can occur simultaneously.  
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 Ionic strength effects are an indirect evidence indicating outer-sphere or inner-

sphere complex is formed. For example, metal adsorption process is ionic strength 

dependent, outer-sphere complex is assumed to form. In contrast, independent of ionic 

strength on adsorption process is assumed to form inner-sphere complex. 

 

Figure 2.5 Formation of sphere complexes (Sparks, 2005). 

2.1.7 Cation exchange capacity (CEC) 

 Cation exchange capacity (CEC) is defined as the capacity of a soil for ion 

exchange between the soil and the solution. An amount of cations which the clay 

minerals can accommodate on their negatively charged of surface, the quantity of 

CEC is expressed as milliequivalent (meq) per 100 g or cmolc/kg.  

 CEC values for clay minerals depend on the amount of impurities in the clay 

and the pH of clay at which the CEC value was measured. For example, the CEC of 

kaolinite clay is range 2-15 meq/100g (very low) because the degree of isomorphous 

substitution is small, while a high CEC value of montmorrilonite is range 80-150 meq 

/100 g due to a large isomorphous substitution, and the existance of all expanded 

interlayers promoted ion exchange. Other important clay, Illite has a low CEC value, 

ranged 20-30 meq/100 g, due to the inaccessibility of the exchangeable potassium ion 

in its interlayer. 
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2.2 Natural Organic Matter in Soils 

 2.2.1 Composition of NOM 

 Humic substances can be extracted from organic matter which can be virtually 

characterized as yellow to black color, high molecular weight. The humic substances 

are categorized into three main groups based on their soluble ability in aqueous media 

as (Hayes and Swift, 1978) humic acid, fulvic acid and humin. Humic acid has 

insoluble under strongly acidic phases (< pH 2) while fulvic acid is soluble under both 

acid and alkaline conditions (> pH 2). Humin is also insoluble under both acid and 

alkaline phases. 

 Elemental composition of humic and fulvic acid, and a nature of functional 

groups exist in natural organic matter are tabulated in table 2.1 and 2.2. The main 

elemental composition of humic substances are carbon and oxygen which can sum to 

more than 86 % of total elements. The main functional groups are carboxyl and 

phenolic hydroxyl groups which the carboxyl is the most common group. Also, 

alcoholic, quinonic, and ketonic groups are the minor groups present in humic 

substances. 

   Table 2.1 Elemental composition of soil humic substances. 

Element Humic acids (%) Fulvic acids (%) 

Carbon 53.8-58.7 40.7-50.6 

Hydrogen 3.2-6.2 3.8-7.0 

Oxygen 32.8-38.3 39.7-49.8 

Nitrogen 0.8-4.3 0.9-3.3 

Sulphur 0.1-1.5 0.1-3.6 

 

        Table 2.2 Functional groups in NOM.  

Element Functional groups  

Acidic Carboxyl, Enol, Phenolic OH, Quinone  

Neutral Alcoholic OH, Ether, Ketone, Aldehyde, Ester  

Basic Amines, Amides  
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 2.2.2 Structure of humic substances 

 Many proposed structures of humic substances have been characterized by the 

same functional groups and the existence of aromatic and aliphatic structure (Sparks, 

2002).  The macrostructure of humic substances is of most importance which can 

affect to several conditions such as the chemical of organic matter, stability of 

organomineral aggregates and transport of pollutants in soils under several factors 

(e.g. pH, electrolyte concentration, ionic strength, and acid concentrations) (Hayes 

and Swift, 1978; Chen and Schnitzer, 1976). Figure 2.6 show proposed model 

structure for humic acid, was developed by Schulten and Schnitzer (1993). 

 

Figure 2.6 A Proposed structure for humic acid (Schulten and Schnitzer, 1993; 
Sparks, 2002). 

2.3 Adsorption  

 2.3.1 Basic of adsorption 

 Adsorption is a widely used process in practice for removing substances from 

fluid phases. General definition of adsorption is an adhesion of chemical species from 

a fluid phase (adsorbate) on the surface of a liquid or a solid (adsorbent). However, 
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the adsorption does not include both surface precipitation and polymerization 

(monomer molecules formed to polymer). These processes (e.g. adsorption, 

precipitation, and polymerization) are in term of sorption which involved in several 

mechanisms concerning both physical and chemical processes. In water treatment, 

molecules or ions are removed from the aqueous solution or wastewater by adsorption 

onto solid surfaces of adsorbent. 

 In adsorption theory, the basic terms shown in Figure 2.7 are used. The solid 

material that provides the surface for adsorption is referred to as adsorbent. By 

changing the properties of the liquid phase, adsorbed molecules can be released from 

the adsorbent surface and reversed into the liquid phase. This process is referred to 

desorption.  

  

Figure 2.7 Conceptual model of adsorption. 

 2.3.2 Modeling adsorption kinetic 

 Many factors are important component controlling the adsorption kinetics. 

These factors may include (1) mass transfer (solute) from the solution to the boundary 

interface surrounding the particle (bulk diffusion), (2) diffusion from the interface to 

the adsorbent surface (external diffusion), (3) diffusion from the adsorbent surface to 

the intra-particular sites (intra-particular diffusion) and (4) solute adsorption by 

several processes such as complexation, physicochemical adsorption and ion 

exchange. Bulk diffusion process can be ignored when sufficient agitation is 

allowable, avoiding particle and solute gradients. This can be assumed that the kinetic 

rate is not limited by mass transfer from the bulk liquid to the particle external 

surface, resulting external diffusion might govern the adsorption process. The 

adsorption kinetic is time-dependent process which is a good way to describe the 

adsorption behavior of heavy metals (e.g. copper, zinc and nickel etc.) by adsorbent 
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produced from biological sources. Amount of adsorbate adsorbed on a solid surface at 

time ( tq , in mg of ion/g of adsorbent) can be determined from the following mass-

balance equations: 

    ( )
m

VCC
q ti

t
×−

=                 (2.1) 

   % Removal 
( )

i

ei

C
CC 100×−

=               (2.2) 

where iC , eC  and tC  are the concentrations of adsorbate at initial, equilibrium and  

given time (mg/L) , respectively, V is volume of the aqueous solution (L) , and m  is 

mass of the adsorbent (g). 

 a) Pseudo-first-order model  

 The adsorption kinetics can be accessed by using the differential rate equation 

fitting to the experimental data. A general form of rate expression of pseudo-first-

order model proposed by Lagergren (Lagergren, 1898) is expressed as follows: 

     ( )te
t qqk

dt
dq

−= 1              (2.3) 

where tq  is the adsorbate adsorbed at the given contact time (mg/g), and 1k  is the rate 

constant of the pseudo-first order ( 1/ min) .  Integration of Eq.  ( 2.3)  with initial 

condition tq  = 0 at t = 0 and simplifies to ‘Lagergren’ first-order equation (Lagergren, 

1898) 

tkqqq ete 1ln)ln( −=−              (2.4) 

Eq. 2.4 can also be expressed as: 

    
303.2

log)log( 1
tkqqq ete −=−              (2.5) 

 

 Equation 2.5 is a linear form of pseudo-first-order model, relationship between 

( )te qq −log  and t . The model parameters can be calculated from slope and intercept. 
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 b) Pseudo-second-order model  

 The pseudo-second-order equation is the most widely used rate equation for 

the sorption of a solute from a liquid phase. The experimental data can also be tested 

for pseudosecond- order adsorption. The commonly represented pseudo-second-order 

adsorption equation is: 

The pseudo-second-order model is commonly used when the 

adsorption/desorption balance controls the overall sorption kinetics.  The model was 

developed by Blanchard (Blanchard et al., 1984) is expressed as follows: 

( )22 te
t qqk

dt
dq

−=                  (2.6) 

where 2k  is the rate constant of the pseudo-second order (g/mg/min) . Integration of 

Eq. (2.6) with suitable boundary conditions gives linearly related tqt  and t , and the 

rate constant 2k  can be calculated from the slope. 

 2.3.3 Modelling adsorption isotherms 

 Breakthrough curve of adsorption can be obtained by solving uptake rate 

equation and isotherm equation (partial differential equations). Although several 

methods have been modified to determine the isotherm, the most widely used one is 

the conventional static method in a closed system. Due to the complexity of the 

structure of adsorbent and the interaction between each corpuscle, isotherms can 

present diverse shapes as four types shown in fig. 2.8. There are three principles to 

formulate an isotherm: thermodynamic equilibrium between phases and species, 

dynamic equilibrium between adsorption and desorption and adsorption potential 

theory (Malek and Farooq, 1996). 

According to Giles et al, 1960, adsorption isotherm can be classified as four 

different isotherms; types S, L, H and C shown in Fig. 2.8. Thermodynamic 

equilibrium between phases and species, and adsorption potential theory were used to 

formulate equilibrium isotherms as different characteristics. It is clear that there are 

noting adsorption model to fit well with all cases because of the complexity of 

adsorption systems. However, one of those has to determine the best suitable isotherm 
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associating with specific experiments. Herein, the discussion of adsorption isotherm is 

given the details below. 

 

Figure 2.8 Adsorption isotherm categorized by Giles et al, 1960. 

 a) Two-parameter isotherms 

 Langmuir isotherm 

The Langmuir model is based on the major assumptions that the adsorption is 

of monolayer adsorption type (chemical adsorption) and the surfaces of adsorbent 

pellets (or the adsorption sites) are homogeneous. The Langmuir model can be written 

as follows: 

     
e

em
e bC

bCqq
+

=
1

              (2.7) 

where eq  is the equilibrium adsorptive capacity, mq  is the maximum adsorptive 

capacity, eC  is the concentration of adsorbate in the liquid phase at equilibrium, and 
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b  is the Langmuir constant obtaining from experiment. Certainly, Langmuir model 

can be rewritten as a linear form shown in equation 2.8. 

       
meme qbCqq
111

+=              (2.8) 

            da kkb /=               (2.9) 

where ak is adsorption rate coefficient of the Langmuir kinetic model, and dk  is the 

desorption rate coefficient (Azizian, 2004). Because of its simple form and well-

fitting performance, the Langmuir isotherm has become one of the most popular 

models in adsorption studies.  

 Freundlich isotherm 

 Freundlich isotherm model is also used to adsorption study. Comparing with 

the Langmuir isotherm, the Freundlich isotherm does not have much limitation. The 

model can deal with both homogeneous and heterogeneous surfaces, and both 

physical and chemical adsorption. Specifically, the adsorption behavior of organic 

compounds and reactive matters can frequently succeed by this model. The 

Freundlich isotherm is expressed as  

           n
ee KCq /1=                  (2.10) 

where K  and n  are the parameters to be determined. Though the Freundlich 

isotherm is one of the earliest empirical correlation. According to (Haghseresht and 

Lu, 1998), the surface heterogeneity and type of adsorption can be roughly estimated 

by the Freundlich parameters. The Freundlich isotherm can be rewritten as a linear 

form shown in equation 2.11. 

              ee C
n

Kq ln1lnln +=            (2.11) 

 Dubinin-Radushkevich isotherm  

 Dubinin-Radushkevich model is more general than the Langmuir model.  It 

does not assume a homogenous adsorbent, and this model is used to assess the nature 
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of adsorption processes (Matouq et al., 2015). The Dubinin-Radushkevich model is as 

follows (Dubinin, 1965): 

     ( )2exp εDRme Kqq −=            (2.12) 


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where DRK is the Dubinin-Radushkevich constant related to the free energy of 

adsorption (mol2/J2) , and 2ε is a Polanyi potential (J2/mol2) . Rearranging Eq. (2.12) 

gives a linear relationship between eqln  and 2ε  and the model parameters can again 

be calculated from the slope and the intercept. Moreover, the roles of chemisorption 

and physical adsorption can be assessed from Eq. (2.13). An sE  value between 8 and 

16 kJ/mol indicates chemisorption. On the other hand, the sE  value below that range 

indicates that physical adsorption is dominant. 

DR
s K

E
2

1
=                (2.14) 

 Temkin isotherm 

The Temkin model (Temkin and Pyzhev, 1940) is an early one which 

develops from the adsorption of hydrogen onto platinum electrodes within acidic 

solutions. Temkin model is one of two-parameter isotherms, and contains a factor 

taking into account the absorbent-adsorbate interactions. Generally, the Temkin 

model assumes that (1) the heat of all molecules in a layer would decrease linearly 

with increasing adsorbent coverage, and (2) the adsorption is characterized by 

uniform distribution of binding energies. The Temkin isotherm is generally applied in 

the following equation: 

     ( )eTTe CABq ln=             (2.15) 

    )ln()ln( e
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where TB  is the Temkin isotherm energy constant 
T

T b
RTB = , Tb  is constant value related 

to the heat of adsorption (J/mol), R  is the constant of ideal gas (8.314 J/molK), TA is the 

Temkin isotherm constant (L/g). Equation 2.16 gives a linear relationship between eq and 

eCln , and the model parameters can again be calculated from the slope and the intercept. 

 b) Three-parameter isotherms 

 Redlich-Peterson isotherm 

 The Redlich-Peterson isotherm (Redlich and Peterson, 1959) is a hybrid 

isotherm which combined features both Langmuir and Freundlich isotherms (Witek-

Krowiak et al., 2011). This model is linearly dependent on concentration which can be 

used with multiple adsorption system (e.g. homogeneous or heterogeneous systems) 

over a wide range of concentration (Bulgariu and Bulgariu, 2012). So that, the 

mechanism of this model is not completely valid as ideal monolayer adsorption 

(Redlich and Peterson, 1959). The Redlich-Peterson model is one of three-parameter 

isotherms, which combines the elements of the Langmuir and Freundlich isotherms in 

a single equation given below: 

g
e

e
e BC

ACq
+

=
1

            (2.17) 

where A  is the model constant of Redlich-Peterson (L/g), B  is also the model 

constant having unit of (L/mg)g, and g  is an exponent value ranged from 0 and 1. At 

high concentrations of the adsorbate, Eq. (2.17) reduces to the Freundlich equation. 

For g  equal to 1, Eq. (2.17) transforms to the Langmuir equation and when g = 0, Eq. 

(2.17) become to Henry’s law equation.  

 Sips isotherm 

 The Sips isotherm is three-parameter isotherm which combines the Langmuir 

and Freundlich isotherms for predicting the heterogeneous adsorption systems. The 

Sips equation is similar to the Freundlich equation, but there is a limit at sufficiently 

high concentration (Sips, 1948) which avoiding the limitation of higher adsorbate 
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concentration. Moreover, this model reduces to the Freundlich isotherm at low 

concentration while high concentration presents the adsorption capacity of a 

monolayer similar to the Langmuir isotherm. The Sip isotherm equation is given as; 

     mS
es

mS
esmS

e CK
CKqq

+
=

1
           (2.18) 

where mSq  the maximum adsorption capacity of Sips model (mg/g), SK  the Sips 

constant (L/mg)m, and mS  is the Sips model exponent. 

 Toth isotherm 

 The Toth isotherm is another three-parameter isotherm which modified to 

improve the Langmuir isotherm fittings, to reduce the error of model prediction. This 

model is useful for describing the adsorption systems of heterogeneous and satisfies 

both the low and high boundaries of concentration. The Toth equation express as 

follows (Toth, 2000): 

    ( ) mTmT
eT

emT
e

CK
Cqq 1/1 +

=           (2.19) 

where mTq  the a maximum adsorption capacity of Toth model (mg/g), TK  the Toth 

model constant, and mT  is the Toth model exponent, related to surface heterogeneity 

when it is less than the unity. In contrast, the model suggests that the adsorption 

process occurs on a homogenous surface when it equals to the unity. 
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CHAPTER 3 

EXPERIMENTAL INVESTIGATION 

 

 This chapter describes the details of the materials and reagents, also including 

an overview of the methods used for preparing the adsorbents (natural bentonite and 

modified bentonite), stock solution of metal Cu (II), Zn (II) and Ni (II) and organic 

substance (humic acid), the characterization of adsorbents, experimental conditions, 

experimental procedures. An additional description of each method used for 

experiments of each adsorbent is also shown in relevant sections of a chapter.  

3.1 Adsorbent  

3.1.1 Natural bentonite 

 A commercial grade natural bentonite (clay mineral) was used in this study. 

The material was passed through a 200 mesh laboratory sieve and dry at 80 °C, 24 h 

before use in experiments.  

3.1.2 Modified bentonite  

 To modify bentonite, surface modification technique was employed to use 

with natural bentonite. A cationic surfactant (benzyl hexadecyl dimethyl ammonium 

chloride, BCDMACl) obtained from Sigma Aldrich, was used to modify bentonite in 

this study. BCDMACl micelles consists of two main parts ( hydrophilic head and 

hydrophobic tail), with ammonium cation [R′-(CH3)2N+R] being the head and a long 

chain forming the tail ( see Fig.  3.1) . The ammonium cation of BCDMACl micelles 

intercalated into the interlayers and replaced exchangeable cations (Ca2+  and Na+  in 

interlayer) and Mg2+ for Al3+ in the central octahedral layer.  

N+
CH2(CH2)14CH3

CH3
H3C Cl

-

 

Figure 3.1 Structure of BCDMACl. 



24 
 

 Modification step of cationic modified bentonite can be seen in Fig. 3.2. The 

modified bentonite (MB) was prepared from natural bentonite (NB) specimens by 

adding the NB into 1M sodium acetate buffer solution at pH 5, and allowing to react 

for 18 h. Potassium chloride solution (1 M at pH 7) was then added and allowed to 

react for 18 h. After that, the solid phase was separated and left in 0.2 M cesium 

chloride solution for 6 h. The solid-phase was again separated and left in cesium 

chloride solution for 10 min (Diaz-Nava et al., 2012). The solids (preprocessed 

bentonite) were then mixed into 8.40 mmol/L of BCDMACl. The mixture was shaken 

for 48 h at 303 K. Finally, the clay sample was separated from the solution using a 

centrifuge at 2500 rpm (770 relative centrifugal force) for 10 min and rinsed with 

distilled water for various times to eliminate excess surfactant. The solid sample was 

then dried at 343 K for 24 h.  

 

Figure 3.2 Flow chart of modified bentonite preparation by cationic surfactant. 
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3.2 Chemicals 

 All chemicals used in this study were analytical grade. Heavy metal salts 

CuSO4⋅5H2O, Zn(NO3)2 and NiSO4⋅6H2O purchased from Ajax Finechem, and Loba 

Chemie, respectively, were used to prepare the stock solutions of Cu (II), Zn (II) and 

Ni (II). A solid humic acid (HA) purchased from Aldrich Chemistry. Figure 3.3 show 

a general structure of HA. A cationic surfactant (BCDMACl), obtained from Sigma 

Aldrich, was used to modify bentonite in this study as described above. 

 

Figure 3.3 Structure of humic acid. 

 3.2.1 Cu (II) stock solution 

 A stock solution (1000 mg/L) of Cu (II) was prepared by dissolving 3.929 g of 

CuSO4⋅5H2O in 1 L distilled water. Working solution was prepared by diluting stock 

solution with distilled water. 

 3.2.2 Zn (II) stock solution 

Stock solution of Zn (II) was prepared by dissolving 2.896 g of Zn(NO3)2 in 1 

L distilled water to achieve a concentration of 1000 mg/L. Used water samples for all 

experiments were prepared by diluting the stock solution to the pre-determined 

concentration. 
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 3.2.3 Ni (II) stock solution 

 The stock solution (1,000 mg/L) of Ni (II) were prepared by dissolving 4.479 

g of NiSO4⋅6H2O in 1 L distilled water. The working solutions were diluted from the 

above stock solution and were used throughout the experiments. 

 3.2.4 Humic acid stock sulotion 

 Humic acid was prepared by dissolving 0.50 g of humic acid (solid) in 0.1 N 

NaOH. The working solutions were diluted from the above stock solution and were 

used throughout the experiment. 

3.3 Characterization of adsorbents 

 3.3.1 Chemical properties  

 a) Fourier transform infrared 

Fourier transform infrared (FTIR) technique is based on the excitation of 

molecular vibrations by light absorption. It is widely used in the determination of 

structure and identification of both organic and inorganic compounds. It is also used 

in the identification of functional groups present in a given sample. The FTIR 

spectrum represents the molecular absorption and transmission, creating a molecular 

fingerprint of the sample. This leads FTIR spectroscopy useful for several types of 

analyses including identification of an unknown material.  

In this work used the FTIR spectra for detection functional group of the 

natural and the modified bentonite were recorded from KBr pellets with a Fourier 

Transform Infrared Spectrometer, VERTEX 70, Bruker, Germany, provided by 

Scientific Equipment Center (SEC), Prince of Songkla University. 
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Figure 3.4 Fourier Transform Infrared Spectrometer (FTIR), VERTEX 70. 

 b) X-ray fluorescence 

 The principle of XRF is individual atoms emitting X-ray photons of a 

characteristic energy. Identification and quantity measurement can be done by 

counting the number of photons emitted from the sample. This identification of 

elements is under certain conditions of the characteristic radiation emitted from the 

inner electronic shells of the atoms, the X-ray method is therefore reliability. 

 Natural and modified bentonites were characterized with an X-ray 

fluorescence spectrometer, PW2400, PHILIPS, Netherlands, provided by Scientific 

Equipment Center (SEC), Prince of Songkla University. 

 c) Cation exchange capacity 

 Cation exchange capacity (CEC) is important properties which indicated 

among cation capacity in soil. Cation exchange occurs due to the negative charges of 

clay. The CEC value can be calculated by summation of exchangeable cation (Ca, 

Mg, Na and K) and exchangeable Al. The neutral 1.00 M ammonium acetate 

(NH4OAc) extraction is the most widely applied method to estimate the soluble and 

rapidly exchangeable pools of alkali and alkaline elements in soils. Procedure of this 

method and determination are follows: 
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 Analytical procedure 

1. Cation replacement  

1.1 Weight 5 g of air-dried soil sample adding into centrifuge tube. 

1.2 Add 30 mL of 1 M NH4OAc and shaking 30 min. 

1.3 Centrifuge at 2500 rpm, 10 min and separating only solution by 

number 5 of filter paper. 

1.4 Duplicate 2 times from order 1.2-1.3, instead of centrifuging by 

shaking with hand 1 min. Filtering and adjusting solution volume 

by 1 M NH4OAc reach to 100 mL. 

2. Washing ammonium 

2.1 Add 30 mL of 80% w/w ethanol into soil sample tube (order 1.4) 

and shaking 1 min. 

2.2 Centrifuge the sample, similar to order 1.3 and collect only soil 

sample. 

2.3 Follow the procedure from order 2.1-2.2, duplicating 3 times. 

3. Expelling adsorbed ammonium 

3.1 Add 30 mL of 10% w/v NaCl into 2.3, shaking 1 min. 

3.2 Follow 1.3 and collect only the solution to volumetric flask 

without filtration. 

3.3 Duplicate 3.1-3.2, 2 times and adjusting solution volume with NaCl 

to 100 mL. 

4. Distillation of ammonium 

4.1 Pipet 20 mL of the solution from 3.3, adding 10 mL of magnesium 

oxide.  

4.2 Distill ammonium in 5 mL boric acid into 125 mL flask until the 

volume reach to 30 mL using VAPODEST® - C. Gerhardt GmbH 

& Co. KG (Fig. 3.5). 

4.3 Titrate with 0.01 M H2SO4. 

4.4 Distill NaCl (blank) similar the procedure from 4.1-4.3. 
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 Determination 

    ABkgcmolCEC c 200)/( =              (3.1) 

 

where A is The known concentration of H2SO4 (mL) and B is different volume 

between titrated and blank volume (mL).  

 
Figure 3.5 Apparatus for distillation system. 

 3.3.2 Physical properties 

 a) BET surface area 

This technique was developed in 1938 by three inventors: S. Brunauer, P. H. 

Emmet and E. Teller (BET). This is the first method for measuring the specific 

surface area of fine and porous material. Based on adsorption of N2 on a surface, the 

BET surface area can be determined as the amount of gas adsorbed at a given 

pressure. In experiment of the BET, the specimen is placed in a vacuum chamber at 

low and constant temperature, and subjected to a wide range of pressures, to generate 

adsorption and desorption isotherms. A total surface area of the material sample can 
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be determined by using an adsorption model with known occupied area of the sample 

by one molecule of adsorbate.  

The BET surface areas and porosity of natural and modified bentonite were 

determined using BET-technique, ASAP2460, Micromeritics, USA, provided by 

Scientific Equipment Center (SEC), Prince of Songkla University. 

 

Figure 3.6 BET ASAP2460. 

 b) Swelling 

 The swelling test can imply the swelling characteristics of clay, particularly 

sodium bentonite, in term of swell index. The swell index can be indicated bentonite 

quality which a high swell is considered to be a good quality. This method was 

contained in testing standard (ASTM-D5890). The testing procedure can be done by 

two simple steps following:  

 1. Add a 2 g of total dried bentonite clay into 100 ml of graduated cylinder by 

0.1 g increments, this step could be done in 10 min followed, the entire 2g sample has 

been added to the cylinder.  



31 
 

 2. The sample was then covered from the disturbance for a period of 16-24 

hours, at which time the level of the settled and swollen clay is recorded to the nearest 

0.5 mL.  

 

Figure 3.7 Swelling experiment of clay; a) natural bentonite, b) modified bentonite. 

3.3 Adsorption study  

3.3.1 Adsorption kinetics 

 Kinetic removal for adsorption of metals (Cu (II), Zn (II), and Ni (II)) and 

humic acid onto natural and modified bentonite were performed in 50 mL of metal 

and humic substance at 150 rpm at room temperature. Four concentrations (50.0, 

100.0, 150.0 and 200.0 mg/L) were selected for kinetics adsorptions. Powdered 

natural and modified bentonite (0.5 g) were thoroughly mixed with 50 mL of metals 

and humic substance, and were agitated for selected time (5-80 min). After these 

processes, collected water was filtered by micro filter 0.45 micron and was collected 

to determine retaining concentration of metals and humic acid. The adsorbed metals 

from adsorbent phase ( tq , mg/g) were calculated by the following expression: 
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     ( )
m

VCCq t
t

×−
= 0              (3.2) 

where: 0C  and tC  are the initial concentration and concentrations at time in the eluent 

(mg/l), ‘V ’ is the eluent volume (L) and m is the mass of the adsorbent (g).  

3.3.2 Adsorption isotherm 

Batch adsorption experiments were performed at room temperature (25 °C) on 

a rotary shaker at 150 rpm containing 50 mL of metal ion solutions and 0.5 g of 

natural and modified bentonite adsorbents, the contact time was ranged from 5-80 

min. After agitation, the suspensions were centrifuged at 2500 rpm for 10 min and the 

supernatant was kept for all metals (Cu (II), Zn (II), Ni (II)) and humic acid analyses 

(see section 3.3.4). Various conditions, including the contact time, the pH, the initial 

concentration and the ionic strength, were tested. In case of multi-solution system 

(Cu-Zn-Ni), ratio 1:1:1 of all metals was used. All experiments were carried out in 

duplicates and the data obtained were used for analysis. The amount of heavy metals 

and humic acid adsorbed on a solid surface at equilibrium ( eq , in mg of ion/ g of 

adsorbent) can be determined from the following mass-balance equations (Eq. 2.2). 

3.3.3 Experimental condition 

a) Effect of solution pH 

The optimum pH for adsorption of Cu (II), Zn (II), Ni (II) and Humic acid by 

the adsorbents were determined experimentally. Metal standard Cu ( II) , Zn ( II) , Ni 

(II) and humic acid solutions in the range 50-800 mg/L were then prepared by diluting 

appropriately the stock solutions, and 0.1 M NaOH or HCl was used to adjust the final 

pH range 3-11of the metal solutions. On testing an aliquot of a prepared solution (50.0 

mL) was placed in a 250 mL conical flask and 0.5 g of adsorbent was added to it 

before placing in an incubator shaker at 150 rpm and 293 K (controlled temperature). 

The samples were separated by 0.45 micron filter, heavy metal and humic acid 

concentrations were analyzed by using atomic adsorption spectrometer and UV-

visible spectroscopy system (λ = 400 nm), respectively. The optimum pH for each 
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metal’s adsorption was adopted from maximum metal adsorption by the adsorbents 

for the next experiments. 

 b) Effect of contact time 

The effect of contact time (5-80 min) on adsorption of metals Cu (II), Zn (II), 

Ni (II) and humic acid onto adsorbents were studied at the optimum initial metals 

concentration (50.0-200.0 mg/L) and 0.5 g of adsorbent dose. The experimental 

procedure was the same as in the effect of adsorbent. The optimum contact time was 

implemented in this study for the next experiments. 

 c) Effect of initial concentration 

The effect of initial metal and organic substance concentration Cu (II), Zn (II), 

Ni (II) and humic acid were examined with optimum pH, contact time for 50.0-800.0 

mg/L metals and organic substance concentration in 50.0 mL water. After filtering the 

water samples were analyzed for residual concentrations of metals and organic 

substance. The optimum concentrations of metals and organic substance were taken 

on in this study during other experiments. 

 d) Effect of ionic strength 

 The effect of electrolyte was studied using NaNO3 and NaCl in three 

concentrations (0.01, 0.05 and 0.1 M) for metal (Cu (II), Zn (II) and Ni (II)) and 

organic substance (HA), respectively. The various weights required for the 

preparation of each concentration of electrolyte were added to the weights of metal 

ion salts required to prepare the various concentrations of the metal ion. These were 

mixed and made up to standard mark using distilled water. Subsequently, 50.0 mL of 

these solutions were added to 0.5 g of adsorbents. They were subsequently 

centrifuged for 10 min at 2500 rpm. The supernatants collected for metal ions (Cu 

(II), Zn (II) and Ni (II)) and organic substance (HA) analysis. The amounts of the 

metal ion and organic substance were analyzed by AAS and UV-visible, respectively. 
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3.3.4 Determination of metals and humic acid concentration in the aqueous 
solutions 

 The concentrations of metal Cu (II), Zn (II), and Ni (II) were measured by 

using atomic absorption spectrophotometry (AAS, Fig. 3.8), using AANALYST 100 

SPECTROMETER, Perkin-Elmer, Norwalk CT/USA. The calibration curve of all 

metals were prepared from their standard solutions. 

 

Figure 3.8 Atomic Absorption Spectrophotometer (AAS), AANALYST 100 
SPECTROMETER. 

 A retention of humic acid concentrations in the aqueous solutions was 

determined by using an UV-visible Spectroscopy system Lambda 400 nm (Fig. 3.9), 

UV 8453, Hewlett Packard, at pH 3. Standard calibration curve was obtained by 

varying the solutions of humic acid in the concentration range between 10.0 to 50.0 

mg/L.  
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Figure 3.9 UV-visible Spectroscopy, UV 8453. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

 

4.1 Characteristic of natural and modified bentonite 

 The characteristic of adsorbent play a major role in the adsorption study of 

tested substance. In this study, major adsorbents used are natural (NB) and modified 

bentonite (MB). Both NB and MB were prepared and their properties were examined 

by several techniques (e.g. FTIR, XRF, BET) including CEC and swelling test for 

supporting their properties. The details of adsorbent characteristics are explained 

below. 

4.1.1 Structure of natural and modified bentonite  

 Bentonite is a clay mineral containing montmorillonite. As shown in Fig. 4.1, 

montmorillonite structure has three mineral layers periodically, with two tetrahedral 

layers ( silica sheets)  sandwiching a central octahedral layer ( alumina sheet) .  NB 

shows a net negative charge due to isomorphic replacement of Al3+ with Mg2+ in the 

central octahedral layer. The negative charge is balanced by exchangeable cations in 

the lattice structure, such as Ca2+ and Na+ located in the interlayer, which can enhance 

the adsorption of cationic pollutants (Hu et al., 2006; Tahir and Rauf, 2006).  

To modify bentonite, a cationic surfactant (BCDMACl) was added to natural 

bentonite.  BCDMACl micelles consists of two main parts ( hydrophilic head and 

hydrophobic tail), with ammonium cation [R′-(CH3)2N+R] being the head and a long 

chain forming the tail ( see Fig.  4.2) . The ammonium cation of BCDMACl micelles 

intercalated into the interlayers and replaced exchangeable cations (Ca2+  and Na+  in 

interlayer) and Mg2+ for Al3+ in the central octahedral layer, as shown in Fig. 4.1 (Li., 

1999).  
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Figure 4.1 Schematic illustration of surfactant modified bentonite. 

N+
CH2(CH2)14CH3

CH3
H3C Cl-

 

Figure 4.2 Chemical structure of cationic surfactant (BCDMACl). 

4.1.2 FTIR analysis results 

The FTIR spectra of natural bentonite (NB) and modified bentonite (MB) are 

shown in Fig. 4.3. FTIR spectra of NB and MB were recorded over the range 4,000-

400 cm-1 and are reported in Fig. 4.3. The broad band at 3,452 cm-1 was assigned to 

OH stretching vibrations for NB and MB, whereas water present in the bentonite 

displayed the peak at 1,638 cm-1, which is assigned to OH bending vibrations.  The 

NB shows the Al-Al-OH stretching band at 3,620 cm-1.  At 917 and 852 cm-1 the 

bands can be assigned to Al-Al-OH and Al-Fe-OH bending vibrations, respectively 

(Farmer, 1974). The Si-O stretching was observed at band 1042-1045, and the band at 

521 cm-1 was assigned to Si-O bending vibrations. The doublet at 852 and 797 cm-1 

indicated the presence of quartz in the bentonite (Dutta and Singh, 2015). Generally, 

all the bands described above are typical in NB spectra.  For MB, there was a slight 
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shift of those bands due to modification by cationic surfactants.  Appearance of the 

pair of bands at 2,923 and 2,852 cm-1 confirmed that the cationic surfactant was 

present in the modified bentonite.  These bands were assigned to symmetric and 

asymmetric C-H stretching vibrations of methyl and methylene groups, which were 

absent from spectra of NB (Dutta and Singh, 2015). 

 

Figure 4.3 The FTIR spectra of (a) the modified bentonite (MB) and (b) natural 

bentonite (NB). 

4.1.3 XRF analysis results 

Table 4.1 shows a comparison of the chemical constituents in NB and MB, 

from the XRF results. The NB and MB had alumina and silica as the major species, at 

13.81% and 59.73% and at 12.91% and 59.04% by weight, respectively. It was found 

that Cs and Cl were present in MB at 3.86 and 0.31% , respectively. This implies that 

the intercalation of BCDMACl was successful by ion exchange.  Furthermore, the 

results indicate obvious decreases in the cations of the interlayer (Ca2+ and Na+) and 

of the octahedral layer (Mg2+  for Al3+), on forming MB from NB. This corroborates 

cation exchange and replacement as mechanisms acting during the modification (Li, 

1999). 
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             Table 4.1 Chemical constituents and physical properties of NB and MB.  

Constituents  NB MB 

Chemical constituents (% by weight)   

Na2O 2.72 0.48 

MgO 2.38 1.81 

Al2O3 13.81 12.91 

SiO2 59.73 59.04 

P2O5 0.10 0.14 

SO3 0.31 0.28 

K2O 1.10 5.22 

CaO 3.18 2.18 

TiO2 0.36 0.37 

Fe2O3 3.00 3.57 

SrO 0.06 0.04 

ZrO2 0.03 0.04 

BaO 0.15 0.22 

Cs2O - 3.86 

Cl - 0.31 

Structural parameters   

   BET surface area (m2/g) 44.60 15.57 

   Pore volume (cm3/g) 0.054 0.035 

   Pore size (nm) 4.81 9.10 

   CEC (cmolc/kg) 75.95 68.70 

   Free swelling* (mL/2 g)  10.33 0.00 (no swelling) 

*Following ASTM D5890-06 (2006) 

4.1.4 CEC and textural characteristics 

As a consequence of the modification, cation exchange capacity ( CEC)  was 

reduced from 75.95 (NB) to 68.70 cmolc/kg (MB), as shown in Table 4.1. The cation 

from the surfactant was intercalated in the clay and pushed other cations into solution, 

thereby significantly decreasing CEC (Akpomie et al., 2016).  After bentonite was 
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modified by BCDMACl, the BET results indicate significantly reduced specific 

surface, from 44. 60 to 15. 57 m2/ g, caused by the alkyl chains screening adsorbent 

pores (Gładysz-Płaska et al., 2012).  The surfactant could also adsorb to the 

micropores and the inner surfaces of the particles, decreasing the specific surface of 

MB (Ma et al., 2010).  Moreover, the average pore diameter increased from 4.81 to 

9.10 nm, which suggests elimination of the smallest pores in the adsorbent (Gładysz-

Płaska et al., 2012). 

The BET surface area and the pore size are not the only determinants affecting 

the adsorption of heavy metals. The surface functional groups are key characteristics 

of an adsorbent which metal ions can be adsorbed by interactions with the surface 

functional group of the adsorbent (Worch, 2012). Eventually, swelling tests following 

ASTM D5890-06 (ASTM D5890-06, 2006) confirmed that no swelling occurred in 

the cationic surfactant modified bentonite, while the natural bentonite had 10. 33 

mL/2g which the swelling is almost completed during preparation process.  

4.2 Adsorption of heavy metal Cu (II) and Zn (II) onto natural and modified 

bentonite 

 The modification of bentonite has been successfully achieved using cationic 

surfactant BCDMACl. Both NB and MB were primarily used to examine their 

applicability in heavy metal adsorption. Cu (II) and Zn (II) were then choose as the 

representative metals. A series of batch experiments were performed to determine the 

adsorption capacities of NB and MB, during removal of Cu (II) and Zn (II) from 

aqueous solutions. Several factors affecting were experimentally investigated to 

clarify adsorbent performance, such as pH solution, initial concentration, and ionic 

strength.  

4.2.1 Adsorption kinetics 

In order to study the adsorption kinetics, both pseudo-first and pseudo-second 

order of kinetic models were fit to the experimental data. Linear fits were used with 

the transformed models, instead of nonlinear regression. The results revealed that the 

pseudo-first-order model did not reliably match with the experimental data related to 
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coefficient of determination ( 2R ) ranges 0.164-0.923.  In contrast, the adsorption 

kinetics of Cu (II) and Zn (II) were well described by the pseudo-second-order model, 

see Fig. 4.4, and the identified model parameters are listed in Table 4.2.  

A comparison of 
eq  from the experiment ( exp,eq ) and from the model ( caleq , ) 

revealed the good fit with 2R  better than 0. 990.  This indicates that the pseudo-

second-order model was appropriate for the adsorption kinetics in this study.  Figure 

4.5 shows a plot of the pseudo-second-order model without linearizing transform, 

while the parameters were obtained with the transform ( see Table 4.2) .  The 

equilibrium was practically reached by 10 min.  To ensure equilibration, 80 min 

equilibration time was used when determining the adsorption isotherms of the next 

section.  

Table 4.2 Kinetic model parameters of Cu (II) and Zn (II) onto NB and MB.  

Adsorbents Metal iC   
(mg/L) 

exp,eq   
(mg/g) 

Pseudo-first-order model Pseudo-second-order model 

1k  
(1/min) 

caleq ,  
(mg/g) 

2R  
2k  

(g/mg/min) 
caleq ,  

(mg/g) 
2R  

NB 

Cu (II)  

50.0 4.60 0.016 36.71 0.462 2.94 4.60 1.000 
100.0 9.01 0.046 20.35 0.888 2.93 9.01 1.000 
150.0 13.18 0.026 9.79 0.309 1.22 13.19 1.000 
200.0 16.40 0.050 2.57 0.665 0.43 16.42 1.000 

Zn (II)  

50.0 4.75 0.020 13.78 0.923 2.13 4.76 1.000 
100.0 9.06 0.026 11.55 0.698 1.13 9.06 1.000 
150.0 12.75 0.051 17.62 0.861 2.79 12.76 1.000 
200.0 15.15 0.115 2.92 0.799 0.65 15.17 1.000 

MB 

Cu (II) 

50.0 4.72 0.039 21.69 0.738 2.72 4.72 1.000 
100.0 9.30 0.103 16.12 0.468 1.72 9.30 1.000 
150.0 14.07 0.007 2.79 0.922 0.17 14.08 1.000 
200.0 18.95 0.004 1.04 0.164 0.06 19.01 0.999 

Zn (II) 

50.0 4.95 0.076 5.82 0.835 1.19 4.96 1.000 
100.0 9.81 0.064 15.77 0.631 1.01 9.82 1.000 
150.0 14.79 0.045 31.05 0.315 0.89 14.81 1.000 
200.0 19.78 0.108 6.22 0.721 0.53 19.80 1.000 
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Figure 4.4 Pseudo-second-order model of Cu (II) (a) and Zn (II) (b) on to NB and 

MB, linear plot. 
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Figure 4.5 Pseudo-second-order model of Cu (II) and Zn (II) onto NB and MB, non-linear plot at initial metal concentration 50.0 (a) 

100.0 (b) 150.0 (c) and 200.0 (d) mg/L, NB and MB dosage 0.5 g, and pH 5. 
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4.2.2 Factors affecting adsorption capacity 

 (a) Effect of initial solution pH 

Solution pH is an important factor which can affect the adsorption process. 

The removals of metal Cu (II) and Zn (II) were observed by batch experiments at 

various pH of metal solutions range 3-11. Figure 4.6 illustrated the metal removal as a 

function of solution pH. There were increases in the removals of Cu (II) and Zn (II) 

with increasing the pH solutions over the range of 3-5. However, it was remarkable 

that the removals of both ions almost reached a maximal capacity of metal 

concentration at the solution pH 7-11 (more than 95%). This was due to the reason 

that a chemical precipitation became a dominant process on metal removal at this 

range which mainly formed the solid state of Cu(OH)2 and Zn(OH)2. This condition 

was not solely considered as the adsorption because the metal precipitation may lead 

to a misinterpretation of adsorption capacity. This result had a similar trend with 

adsorption study on several metal ions which has been reported by numerous studies 

(Abollino et al., 2008; Chen et al., 2008; Arias and Sen, 2009). Therefore, the 

optimum pH in this study should be 5-6 for adsorption study of both Cu (II) and Zn 

(II). 

 

Figure 4.6 Effect of solution pH of Cu (II) and Zn (II) onto NB and MB, initial metal 

concentration 200.0 mg/L, NB and MB dosage 0.5 g, and contact time 80 min. 
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 (b) Effect of contact time  

Contact time is one of the most important factors affecting adsorption 

efficiency. The adsorption efficiency can be experimentally optimized for optimal pH, 

adsorbent dose and concentration of adsorbate.  Therefore, a series of a batch 

experiments varying contact time was performed, and the metal ion concentrations 

were determined by Atomic Absorption Spectrophotometry (AAS). 

The adsorption capacities of Cu ( II)  and Zn ( II)  by the different adsorbents 

were determined as the removal percentages of Cu (II) and Zn (II) and are presented 

as time profiles in Fig.  4.7.  The removal of metal ions by adsorption onto both NB 

and MB was in the ranges 77.50-94.75 %  ( ± 0.50-2.81% ) and 72.97-98.93 %  ( ±

0.17-1.51% ) for Cu (II) and Zn (II), respectively, with initial concentrations varying 

from 50.0 to 200.0 mg/L. NB maximally removed 82.05 %  and 75.74 %  of Cu (II) 

and Zn ( II) , respectively, from 200.0 mg/ L initial concentration.  The maximal 

removal was higher on using MB, reaching up to 94.75 % and 98.90 % of Cu (II) and 

Zn ( II) , respectively.  Generally, the removal rapidly increased initially for about 10 

min, and thereafter either increased only slightly or remained constant.  The high 

equilibrium fractions of ions removed indicate that the dosages of NB and MB were 

sufficient for adsorption over the range of initial concentrations tested.  
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Figure 4.7 Effect of contact time on the removal of Cu (II) and Zn (II) by NB and MB, initial metal concentration 50.0 (a), 100.0 (b), 

150.0 (c), and 200.0 (d) mg/L, NB and MB dosage 0.5 g, and pH 5. 
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 (c) Effects of metal ion concentration 

Figure 4.8 illustrates the relationship of metal ion concentration to the 

removals of Cu (II) and Zn (II) at equilibrium. The overall response shapes are similar 

across all cases, but MB was clearly better adsorbent than NB at high concentration of 

the heavy metals. The maximal improvement in removal by adsorption on comparing 

MB to NB was by 40.93 and 43.88 % for Cu (II) and Zn (II), respectively.  

The experimental results indicate near complete removal or cleanup of 100.0-

1 5 0 .0 mg/L concentrations with NB, and the higher 2 5 0 .0-3 0 0 .0 mg/L range with 

MB.  These are higher concentration ranges than previously reported for natural 

bentonite by Veli and Alyuz (Veli and Alyuz, 2007). The results clearly confirm that 

cationic surfactant treatment enhanced the adsorption capacity of natural clay.  

 

Figure 4.8 Effect of initial metal concentration on the removal of Cu (II) and Zn (II) 

by NB and MB, clay dosage 0.5 g, pH 5 and contact time 80 min. 
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4.2.3 Adsorption isotherms  

 The adsorption of Cu (II)  and Zn ( II)  onto NB and MB was assessed against 

various equilibrium isotherm models, namely the Langmuir, Freundlich and Dubinin-

Radushkevich models. The experimental results were applied to those models as the 

linear plot illustrating in Figs. 4.9-4.11. The identified parameters obtained from the 

linear plot are tabulated in Table 4.3, along with the coefficient of determination ( 2R ) 

to indicate the goodness of fit (larger values are better). 

It is found that the experimental data were best fit by the Langmuir isotherm 

among the models tested, suggesting homogenous adsorption sites on the surfaces and 

monolayer formation (Blanchard et al., 1984; Langmuir, 1918). This result indicated 

that the Langmuir isotherm can be described the adsorption mechanism in this study 

although the mean free energy of adsorption ( sE )  in the Dubinin-Radushkevich 

model was below 6-18 kJ/mol indicating physical adsorption of Cu ( II)  and Zn (II) . 

Moreover, as shown in Table 4.4, three-parameter isotherms supported that the results 

can be described with Langmuir by g , Sm , and Tm  from Redlich-Peterson, Sips, and 

Toth model approached to the unity. 

The model-based responses of eq  to eC  of all the adsorption isotherms are 

shown in Fig.  4.12.  The Langmuir isotherm model was the best fit over the 

experiments for all metal and adsorbents compared to other isotherm models.  The 

maximal adsorption maxq  was estimated from the fitted Langmuir models to be 19.76 

and 15.46 mg/g for Cu (II) and Zn (II) on NB, while MB had maxq  improved by 2.0-

2. 5 fold with up to 50. 76 and 35. 21 mg/ g adsorptions of Cu ( II)  and Zn ( II) , 

respectively.  This is considerable because the cationic surfactant treatment of 

bentonite in this study modified it to MB by changing the functional groups of natural 

bentonite and increasing both the anionic adsorptive capacity and the cation affinity of 

the clay (Adebowale et al., 2006; Li and Gallus, 2005), thereby improving the 

adsorption of heavy metals. 
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Table 4.3 Adsorption isotherm two-parameters of Cu (II) and Zn (II) onto NB and MB. 

Adsorbate-Adsorbent 

Langmuir model  Freundlich model  Dubinin-Radushkevich model 

K  
(L/mg) 

maxq  

(mg/g) 

2R  
APE 

(%) 

 fK  

(mg/g) 
n  2R  

APE 

(%) 

 K   

(mol2/J2) 

maxq   

(mg/g) 

sE  

 (kJ/mol) 
2R  

APE 

(%) 

Cu-NB 0.077 19.76 0.987 6.79  5.363 4.684 0.741 17.42  5.0E-06 17.66 0.316 0.896 10.16 

Cu-MB 0.037 50.76 0.984 5.41  5.026 2.486 0.713 14.41  4.0E-06 29.62 0.354 0.872 35.62 

Zn-NB 0.177 15.46 0.993 6.22  5.887 5.988 0.868 18.80  2.0E-06 14.25 0.500 0.728 11.45 

Zn-MB 0.303 35.21 0.962 9.42  10.170 4.203 0.799 19.74  3.0E-07 28.11 1.291 0.762 28.32 

 

Table 4.4 Adsorption isotherm three-parameters of Cu (II) and Zn (II) onto NB and MB.  

Adsorbate-Adsorbent 
Redlich-Peterson model  Sips model  Toth model 

B  
(L/mg)g  

g  
A  

(L/g) 
APE 
(%) 

 mSq   
(mg/g) 

SK  
(L/mg)m Sm  APE 

(%) 
 mTq   

(mg/g) 
TK  Tm  APE 

(%) 
Cu-NB 0.110 1.000 2.044 6.30  18.62 0.110 1.000 6.30  18.62 0.110 1.000 6.30 
Cu-MB 0.032 1.000 0.857 3.63  27.36 0.036 0.959 3.14  27.22 0.036 0.971 3.48 
Zn-NB 0.179 1.000 2.785 4.20  15.52 0.179 1.000 4.20  15.52 0.179 1.000 4.20 
Zn-MB 0.470 0.965 13.741 10.13  35.58 0.354 0.900 10.60  35.94 0.505 0.813 10.49 
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Figure 4.9 Linear plot of Langmuir isotherm for adsorption of Cu (II) and Zn 

(II) onto NB (a) and MB (b). 
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Figure 4.10 Linear plot of Freundlich isotherm for adsorption of Cu (II) and 

Zn (II) onto NB (a) and MB (b). 
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Figure 4.11 Linear plot of Dubinin-Radushkevich isotherm for adsorption of 

Cu (II) and Zn (II) onto NB (a) and MB (b). 
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Figure 4.12 non-linear curves of various adsorption isotherms with 

experimental data, a) NB, and b) MB. 

It can be seen from Fig. 4.12 that the experimental adsorption isotherms of this 

study were L-type (Giles et al., 1974) in all cases, indicating high affinity of sorbent 

and solute. Amount of the metal ions adsorbed on the adsorbents was increased with 
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increasing an equilibrium concentration ( eC ) .  In addition, there was insignificant 

difference between NB and MB in eq  at low initial concentrations ( iC 50.0-150.0 

mg/ L), while at higher initial metal ion concentrations the NB became saturated 

earlier than MB.  An initial slope of the breakthrough graph, the eq  was suddenly 

increased with increasing iC  while there was gradually risen when iC  was more than 

150.0 and 200.0 mg/L for NB and MB, respectively.  This result confirmed the fact 

that, a large number of surface coverage sites can be available for the adsorption at the 

lower concentration.  However, the adsorption at higher initial concentration is 

difficult to occur due to a repulsive forces between the metal molecules adsorbed on 

the adsorbent and those in the bulk phase (Anna et al., 2015; Srivastava et al., 2008). 

The maximum adsorption capacities ( maxq )  estimated from Langmuir model 

for modified bentonite are compared to relevant prior studies in Table 4.5.  The 

middling performance of MB in this study, however, is associated with simple and 

attractive pre-processing to prepare/modify the adsorbent. This comparison obviously 

concluded that the modification of natural bentonite using cationic surfactant clearly 

improved physical and chemical properties of its capacity as an adsorbent which were 

effectively used to enhance the adsorption efficiency of heavy metals, by over 2-fold 

relative to untreated bentonite.  
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Table 4.5 A comparison of maximum adsorption capacity ( maxq ) for Langmuir model 

of previous studies in literature. 

Metal Adsorbents maxq  (mg/g) Reference 

Zn (II) 

Zeolite 3.45 Alvarez-Ayuso et al., 2003 

Coal fly ash prepared zeolite 4A 30.80 Hui et al.,  2005 

Na-modified zeolite 49.69 Stefanovic et al., 2007 

NH4-zeolon P4A clinoptilolite 111.90 Bujnova et al., 2004 

Chitosan/cellulose 19.81 Sun et al., 2009 

Sugar beet pulp 17.78 Chen et al., 2009 

Activated alumina 13.69 Bhattacharya et al.,2006 

Modified bentonite 35.21 This study 

Cu (II) 

Chitosan/cellulose 26.50 Sun et al., 2009 

Carbon nanotubes CNTs/CA 84.88 Yanhui et al., 2010 

Modified clay 83.3 Vengris et al., 2001 

Spent activated clay 13.20 Weng et al., 2007 

Natural zeolite 8.96 Erdem  et al., 2004 

Crosslinked chitosan-coated bentonite 

beads 
9.43 

Dalida et al., 2011 

Sulphate-modified bentonite 158.73 Olu-Owolabi et al., 2011 

Modified bentonite 50.76 This study 

4.3 Adsorption of heavy metal Ni (II) and humic acid onto natural and modified 

bentonite 

 The adsorption efficiency of adsorbent NB and MB was continuously studied 

with another substances. Ni (II) and humic acid (HA) were also used as the 

representation of heavy metal and organic compound, respectively. A series of batch 

experiments were simultaneously conducted to determine the adsorption capacities of 

NB and MB through the removal of both Ni (II) and HA. Similar to section 4.2, 

several effects were experimentally investigated to repeatedly clarify adsorbent 

performance, such as pH solution, initial concentration, and ionic strength.  
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4.3.1 FTIR spectra studies of Ni (II) and HA adsorbed onto modified bentonite 

samples 

 Adsorption mechanisms of Ni (II) and HA onto MB can be understood by 

considering three main influences to adsorption processes, surface area, pore size and 

surface functional group of adsorbent. Table 4.1 (section 4.1) shown the 

characteristics of MB which indicated that they were not only played significant role 

dealing adsorption (Tohdee et al., 2018). The surface functional group of MB is an 

important factor to adsorption which can be detected by FTIR. Figure 4.13 shows the 

results of the FTIR spectra (range 4,000-400 cm-1) of MB before and after adsorption 

of Ni (II) and HA.  

 

Figure 4.13 FTIR spectra of MB before and after adsorption of Ni (II) and HA (a), extended 

ranges of wavenumber presented specific functional group of Ni (II) (b) and HA (c) onto MB. 

Note: Ni-MB and HA-MB are Ni (II) and HA adsorbed onto the modified bentonite. 
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Figure 4.13 (continued) FTIR spectra of MB before and after adsorption of Ni (II) and HA 

(a), extended ranges of wavenumber presented specific functional group of Ni (II) (b) and HA 

(c) onto MB. Note: Ni-MB and HA-MB are Ni (II) and HA adsorbed onto the modified 

bentonite. 
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Before adsorption, the broad band OH stretching vibration was indicated at 

3452 cm-1 for MB, whereas OH bending vibration presents at 1638 cm-1 which 

indicated the presence of water in bentonite. The Al-Al-OH stretching band shows at 

3620 cm-1 while Al-Al-OH and Al-Fe-OH bending vibrations occur at 917 and 852 

cm-1, respectively (Worch, 2012). The band 1042-1045 and 521 cm-1 were assigned 

to the Si-O stretching and bending vibrations, respectively (Tohdee et al., 2018). 

After adsorption of Ni (II) and HA onto MB, there was a shift of Al-OH 

stretching vibrations from 3620 to 3628 and 3629 cm-1 for both Ni (II) and HA, 

respectively. There were shifts of OH stretching vibration from 3452 and 1638 cm-1to 

3440 and 1641 cm-1 which indicated that the negative charge of OH group bound 

with positively charged-metal ions to the active site surface of MB (Farmer, 1974). In 

case of HA adsorption, the C-H stretching vibrations of methyl and methylene groups 

shifted from 2923 and 2852 to 2930 and 2858 cm-1 (Dawodua et al., 2014) An 

appearance of aromatic broad bands was indicated at 2016, 2878 and 1839 cm-1. 

Other important functional group of HA, the C=O stretching frequency occurred at 

1714 cm-1 (Helal et al., 2011). Therefore, this spectrum clearly depicts an 

involvement of the important functional groups (i.e. the main characteristic of soil 

humic substances) during the adsorption of HA. 

4.3.2 Adsorption kinetic 

Both pseudo-first and pseudo-second order of kinetics were employed to fit 

with experimental data for studying the adsorption reaction kinetics. The results show 

that pseudo-second order can be well described the adsorption kinetics with a 

coefficient of determination ( 2R ) more than 0.990 as listed in (Table 4.6). In contrast, 

the pseudo-first-order model was fairly responded with the data which 2R  ranged 

0.640-0.960. Kinetic model parameters obtained from a linear form of both pseudo-

first and pseudo-second order were tabulated in Table 4.6. The results found that 

amount of adsorbed Ni (II) and HA from the experiment ( exp,eq ) and model ( caleq , ) 

were almost to be a same value for the pseudo-second order, linear plots were very 

good fit (Fig. 4.14). This is indicated that pseudo-second order can be undertaken to 

describe the reaction kinetics in this study.  



59 
 

Based on the parameters obtained from the linear plot, Fig. 4.15 depicts an 

increase of the amount of adsorbed Ni (II) and humic acid during the experiments. It 

is found that the chemical reaction runs to an equilibrium time at 10 and 40 min for Ni 

(II) and HA, respectively, and slightly increased or remained constant after that. 

However, to equilibrate an adsorption breakthrough curve, 80 min of testing time was 

used to determine adsorption parameters. 

 

Figure 4.14 Pseudo-second-order model of Ni (II) (a) and humic acid (b) on to NB 

and MB, linear plot. 
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   Table 4.6 Kinetic model parameters of Ni (II) and humic acid onto NB and MB.  

Adsorbents Metal iC  
(mg/L) 

exp,eq  

(mg/g) 

Pseudo-second-order model  Pseudo-second-order model 

1k  
(1/min) 

caleq ,  
(mg/g) 

2R  
 

2k  
(g/mg/min) 

caleq ,  
(mg/g) 

2R  

NB 

Ni (II) 

50.0 4.21 0.129 2.13 0.927  0.804 4.23 1.000 
100.0 7.89 0.029 1.82 0.651  0.282 7.89 0.999 
150.0 10.20 0.062 0.72 0.640  0.101 10.32 0.999 
200.0 12.50 0.064 0.72 0.843  0.095 12.66 0.999 

Humic acid 

50.0 4.80 0.137 1.03 0.955  0.379 4.84 1.000 
100.0 9.59 0.079 0.44 0.959  0.089 9.74 1.000 
150.0 14.04 0.073 0.25 0.833  0.042 14.31 0.999 
200.0 18.50 0.065 0.14 0.921  0.021 19.05 0.999 

MB 

Ni (II) 

50.0 4.48 0.044 5.84 0.802  0.771 4.49 1.000 
100.0 8.61 0.046 1.32 0.740  0.165 8.67 0.999 
150.0 12.25 0.045 1.11 0.841  0.156 12.32 0.999 
200.0 15.31 0.117 0.31 0.754  0.071 15.50 0.999 

Humic acid 

50.0 4.89 0.067 1.51 0.965  0.277 4.93 1.000 
100.0 9.80 0.043 1.03 0.801  0.135 9.87 1.000 
150.0 14.59 0.083 0.24 0.917  0.051 14.84 1.000 
200.0 19.58 0.086 0.12 0.926  0.023 20.12 0.999 
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Figure 4.15 Pseudo-second order model of Ni (II) and HA onto NB and MB, nonlinear plot at initial metal concentration 50.0 (a) 100.0 

(b) 150.0 (c) and 200.0 (d) mg/L, NB and MB dosage 0.5 g.  
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4.3.3 Factors affecting adsorption capacity 

 (a) Effect of initial solution pH 

 One of the most influent factors affecting adsorption processes is solution pH. 

Figure 4.16 demonstrated the pH-dependent adsorption ranged 3-11. The adsorption 

of Ni (II) from aqueous solution onto both NB and MB was strongly depended on 

solution pH. Removal of Ni (II) increased with increasing pH especially the value 

below 7. It is remarkable that the adsorption were slight increases in the pH range 5-6, 

the removal was up to 63.9% and 80% for NB and MB, respectively. Furthermore, pH 

above 7, a chemical precipitation became the main removal process instead of the 

adsorption due to forming as Ni(OH)2 (Xu et al., 2008; Anna et al., 1015; Chang et 

al., 2008). 

On the other hand, there were decreases of adsorption with increasing solution 

pH which a maximal adsorption of HA achieved at pH 3 associated to the removal 

down from 91.25% and 97.92% to 14.90% and 25.00% for NB and MB, respectively. 

The results in this study were similar trends with previous researchers reported by 

numerous studies (Anirudhan and Ramachandran, 2007; Salman et al., 2007).  

 

Figure 4.16 Effect of solution pH on adsorption of Ni (II) and HA; initial 

concentration 200.0 mg/L, dosage 10 g/L. 
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 (b) Effect of contact time  

Adsorption efficiency of adsorbents can be appropriately obtained with 

optimal contact time which was also recognized as one of the most important factors 

to adsorption processes. Figure 4.17 depicts the removal of both Ni (II) and HA at 

various contact times for both Ni (II) and HA onto different adsorbents. The maximal 

removal of the metal Ni (II) and the organic HA over the range of initial 

concentrations of 50.0-200.0 mg/L onto NB was 62.52% and 92.48%, respectively. In 

case of MB, there was an increase in the maximal removal reaching up to 76.56% and 

97.92% of Ni (II) and HA, respectively. Furthermore, a minimal range of the removal 

was grown up to 9%. This evidence can be distinctively indicated that a capability of 

MB is efficient in this study. The equilibrium time of both Ni (II) and HA was an 

obvious difference as shown in Fig. 4.17. In general, the removal rate of both Ni (II) 

and HA was similar trends which increased approximately 10 min. Thereafter, only 

slightly or remained constant was occurred for NB. On the other hand, MB case, the 

removal of HA was gradually increased to 40 min. and remained constant after that 

which there was no further adsorption.  

 A dissimilar result of Ni (II) and HA adsorption is due to different reasons. 

The adsorption of metal Ni (II) is relatively fast at the initial stage because sufficient 

active sites are available for binding metal ions. Then, the adsorption is slower and 

reached an equilibrium which all metals have been covered at the binding sites owing 

to repulsion (Igberase and Osifo, 2015; Shanmugapriya et al., 2013). In case of HA, it 

is known that HA has large-size molecules so that the difficulty of the molecules to 

enter between bentonite layers has been made (El-Eswed and Khalili, 2006).  
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Figure 4.17 Effect of contact time; initial concentration 50.0-200.0 mg/L, dosage 10 g/L and, pH 5, 3 for Ni (II) and humic acid, 

respectively. 
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 (c) Effects of metal and humic acid concentration 

 The effect of initial concentration of metal Ni (II) and HA illustrated in Fig. 

4.18. A wide range of the concentration of 50.0-800.0 mg/L was examined to obtain 

adsorption efficiency of the adsorbents. The overall response shapes of removal curve 

present a similar line across all cases as decreasing with an increment of initial 

concentration. It is clear that MB was a better adsorbent than NB. The maximal 

enhancement by adsorption on a comparative efficiency between NB and MB was 

25.0 and 34.1% for Ni ( II)  and HA, respectively.  An optimal concentration can be 

unveiled when the adsorption efficiency rose up to a certain level in which adsorbent 

surfaces were saturation, no active sites can be available. The optimal concentration 

of HA was 100.0 and 200.0 mg/L on NB and MB, respectively. However, the removal 

curve shown in Fig 4.18 was disappearance of such optimal concentration over the 

range of initial concentration used in this study. It is possible that the Ni (II) 

adsorption is recognized as low affinity to several adsorbents reported by previous 

works (De-Pablo et al., 2011; Gupta and Bhattacharyya, 2008; Alvarez-Ayuso and 

Garcia-Sanchez, 2003). 

 

Figure 4.18 Effect of initial concentration on the adsorption efficiency. 
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 (d) Effect of ionic strength 

Beside solution pH and contact time, ionic strength is also the important factor 

that can affect adsorption uptake. The study of ionic strength was observed by 

conducting batch experiments at various concentration of NaCl and NaNO3 ranged 

0.01-0.1 M for Ni (II) and HA, respectively. McBride (1997) described that ions from 

inner-sphere and outer-sphere complexes show a different influence of ionic strength 

to adsorption process. Reduction of adsorption presents to the outer-sphere complexes 

under increasing ionic strength. In contrast, increasing ionic strength affects to 

increment of adsorption for the inner-sphere complexes.  

Adsorption of Ni (II) decreased with increasing the concentration of NaNO3 

while the adsorption of HA increased with the presence of the NaCl concentration 

(Fig. 4.19), so that Ni (II) and HA form the outer and inner-sphere complexes, 

respectively. Maximal reduction of Ni (II) adsorption, due to ionic strength increase 

from 0 to 0.1 M, was 34.06% and 29.64% over the range 50.0-800.0 mg/L of initial 

concentration for NB and MB, respectively. The main hypothesis of this result is ion 

exchange with the hydrogen and sodium ions on the exchange sites (Pinskii et al., 

2014; Echeverría et al., 2003). The ion exchange of Ni2+ with both –H and –Na is the 

main process of Ni (II) adsorption onto bentonite. Elementary reactions below depict 

the ion exchange which consists of two steps as shown in Eq. (9-10).  

    ( ) ++ +−≡→+−≡ HNiOSNiOHS 22 2
2            (4.1) 

    ( ) ++ +−≡→+−≡ NaNiOSNiONaS 22 2
2            (4.2) 

In case of HA, there were 18.64% and 4.84% of the maximal increase due to 

increasing ionic strength from 0.0 to 0.1 M of NaCl for NB and MB, respectively. 

Major reasons for this result may be explained by several mechanisms. Molecular 

volume of HA is miniaturized by a minimization of the repulsion which facilitates the 

adsorption. Also, compression caused by increasing ionic strength reduces the diffuse 

double layer of clay. Such compression encourages HA molecules and clay particle to 

approach each other. Moreover, the solubility of HA at high ionic strength is low, 



67 
 

which could support the mass transfer of HA to the solid phase of clay (Peng et al., 

2005; Seki and Yurdakoç, 2006; Paul Chen and Wu, 2004). 

 

Figure 4.19 Effect of ionic strength on adsorption of Ni (II) and HA onto different 

adsorbents; a) Ni-NB, b) Ni-MB, c) HA-NB, and d) HA-MB. 

4.3.4 Adsorption isotherms 

The adsorption capacity of Ni (II) and HA onto NB and MB can be 

determined by accessing equilibrium isotherm models. A number of isotherm models 

including two-parameter models (e.g. Langmuir, Freundlich, and Temkin models) and 

three-parameter models (e.g. Redlich-Peterson, Sips, and Toth models) were 

employed. The experimental results were applied to those models which mean 

absolute percentage error (MAPE, Eq. (4.3)) (Bowerman et al., 2004) was used to 

quantitatively compare a reliability of the isotherm models.  
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i epreee            (4.3) 

where exp,eq  and preeq ,  are the experimental and predicted among adsorbed (mg/g), 

N  is a number of data.  

 (a) Two-parameter models 

The two-parameter isotherm models were initially considered which the 

results indicated that the Langmuir isotherm was the best fit (Fig. 4.20-4.22) with high 

coefficient of determination ( 2R ) ranged 0.989-0.998 and low MAPE ranged 2.35-

9.43% for all cases (Table 4.7). This result implied that the adsorption of both Ni (II) 

and HA occurred as homogenous site and monolayer formation (Blanchard and 

Maunaye, 1984; Langmuir, 1918) and can be characterized as chemical adsorption. 

Figure 4.23 illustrates a non-linear curve of adsorption which model parameters 

obtained from a linear plot. Although the two-parameter model provided high 2R , the 

model cannot exactly be fitted with all experimental data.  
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Figure 4.20 Linear plot of Langmuir isotherm for adsorption of Ni (II) and humic 

acid onto NB (a) and MB (b). 
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Figure 4.21 Linear plot of Freundlich isotherm for adsorption of Ni (II) and 

humic acid onto NB (a) and MB (b). 
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Figure 4.22 Linear plot of Temkin isotherm for adsorption of Ni (II) and 

humic acid onto NB (a) and MB (b). 

 

 



72 
 

 

Figure 4.23 Non-linear curve of Ni (II) and HA adsorption onto (a) NB and (b) MB; 

two-parameter isotherms. 

 (b) Three-parameter models 

The three-parameter models were then accessed with the same experimental 

data. Figure 4.24 shows a non-linear curve of both Ni (II) and HA adsorption. All 

three-parameter models give a good fit which MAPE ranged 2.44-6.91% (see Table 

4.8) less than those obtained from two parameter-models isotherms. This comparison 

implied that a use of three-parameter isotherm may be a better consideration in this 

study. It is important to note that model parameters; g , Sm , and Tm  from Redlich-
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Peterson, Sips, and Toth model approached to the unity. The parameter g and Sm  from 

Redlich-Peterson and Sips model are close to unity which is transformed to the 

Langmuir model, a special case of Redlich-Peterson model. Also, the parameter Tm  

from the Toth isotherm exponent indicated the adsorption process occurs on a 

homogenous surface. The implication of these values encouraged that the Langmuir 

model can describe the adsorption of Ni (II) and HA in this study.  

 

Figure 4.24 Non-linear curve of Ni (II) and HA adsorption onto (a) NB and (b) MB; 

three-parameter isotherms. 
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              Table 4.7 Adsorption isotherm Two-parameters of Ni (II) and Humic acid onto NB and MB. 

Adsorbate-Adsorbent 
Langmuir model  Freundlich model  Temkin model 

K  
(L/mg) 

maxq  
(mg/g) 

2R  
APE 
(%) 

 
fK  

(mg/g) 
n  2R  

APE 
(%) 

 
TB   

(J/mol) 
TA  

(L/g) 
2R  

APE 
(%) 

Ni-NB 0.048 15.36 0.998 2.35  3.351 3.970 0.856 12.44  2.35 1.343 0.937 2.13 
Ni-MB 0.041 25.06 0.995 5.41  3.360 0.915 0.915 14.41  4.79 0.522 0.972 5.67 

Humic acid-NB 0.068 40.82 0.993 6.22  5.578 2.616 0.898 18.80  7.54 0.956 0.966 7.85 
Humic acid-MB 0.056 86.21 0.989 9.43  6.963 0.925 0.925 19.74  14.32 0.955 0.984 14.72 

 

  Table 4.8 Adsorption isotherm Three-parameters of Ni (II) and Humic acid onto NB and MB. 

Adsorbate-Adsorbent 
Redlich-Peterson  model  Sips model  Toth model 
B  

(L/mg)g  
g  

A  
(L/g) 

APE 
(%) 

 mSq   
(mg/g) 

SK  
(L/mg)m Sm  APE 

(%) 
 mTq   

(mg/g) 
TK  Tm  APE 

(%) 
Ni-NB 0.052 0.991 0.760 2.44  15.46 0.051 0.976 2.46  15.48 0.056 0.962 2.45 
Ni-MB 0.032 1.000 0.857 3.63  27.37 0.036 0.959 3.14  27.22 0.036 0.971 3.47 

Humic acid-NB 0.056 1.000 2.437 5.23  43.45 0.053 1.022 5.58  43.69 0.056 1.000 5.23 
Humic acid-MB 0.079 0.979 5.348 6.83  75.39 0.071 0.980 6.91  75.90 0.080 0.955 6.85 
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4.3.5 Maximal adsorption capacity 

 According to the comparison of among models, three-parameter models were 

more reliability with experimental data, also supporting the Langmuir isotherm. All 

three-parameter models provide that maximal adsorption capacities ( maxq ) of NB to 

adsorb Ni (II) and HA were 15.46-15.48 and 43.45-43.69 mg/g, respectively. NB was 

modified with the cationic surfactant to improve the adsorption capacities which 

improved 1.70 fold with up to 27.22-27.37 and 75.39-75.90 mg/g for Ni (II) and HA. 

This result was attractive because MB used in this study was prepared by the cationic 

surfactant. A major reason of these increments may be the fact that the micelles of 

BCDMACl intercalate to the bentonite surfaces, changing the functional group of NB 

cause to increase both anionic adsorptive capacity and the cation affinity of the clay 

(Adebowale et al., 2006; Li and Gallus, 2005), which improve the adsorption capacity 

of bentonite. In general, the cationic surfactant is composed of a hydrophilic and 

positive charge of head group and a hydrophobic tail (Chao and Chen 2012; Guan et 

al., 1997; Zhang et al., 1993) which has been proven by previous studies (Li et al., 

2011; Zhan et al., 2010) as a good adsorption efficiency of HA in aqueous solution. 

4.4 Competitive adsorption of heavy metal Cu (II) Zn (II) and Ni (II) under 
ternary system 

 Competitive adsorption of heavy metals, adsorption capacity ratio between 

multi-component system, mix
iq , and single-component systems, o

iq  expressed as 

follows (Mohan and Singh, 2002): 

     
o
im

mix
im

o
i

mix
i

q
q

q
q

≈               (4.4) 

where o
imq , mix

imq  is maximum amount adsorbed in single- or multi-component system, 

respectively (mg/g). If mix
iq / o

iq  > 1, ion i enhances the adsorption of other ions. If 

mix
iq / o

iq = 1, ion i  has no effects on other ions. If mix
iq / o

iq  < 1, ion i  competes for 

adsorption sites of bentonite with other ions and its adsorption is suppressed by the 

presence of other ions. The competitive equilibrium coefficient expresses the 

competition ability of ions. The competitive equilibrium coefficient for component i , 
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iea , is the equilibrium ratio of adsorbed i  to all adsorbed components. The 

competitive equilibrium coefficient for component i  among n  components may be 

written as 

    

∑∑
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             (4.5) 

where ieq  and OiC  are the amount of adsorbed component i  at equilibrium (mg/g) and 

initial concentration of component i , respectively, jeq  and OjC  are the amounts of 

adsorbed component j at equilibrium (mg/g) and initial concentration of component j

, respectively, and mix
jmq  is the maximum amount of adsorbed component j (mg/g). The 

equilibrium competitive and non-competitive equilibrium adsorption of an ion may be 

compared using the rate of equilibrium adsorption reduction or the non-competitive 

equilibrium coefficient introduced in previous work (Liu et al., 2000). In addition, the 

rate of equilibrium adsorption reduction ( Y∆ ) is the ratio of the difference between 

non-competitive equilibrium adsorption and competitive equilibrium adsorption to 

non-competitive adsorption observed at equilibrium. The non-competitive equilibrium 

coefficient, ioa , is the ratio of non-competitive equilibrium adsorption of one 

component to non-competitive adsorption of all components, at equilibrium: 
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 The constants for Cu2+ Zn2+ and Ni2+ in single-component and ternary-

component systems based on parameters derived from Langmuir model (Figs. 4.25-

4.28) were shown in Table 4.9. The results indicate that total adsorbed amount of non-

competitive adsorption is higher than those of ternary component competitive 

adsorption. It can be explained that adsorption sites of both NB and MB for Cu (II) Zn 

(II) and Ni (II) are limited. Metals in this study occupied the adsorption sites only 
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once during non-competitive adsorption; but they co-occupied the same sites once 

during competitive adsorption. 

 It can be seen in Table 4.9, the values of mix
iq / o

iq  < 1 shown that there was the 

competitive effect of Cu (II) Zn (II) and Ni (II) in ternary component system with 

competitive adoration ratio Cu (II)>Zn (II)>Ni (II). These results are in agreement 

with several works on clay. Compared to Cu (II) adsorption in single-component 

system, its rate of adsorption equilibrium reduction ( Y∆ ) was reduced by 41.02% and 

35.41% in Cu-Zn-Ni system for NB and MB, respectively. Similarly, Y∆ of Zn (II) 

and Ni (II) in single-component system ( Y∆ ) was decreased in range 43.41-47.41% 

and 37.17-39.72% in ternary system for NB and MB, respectively. These results show 

that Cu (II) may suppress both Zn (II) and Ni (II) adsorption significantly. In addition, 

adsorption capacity ratio of Cu (II) Zn (II) and Ni (II) was 0.526-0.590 and 0.603-

0.646 for NB and MB, respectively. This means that Cu (II) has more ability to 

competitive adsorption.  
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Table 4.9 Adsorption isotherm of single and ternary system of Cu (II) Zn (II) and Ni (II).  

Adsorbents 

  Langmuir model  Competitive constants  
Metals Systems K  

(L/mg) 

o
imq , mix

imq  
(mg/g) 

2R  
APE 
(%) 

 o
im

mix
im qq  

(mg/g) 

 
iea  
 

 
ioa  
 

 Y  
 (%) 

 

NB 

Cu (II) 
Cu 0.077 19.76 0.987 6.790  1.000 1.000 1.000 0.00  

Cu(Cu-Zn-Ni) 0.058 11.66 0.994 3.663  0.590 0.409 0.391 41.02  

Zn (II) 
Zn 0.177 15.46 0.993 6.220  1.000 1.000 1.000 0.00  

Zn(Cu-Zn-Ni) 0.101 8.75 0.958 5.000  0.566 0.307 0.306 43.41  

Ni (II) 
Ni 0.048 15.36 0.998 2.350  1.000 1.000 1.000 0.00  

Ni(Cu-Zn-Ni) 0.093 8.08 0.986 4.601  0.526 0.284 0.304 47.41  

MB 

Cu (II) Cu 0.037 50.76 0.984 5.410  1.000 1.000 1.000 0.00  
Cu(Cu-Zn-Ni) 0.051 32.79 0.994 8.081  0.646 0.468 0.457 35.41  

Zn (II) Zn 0.303 35.21 0.962 9.420  1.000 1.000 1.000 0.00  
Zn(Cu-Zn-Ni) 0.127 22.12 0.990 3.248  0.628 0.316 0.317 37.17  

Ni (II) Ni 0.041 25.06 0.995 5.410  1.000 1.000 1.000 0.00  
Ni(Cu-Zn-Ni) 0.052 15.11 0.998 4.124  0.603 0.216 0.226 39.72  
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Figure 4.25 Adsorption and competitive adsorption isotherms for Cu (II), Zn (II) and Ni (II) on NB; clay dosage 0.5 g, pH 5 and contact 

time 80 min, temperature of solution: 298 K. 
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Figure 4.26 Adsorption and competitive adsorption isotherms for Cu (II), Zn (II) and Ni (II) onto MB; clay dosage 0.5 g, pH 5 and 

contact time 80 min, temperature of solution: 298 K. 
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Figure 4.27 Removal of Cu (II), Zn (II) and Ni (II) onto NB under ternary system compared to single system; clay dosage 0.5 g, pH 5 

and contact time 80 min, temperature of solution: 298 K. 
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Figure 4.28 Removal of Cu (II), Zn (II) and Ni (II) onto MB under ternary system compared to single system; clay dosage 0.5 g, pH 5 

and contact time 80 min, temperature of solution: 298 K. 
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CHAPTER 5 

CONCLUSIONS AND RECOMENDATIONS 

 

5.1 Conclusions 

 The present study was focused on the enhancement of adsorption capacity by a 

surface modification technique for removing Cu (II), Zn (II), Ni (II), and humic acid 

(HA) from aqueous solution. Natural bentonite (clay-based adsorbent) was prepared, 

and modified using a cationic surfactant (Benzyl hexadecyl dimethyl ammonium chloride, 

BCDMACl). Both natural bentonite (NB) and modified bentonite (MB) were then 

characterized their properties, and were used as the adsorbents for studying adsorption 

of Cu (II), Zn (II), Ni (II), and humic acid (HA) as the model pollutants.  

5.1.1 Adsorbents and their characteristics 

• The modification of natural bentonite clay (NB) with BCDMACl was 

successfully performed. The cations of BCDMACl micelles 

intercalated into the interlayers of bentonite and replaced exchangeable 

cations. This changed the functional groups of natural bentonite to the 

cationic surfactant, which dominated heavy metal ion adsorption. The 

modification also prevented swelling of the bentonite.  

• The main chemical compositions of NB were 13.81 and 59.73% of 

Al2O3 and SiO2, while there were 12.91 and 59.04% of Al2O3 and 

SiO2 in MB, respectively. The BET result has shown that specific 

surface area of NB and MB were 44.60 and 15.57 m2/g, respectively. 

• BET surface area of MB was significantly reduced caused by some 

causes, (1) the alkyl chains screen adsorbent pores, and (2) the 

surfactant can also adsorb to the micropores. 
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5.1.2 Adsorption kinetics  

• Adsorption kinetics data from NB and MB showed a good agreement 

with pseudo-second-order model. Thus the kinetics process best 

describes by this model. 

• Adsorption mechanisms of Cu (II), Zn (II), Ni (II), and HA were 

chemisorption because the fitness of kinetics data with pseudo-second-

order was good argument with experimental data. 

• The removal of Cu (II), Zn (II), and Ni (II) is sharply increased for 

about 10 min while it was 40 min for HA, thereafter increasing only 

slightly or remaining constant over 50.0-200.0 mg/L initial metal 

concentrations. 

5.1.3 Adsorption equilibrium 

• The modified bentonite (MB) had about 40.93, 43.88, 25.0 and 34.1 % 

increases maximally, over unmodified NB, for removal of Cu (II), Zn 

(II), Ni (II), and HA, respectively.  

• Based on two-parameter isotherm, Langmuir model predicted 

effectively the maximum adsorption capacity ( maxq ) for Cu (II), Zn 

(II), Ni (II), and HA, with R2 and APE ranged 0.96-0. 998 and 2.35-

9.43%, respectively for all cases.  

• The maximal adsorption capacities ( maxq )  of MB were 50.76, 35.21, 

25.06, and 86.21 mg/ g for Cu ( II) , Zn ( II) , Ni (II) and HA, 

respectively, as estimated from the Langmuir fits. These are about 1.7-

2.0-fold better than those of NB. 

• All the three-parameter models fits supported the two-parameter 

Langmuir model, regarding these fundamental assumptions underlying 

it. 

• Multi-component system (Cu-Zn-Ni) was assumed in the adsorption 

modelling caused the presence of several components in the 

wastewater. Competitive adsorption ratio mix
iq / o

iq  ranged 0.526-0.646, 
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indicated that the metals were antagonism. Rate of adsorption 

equilibrium reduction ( Y∆ ) ranged 35.41-47.41 % for all cases.  

5.2 Recommendations  

 In this study, modified bentonite showed enhanced adsorption of heavy metals 

(Cu (II), Zn (II), and Ni (II)) and humic acid over an unmodified bentonite. This 

adsorbent can be further used, and modified with another methods for removing 

heavy metals and/or organic compounds with a real wastewater and contaminated 

water. The following recommendation can be made for the future study: 

• A suitable method of modification for preparing the adsorbent can be 

considered to maximize the maximum removal of heavy metals.  

• This study used sole adsorbent, however, a combination of adsorbents 

(more than one adsorbent) could be evaluated to remove a pollutant 

from wastewater. 

• The performance of this adsorbent along with several organic 

compounds can be further evaluated.  

• Another contaminant such as a group of electronic waste (e.g. Pb, Sn, 

Si, Fe and Al) should examine the efficiency of modified bentonite 

under natural conditions or wastewater from landfill and industry. 

• Adapting modified bentonite as an innovation, such as air-filter 

geomembrane for air-pollutant adsorption related with heavy metals, 

could be further considered. 
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A B S T R A C T

This study sought to enhance the metal adsorption capacity of bentonite by improving its surfaces. Surface
modification by the cationic surfactant (Bencylhexadecyldimethyl ammonium chloride, BCDMACl) was suc-
cessful in this respect, and was characterized by FTIR spectroscopy, XRF, BET, and swelling test. A major
characteristic of BCDMACl is forming micelles that can intercalate into interlayers of clay and prevent swelling.
The adsorption of Cu (II) and Zn (II) from aqueous solutions was studied in batch experiments, varying both
contact time and concentrations of the metal ions. Retention of the metals in solution was detected by Atomic
Absorption Spectroscopy (AAS). The adsorption data were fitted with Langmuir, Freundlich, and Dubinin-
Radushkevich isotherm models, of which the Langmuir isotherm provided the best fit with experimental data (R2

range 0.962–0.993). The results also revealed that the modified bentonite had significantly improved adsorption
capacities (qmax 50.76 and 35.21 mg/g for Cu(II) and Zn(II), respectively); about 2.5 and 2.0 fold improvements
over natural bentonite. The pseudo-second-order rate equation provided the best fit to observed adsorption
kinetics. This study demonstrated the modified bentonite as an effective adsorbent for the removal of heavy
metals from aqueous solutions.

1. Introduction

Water pollution by heavy metals is harmful to most animal species.
Most of such pollution is released in the waste streams from chemical
industries, including production of electric batteries, mining, and
manufacture of glass. According to a listing by the United States
Environmental Protection Agency [1], Cu (II) and Zn(II) are heavy
metals potentially harmful to human health. Moreover, The World
Health Organization (WHO) suggests that maximum allowed con-
centrations of these metals in drinking water should not exceed 1.0 mg/
L and 5.0mg/L [2,3], respectively. The concerns are particularly ser-
ious because these heavy metals can be accumulated by a living or-
ganism: even low levels of exposure can be harmful if prolonged.

Numerous methods have been developed to remove heavy metals
and organic matter from wastewater and contaminated soil, including
physicochemical methods (e.g., chemical precipitation, coagulation and
flocculation, electrochemical treatments, ion exchange, membrane fil-
tration, and electrodialysis) and biological methods [4]. Physicochem-
ical adsorption is inexpensive and easy to adapt [5], so it is practiced
widely. Adsorbent types can be classified into bio-adsorbents and nat-
ural materials [6]. The removal of several heavy metals and organic
compounds by bio-adsorbents (chitin, chitosan, biomass etc.) has been

studied [7–9]. Recently, clay minerals (a natural material adsorbent)
have become alternative adsorbents, having high specific surface area,
layer structure and high cation exchange capacity (CEC) as their ad-
vantages.

Natural bentonite is a potent adsorbent that has been recently used
in several studies to adsorb heavy metal ions and organic matter
[10–12]. It is known that, similar to clay, bentonite is important to
several technologies due to its physicochemical properties including
high CEC. These properties can be considerably modified by acid acti-
vation, soda activation, ion exchange, and heat treatments [13–16]. It is
noted that swelling can reduce the hydraulic conductivity of natural
clay, so that the solution treated cannot seep into the clay easily. It is for
this reason that natural clay cannot effectively adsorb metal ions from
an aqueous solution.

Modification of natural bentonite is required to improve its ad-
sorption capacity and surfactants are widely used for such modification.
Diaz-Nava et al. [17] succeeded in modifying bentonite with Bencyl-
hexadecyldimethyl ammonium chloride (BCDMACl) and hexadecyl
trimethyl ammonium bromide (HDTMABr), and tested the surfactant
modified bentonite for phenol adsorption. They concluded that the
removal of phenol depended on several factors, such as structure of
surfactant, phenol species, pH, and initial concentration of solute.
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However, the adsorption of heavy metals by BCDMACl modified ben-
tonite is still not well-understood. Therefore, an objective of this study
was to study the removal of heavy metals Cu(II) and Zn(II) using a
cationic surfactant BCDMACl modified bentonite. Batch adsorption
experiments were performed to determine the adsorption capacities of
natural and modified bentonite, during removal of Cu(II) and Zn(II)
from aqueous solutions.

2. Materials and methods

2.1. Material and chemicals

2.1.1. Chemicals
All chemicals used in this study were analytical grade. Heavy metal

salts CuSO4·5H2O and Zn(NO3)2, purchased from Ajax Finechem and
Loba Chemie, respectively, were used to prepare the stock solutions of
Cu(II) and Zn(II). A cationic surfactant (bencylhexadecyldimethyl am-
monium chloride, BCDMACl), obtained from Sigma Aldrich, was used
to modify bentonite in this study.

2.1.2. Natural and modified bentonite
A commercial grade natural bentonite (clay mineral) was used in

this study. The material was passed through a 200mesh laboratory
sieve before use. Modified bentonite (MB) was prepared from natural
bentonite (NB) specimens by adding the NB into 1M sodium acetate
buffer solution at pH 5, and allowing to react for 18 h. Potassium
chloride solution (1M at pH 7) was then added and allowed to react for
18 h. After that, the solid phase was separated and left in 0.2M cesium
chloride solution for 6 h. The solid-phase was again separated and left
in cesium chloride solution for 10min [17]. The solids (preprocessed
bentonite) were then mixed into 8.40mmol/L of BCDMACl. The mix-
ture was shaken for 48 h at 303 K. Finally, the clay sample was sepa-
rated from the solution using a centrifuge at 2500 rpm (770 relative
centrifugal force) for 10min and rinsed with distilled water for various
times to eliminate excess surfactant. The solid sample was then dried at
343 K for 24 h.

2.2. Instrumentation

The concentrations of copper(II) and zinc(II) were measured by
atomic absorption spectrophotometry (AAS), using AANALYST 100
SPECTROMETER, Perkin-Elmer, Norwalk CT/USA. Natural and mod-
ified bentonites were characterized with an X-ray fluorescence spec-
trometer, PW2400, PHILIPS, Netherlands. The FTIR spectra of the
natural and the modified bentonite were recorded from KBr pellets with
a Fourier Transform Infrared Spectrometer, VERTEX 70, Bruker,
Germany. Surface area and porosity were determined using BET-tech-
nique, ASAP2460, Micromeritics, USA. Cation exchange capacities
(CEC) of the natural and the modified bentonite were determined by the
ammonium acetate method described by Chapman [18].

2.3. Batch adsorption

Batch experiments were performed to find out the capacities of NB
and MB to adsorb Cu(II) and Zn(II). Stock solutions (1000mg/L) of Cu
(II) and Zn(II) were prepared by dissolving 3.929 g of CuSO4·5H2O and
2.896 g of Zn(NO3)2, each in 1 L distilled water. Standard Cu(II) and Zn
(II) solutions in the range 50–200mg/L were then prepared by diluting
appropriately the stock solutions, and 0.1 M NaOH or HCl was used to
adjust the final pH of the metal solutions. On testing an aliquot of a
prepared solution (50mL) was placed in a 250mL conical flask and
0.5 g of adsorbent was added to it before placing in an incubator shaker
at 150 rpm and 293 K (controlled temperature). The effects of pH metal
solution, contact time, and initial metal concentration were in-
vestigated. To obtain adsorption isotherms, higher concentrations from
300 to 800mg/L with 100mg/L increments were allowed to equilibrate

with the adsorbents.

3. Theory

The amount of heavy metal adsorbed on a solid surface at equili-
brium (qe, in mg of ion/g of adsorbent) can be determined from the
following mass-balance equations:

=
− ×q C C V

m
( )

e
i e

(1)

=
− ×C C

C
% Removal ( ) 100i e

i (2)

where Ci and Ce are the initial and equilibrium concentrations of heavy
metal (mg/L), respectively, V is volume of the aqueous solution (L), and
m is mass of the adsorbent (g).

3.1. Adsorption kinetics models

3.1.1. Pseudo-first-order model
The pseudo-first-order model proposed by Lagergren [19] based is

expressed as follows:

= −
dq
dt

k q q( )t
e t1 (3)

where qt is the heavy metal adsorbed at the given contact time (mg/g),
and k1 is the rate constant of the pseudo-first order (1/min). Integration
of Eq. (3) provides linear relationship of −q qlog( )e t and t with slope
equal to the rate constant k1.

3.1.2. Pseudo-second-order model
The pseudo-second-order model is commonly used when the ad-

sorption/desorption balance controls the overall sorption kinetics. The
model was developed by Blanchard et al. [20] is expressed as follows:

= −
dq
dt

k q q( )t
e t2

2
(4)

where k2 is the rate constant of the pseudo-second order (g/mg/min).
Integration of Eq. (4) with suitable boundary conditions gives linearly
related t qt and t, and the rate constant k2 can be calculated from the
slope.

3.2. Adsorption isotherm models

3.2.1. Langmuir isotherm
Langmuir model assumes adsorption forming a monolayer on the

surface, by adsorption at specific mutually homogenous adsorption
sites, and that the attraction force between molecules sharply decreases
with distance to the adsorption sites [21]. The Langmuir model is given
by:

=
+

q
q KC

KC1e
m e

e (5)

where qe is the amount of metal adsorbed on the adsorbent surfaces
(mg/g), qm is the maximal amount of metal adsorbed (mg/g), and K is
the Langmuir constant (L/mg). Ce is the equilibrium concentration of
metal (mg/L). To identify the model parameters from data, Eq. (5) is
rearranged to a linear form of q1 e vs. C1 e. Then the model parameters
qm and K can be calculated from the intercept and the slope of a linear
plot, respectively.

3.2.2. Freundlich isotherm
Freundlich model is one of the earliest empirical models. It is used

with multilayer adsorption and can deal with both homogeneous and
heterogeneous surfaces, and with both physical and chemical adsorp-
tion. The Freundlich isotherm is expressed as:
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=q K Ce f e
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where Kf and n are the model parameters. Eq. (6) implies a linear re-
lationship of logqe and logCe used to identify the model parameters
from data: Kf and n can be calculated form the intercept and the slope of
a fitted line.

3.2.3. Dubinin-Radushkevich isotherm
Dubinin-Radushkevich model is more general than the Langmuir

model. It does not assume a homogenous adsorbent, and this model is
used to assess the nature of adsorption processes [22]. The Dubinin-
Radushkevich model is as follows [23]:
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where KDR is the Dubinin-Radushkevich constant related to the free
energy of adsorption (mol2/J2), and ε2 is a Polanyi potential (J2/mol2).
Rearranging Eq. (7) gives a linear relationship between lnqe and ε2 and
the model parameters can again be calculated from the slope and the
intercept. Moreover, the roles of chemisorption and physical adsorption
can be assessed from Eq. (9). An Es value between 8 and 16 kJ/mol
indicates chemisorption. On the other hand, the Es value below that
range indicates that physical adsorption is dominant.

=E
K
1

2s
DR (9)

4. Results and discussion

4.1. Characterization of natundral a modified bentonite

4.1.1. FTIR analysis results
The FTIR spectra of natural bentonite (NB) and modified bentonite

(MB) are shown in Fig. 1. FTIR spectra of NB and MB were recorded
over the range 4000–400 cm−1 and are reported in Fig. 1. The broad
band at 3452 cm−1 was assigned to OH stretching vibrations for NB and
MB, whereas water present in the bentonite displayed the peak at
1638 cm−1, which is assigned to OH bending vibrations. The NB shows
the AleAleOH stretching band at 3620 cm−1. At 917 and 852 cm−1 the

bands can be assigned to AleAleOH and AleFeeOH bending vibra-
tions, respectively [24]. The SieO stretching was observed at band
1042–1045, and the band at 521 cm−1 was assigned to SieO bending
vibrations. The doublet at 852 and 797 cm−1 indicated the presence of
quartz in the bentonite [25]. Generally, all the bands described above
are typical in NB spectra. For MB, there was a slight shift of those bands
due to modification by cationic surfactants. Appearance of the pair of
bands at 2923 and 2852 cm−1 confirmed that the cationic surfactant
was present in the modified bentonite. These bands were assigned to
symmetric and asymmetric CeH stretching vibrations of methyl and
methylene groups, which were absent from spectra of NB [25].

4.1.2. Bentonite structure
Bentonite is a clay mineral containing montmorillonite. As shown in

Fig. 2, montmorillonite structure has three mineral layers periodically,
with two tetrahedral layers (silica sheets) sandwiching a central octa-
hedral layer (alumina sheet). NB shows a net negative charge due to
isomorphic replacement of Al3+ with Mg2+ in the central octahedral
layer. The negative charge is balanced by exchangeable cations in the
lattice structure, such as Ca2+ and Na+ located in the interlayer, which
can enhance the adsorption of cationic pollutants [26,27].

To modify bentonite, a cationic surfactant (BCDMACl) was added to
natural bentonite. BCDMACl micelles consists of two main parts (hy-
drophilic head and hydrophobic tail), with ammonium cation [R′-
(CH3)2N+R] being the head and a long chain forming the tail (see
Fig. 3). The ammonium cation of BCDMACl micelles intercalated into
the interlayers and replaced exchangeable cations (Ca2+ and Na+ in
interlayer) and Mg2+ for Al3+ in the central octahedral layer, as shown
in Fig. 2 [28].

4.1.3. XRF analysis results
Table 1 shows a comparison of the chemical constituents in NB and

MB, from the XRF results. The NB and MB had alumina and silica as the
major species, at 13.81% and 59.73%, and at 12.91% and 59.04% by
weight, respectively. It was found that Cs and Cl were present in MB at
3.86 and 0.31%, respectively. This implies that the intercalation of
BCDMACl was successful by ion exchange. Furthermore, the results
indicate obvious decreases in the cations of the interlayer (Ca2+ and
Na+) and of the octahedral layer (Mg2+ for Al3+), on forming MB from
NB. This corroborates cation exchange and replacement as mechanisms
acting during the modification [28].

Fig. 1. The FTIR spectra of (a) the modified bentonite (MB) and (b) natural bentonite (NB).
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4.1.4. CEC and textural characteristics
As a consequence of the modification, cation exchange capacity

(CEC) was reduced from 75.95 (NB) to 68.70 cmolc/kg (MB), as shown
in Table 1. The cation from the surfactant was intercalated in the clay
and pushed other cations into solution, thereby significantly decreasing
CEC [29]. After bentonite was modified by BCDMACl, the BET results
indicate significantly reduced specific surface, from 44.60 to 15.57m2/
g, caused by the alkyl chains screening adsorbent pores [30]. The sur-
factant could also adsorb to the micropores and the inner surfaces of the
particles, decreasing the specific surface of MB [31]. Moreover, the

average pore diameter increased from 4.81 to 9.10 nm, which suggests
elimination of the smallest pores in the adsorbent [30].

The BET surface area and the pore size are not the only determi-
nants affecting the adsorption of heavy metals. The surface functional
groups are key characteristics of an adsorbent which metal ions can be
adsorbed by interactions with the surface functional group of the ad-
sorbent [32]. Eventually, swelling tests following ASTM D5890-02 [33]
confirmed that no swelling occurred in the cationic surfactant modified
bentonite, while the natural bentonite had 10.33mL/2 g which the
swelling is almost completed during preparation process.

4.2. Adsorption results

4.2.1. Adsorption kinetics
In order to study the adsorption kinetics, both pseudo-first and

pseudo-second order of kinetic models were fit to the experimental
data. Linear fits were used with the transformed models, instead of
nonlinear regression. The results revealed that the pseudo-first-order
model did not reliably match with the experimental data related to
coefficient of determination (R2) ranges 0.164–0.923. In contrast, the
adsorption kinetics of Cu(II) and Zn(II) were well described by the
pseudo-second-order model, see Fig. 4, and the identified model para-
meters are listed in Table 2. Comparison of qe from the experiment
(qe,exp) and from the model (qe,cal) revealed the good fit with R2 better
than 0.990. This indicates that the pseudo-second-order model was
appropriate for the adsorption kinetics in this study. Fig. 5 shows a plot
of the pseudo-second-order model without linearizing transform, while
the parameters were obtained with the transform (see Table 2). The
equilibrium was practically reached by 10min. To ensure equilibration,
80min equilibration time was used when determining the adsorption
isotherms of the next section.

4.2.2. Effect of initial solution pH
Solution pH is an important factor which can affect the adsorption

process. The removals of metal Cu(II) and Zn(II) were observed by
batch experiments at various pH of metal solutions range 3–11. Fig. 6
illustrated the metal removal as a function of solution pH. There were
increases in the removals of Cu(II) and Zn(II) with increasing the pH
solutions over the range of 3–5. However, it was remarkable that the
removals of both ions almost reached a maximal capacity of metal
concentration at the solution pH 7–11 (more than 95%). This was due
to the reason that a chemical precipitation became a dominant process
on metal removal at this range which mainly formed the solid state of

Fig. 2. Schematic illustration of surfactant modified bentonite.

Fig. 3. Chemical structure of cationic surfactant (BCDMACl).

Table 1
Chemical constituents and physical properties of NB and MB.

Constituents NB MB

Chemical constituents (% by weight)
Na2O 2.72 0.48
MgO 2.38 1.81
Al2O3 13.81 12.91
SiO2 59.73 59.04
P2O5 0.10 0.14
SO3 0.31 0.28
K2O 1.10 5.22
CaO 3.18 2.18
TiO2 0.36 0.37
Fe2O3 3.00 3.57
SrO 0.06 0.04
ZrO2 0.03 0.04
BaO 0.15 0.22
Cs2O – 3.86
Cl – 0.31
Structural parameters
BET surface area (m2/g) 44.60 15.57
Pore volume (cm3/g) 0.054 0.035
Pore size (nm) 4.81 9.10
CEC (cmolc/kg) 75.95 68.70
Free swellinga (mL/2 g) 10.33 0.00 (no swelling)

a Following ASTM D5890-06 [33].
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Cu(OH)2 and Zn(OH)2. This condition was not solely considered as the
adsorption because the metal precipitation may lead to a mis-
interpretation of adsorption capacity. This result had a similar trend
with adsorption study on several metal ions which has been reported by
numerous studies [34–36]. Therefore, the optimum pH in this study
should be 5–6 for adsorption study of both Cu(II) and Zn(II).

4.2.3. Effect of contact time
Contact time is one of the most important factors affecting adsorp-

tion efficiency. The adsorption efficiency can be experimentally opti-
mized for optimal pH, adsorbent dose and concentration of adsorbate.
Therefore, a series of a batch experiments varying contact time was
performed, and the metal ion concentrations were determined by
Atomic Absorption Spectrophotometry (AAS).

The adsorption capacities of Cu(II) and Zn(II) by the different ad-
sorbents were determined as the removal percentages of Cu(II) and Zn
(II), and are presented as time profiles in Fig. 7. The removal of metal
ions by adsorption onto both NB and MB was in the ranges
77.50–94.75% (± 0.50–2.81%) and 72.97–98.93% (± 0.17–1.51%)
for Cu(II) and Zn(II), respectively, with initial concentrations varying
from 50 to 200mg/L. NB maximally removed 82.05% and 75.74% of
Cu(II) and Zn(II), respectively, from 200mg/L initial concentration.
The maximal removal was higher on using MB, reaching up to 94.75%
and 98.90% of Cu(II) and Zn(II), respectively. Generally, the removal
rapidly increased initially for about 10min, and thereafter either in-
creased only slightly or remained constant. The high equilibrium frac-
tions of ions removed indicate that the dosages of NB and MB were

Fig. 4. Pseudo-second-order model of Cu(II) (a) and Zn(II) (b) on to NB and MB,
linear plot.

Table 2
Kinetic model parameters of Cu(II) and Zn(II) onto NB and MB.

Adsorbents Metal Ci (mg/L) qe,exp (mg/g) Pseudo-first-order model Pseudo-second-order model

k1 (1/min) qe cal, (mg/g) R2 k2 (g/mg/min) qe cal, (mg/g) R2

NB Cu(II) 50 4.60 0.016 36.71 0.462 2.94 4.60 1.000
100 9.01 0.046 20.35 0.888 2.93 9.01 1.000
150 13.18 0.026 9.79 0.309 1.22 13.19 1.000
200 16.40 0.050 2.57 0.665 0.43 16.42 1.000

Zn(II) 50 4.75 0.020 13.78 0.923 2.13 4.76 1.000
100 9.06 0.026 11.55 0.698 1.13 9.06 1.000
150 12.75 0.051 17.62 0.861 2.79 12.76 1.000
200 15.15 0.115 2.92 0.799 0.65 15.17 1.000

MB Cu(II) 50 4.72 0.039 21.69 0.738 2.72 4.72 1.000
100 9.30 0.103 16.12 0.468 1.72 9.30 1.000
150 14.07 0.007 2.79 0.922 0.17 14.08 1.000
200 18.95 0.004 1.04 0.164 0.06 19.01 0.999

Zn(II) 50 4.95 0.076 5.82 0.835 1.19 4.96 1.000
100 9.81 0.064 15.77 0.631 1.01 9.82 1.000
150 14.79 0.045 31.05 0.315 0.89 14.81 1.000
200 19.78 0.108 6.22 0.721 0.53 19.80 1.000

Fig. 5. Pseudo-second-order model of Cu(II) and Zn(II) onto NB and MB, non-
linear plot at initial metal concentration 200mg/L, NB and MB dosage 0.5 g,
and pH 5.
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sufficient for adsorption over the range of initial concentrations tested.

4.2.4. Effects of metal ion concentration
Fig. 8 illustrates the relationship of metal ion concentration to the

removals of Cu(II) and Zn(II) at equilibrium. The overall response
shapes are similar across all cases, but MB was clearly better adsorbent
than NB at high concentration of the heavy metals. The maximal im-
provement in removal by adsorption on comparing MB to NB was by
40.93 and 43.88% for Cu(II) and Zn(II), respectively.

The experimental results indicate near complete removal or cleanup
of 100–150mg/L concentrations with NB, and the higher 250–300mg/
L range with MB. These are higher concentration ranges than previously
reported for natural bentonite by Veli and Alyuz [11]. The results
clearly confirm that cationic surfactant treatment enhanced the ad-
sorption capacity of natural clay.

4.2.5. Adsorption isotherms
The adsorption of Cu(II) and Zn(II) onto NB and MB was assessed

against various equilibrium isotherm models, namely the Langmuir,
Freundlich, and Dubinin-Radushkevich models. The experimental re-
sults were applied to those models and the identified parameters are

tabulated in Table 3, along with the coefficient of determination (R2) to
indicate the goodness of fit (larger values are better).

It is found that the experimental data were best fit by the Langmuir
isotherm among the models tested, suggesting homogenous adsorption
sites on the surfaces and monolayer formation [20,37]. This result in-
dicated that the Langmuir isotherm can be described the adsorption
mechanism in this study although the mean free energy of adsorption
(Es) in the Dubinin-Radushkevich model was below 6–18 kJ/mol in-
dicating physical adsorption of Cu(II) and Zn(II).

The model-based responses of qe to Ce of all the adsorption iso-
therms are shown in Fig. 9. The Langmuir isotherm model was the best
fit over the experiments for all metal and adsorbents compared to other
isotherm models. The maximal adsorption qmax was estimated from the
fitted Langmuir models to be 19.76 and 15.46mg/g for Cu(II) and Zn
(II) on NB, while MB had qmax improved by 2.0–2.5 fold with up to
50.76 and 35.21mg/g adsorptions of Cu(II) and Zn(II), respectively.
This is considerable because the cationic surfactant treatment of ben-
tonite in this study modified it to MB by changing the functional groups
of natural bentonite and increasing both the anionic adsorptive capacity
and the cation affinity of the clay [38,39], thereby improving the ad-
sorption of heavy metals.

It can be seen from Fig. 9 that the experimental adsorption iso-
therms of this study were L-type [40] in all cases, indicating high af-
finity of sorbent and solute. Amount of the metal ions adsorbed on the

Fig. 6. Effect of solution pH of Cu(II) and Zn(II) onto NB and MB, initial metal
concentration 200mg/L, NB and MB dosage 0.5 g, and contact time 80min.

Fig. 7. Effect of contact time on the removal of Cu(II) and Zn(II) by NB and MB,
initial metal concentration 200mg/L, NB and MB dosage 0.5 g, and pH 5.

Fig. 8. Effect of initial metal concentration on the removal of Cu(II) and Zn(II)
by NB and MB, clay dosage 0.5 g, pH 5 and contact time 80min.

Table 3
Adsorption isotherm parameters of Cu(II) and Zn onto MB and NB.

Isotherm Parameters NB MB

Cu Zn Cu Zn

Langmuir isotherm model
K (L/mg) 0.077 0.177 0.037 0.303
qmax (mg/g) 19.76 15.46 50.76 35.21
R2 0.987 0.993 0.984 0.962

Freundlich isotherm model
Kf (mg/g) 5.363 5.887 5.026 10.170
n 4.684 5.988 2.486 4.203
R2 0.741 0.713 0.868 0.799

Dubinin-Radushkevich isotherm model
K (mol2/J2) 5.0E-06 2.0E-06 4.0E-06 3.0E-07
qmax (mg/g) 17.66 14.25 29.62 28.11
Es (kJ/mol) 0.316 0.500 0.354 1.291
R2 0.896 0.872 0.728 0.762
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adsorbents was increased with increasing an equilibrium concentration
(Ce). In addition, there was insignificant difference between NB and MB
in qe at low initial concentrations (Ci50–150mg/L), while at higher
initial metal ion concentrations the NB became saturated earlier than
MB. An initial slope of the breakthrough graph, the qe was suddenly
increased with increasing Ci while there was gradually risen when Ci

was more than 150 and 200mg/L for NB and MB, respectively. This
result confirmed the fact that, a large number of surface coverage sites
can be available for the adsorption at the lower concentration. How-
ever, the adsorption at higher initial concentration is difficult to occur
due to a repulsive forces between the metal molecules adsorbed on the
adsorbent and those in the bulk phase [10,41].

The maximum adsorption capacities (qmax) estimated from
Langmuir model for modified bentonite are compared to relevant prior
studies in Table 4. The middling performance of MB in this study,
however, is associated with simple and attractive pre-processing to
prepare/modify the adsorbent. This comparison obviously concluded
that the modification of natural bentonite using cationic surfactant
clearly improved physical and chemical properties of its capacity as an
adsorbent which were effectively used to enhance the adsorption effi-
ciency of heavy metals, by over 2-fold relative to untreated bentonite.

5. Conclusions

In this study modified bentonite clay was prepared in order to en-
hance its adsorption capacity of Cu(II) and Zn(II) ions in aqueous so-
lution. The batch adsorption experiments lead to the following con-
clusions.

• The modification of bentonite clay (NB) with a cationic surfactant
(Bencylhexadecyldimethyl ammonium chloride, BCDMACl) was
successfully performed in this study. The cations of BCDMACl mi-
celles intercalated into the interlayers of bentonite and replaced
exchangeable cations. This changed the functional groups of natural
bentonite to the cationic surfactant, which dominated heavy metal
ion adsorption. The modification also prevented swelling of the
bentonite.

• Kinetic study demonstrated that adsorption equilibrium was
reached in about 10min for Cu(II) and Zn(II). In addition, the
pseudo-second-order model fit the adsorption data well for the
heavy metals used in this study.

• The removal of Cu(II) and Zn(II) is sharply increased for about
10min, thereafter increasing only slightly or remaining constant
with 50–200mg/L initial metal concentrations. The modified ben-
tonite (MB) had about 40.93 and 43.88% increases maximally, over
unmodified NB, for removal of Cu(II) and Zn(II), respectively. The
adsorption capacity for saturation was about two-fold with MB re-
lative to NB.

• Among the empirical Langmuir, Freundlich, and Dubinin-
Radushkevich adsorption models, the Langmuir model fit the ex-
perimental equilibrium data the best with coefficient of determi-
nation in 0.962–0.993 for all cases. The maximum adsorption ca-
pacities (qmax) of MB were 50.76 and 35.21mg/g for Cu(II) and Zn
(II), respectively, as estimated from the Langmuir fits. These are
about two-fold better than for NB.

In summary, modification of natural bentonite by treatment with a
cationic surfactant significantly enhanced its adsorption efficiency for
the removal of heavy metal ions from wastewater.
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Fig. 9. non-linear curves of various adsorption isotherms with experimental
data, a) NB, and b) MB.

Table 4
A comparison of maximum adsorption capacity (qmax) for Langmuir model of previous studies in literature.

Metal Adsorbents qmax (mg/g) Reference Metal Adsorbents qmax (mg/g) Reference

Zn(II) Zeolite 3.45 Alvarez-Ayuso et al. [42] Cu(II) Chitosan/cellulose 26.50 Sun et al. [46]
Coal fly ash prepared zeolite 4A 30.80 Hui et al. [43] Carbon nanotubes CNTs/CA 84.88 Yanhui et al. [49]
Na-modified zeolite 49.69 Stefanovic et al. [44] Modified clay 83.3 Vengris et al. [50]
NH4-zeolon P4A clinoptilolite 111.90 Bujnova et al. [45] Spent activated clay 13.20 Weng et al. [51]
Chitosan/cellulose 19.81 Sun et al. [46] Natural zeolite 8.96 Erdem et al. [52]
Sugar beet pulp 17.78 Chen et al. [47] Crosslinked chitosan-coated bentonite beads 9.43 Dalida et al. [53]
Activated alumina 13.69 Bhattacharya et al. [48] Sulphate-modified bentonite 158.73 Bamidele et al. [54]
Modified bentonite 35.21 This study Modified bentonite 50.76 This study
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