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THAI ABSTRACT 

พีรกิตติ์ ธนพิทักษ์ : การก้าจัดไอออนโลหะจากน้้าเสียโดยใช้คาร์บอนนาโนทิวบ์ที่ดัดแปร
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6.726 emu/g และ 8.137 emu/g ตามล้าดับ ส่วนของ MWCNT-25Mag  และ MWCNT-30Mag 
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Lead and zinc could be found in wastewater. In order to treat the 
wastewater before its release to the environmental source, these heavy metals have 
to be removed. In this work, a new magnetic adsorbent was prepared by loading the 
Fe3O4 magnetic particles onto carbon nanotubes through co-precipitation method. 
The amount of Fe3O4 magnetic particles was varied from 20 to 30%wt. The magnetic 
composite was further modified with 8-hydroxyquinoline solution. The composites 
were characterized by SEM, TGA and FT-IR. The results showed that the surface of 
carbon nanotubes was covered by magnetic particles and 8-hydroxyquinoline. The 
VSM results showed that the adsorbents with 25% and 30% wt magnetic particles 
and 8-hydroxyquinoline had the magnetization value of 6.726 emu/g and 8.137 
emu/g, respectively and the adsorbents that contain only 25% and 30% wt magnetic 
particles were 15.819 emu/g and 19.907 emu/g, respectively. The composite of 
MWCNT and magnetic particles with 8-HQ and without 8-HQ (MWCNT-Mag and 
MWCNT-Mag-8-HQ) were used as adsorbents for Pb(II) and Zn(II) ions adsorption. The 
time for the adsorption process to reach the equilibrium was 60 minutes and the 
suitable pH value for metal ions adsorption was pH 5. The adsorption kinetics 
followed pseudo-second order model and the adsorption equilibrium could be 
described by Langmuir isotherm. The maximum capacity of MWCNT-30Mag and 
MWCNT-30Mag-8-HQ in Pb(II) adsorption was 32.26 mg/g and 48.78, respectively. On 
the other hand, the maximum capacity of MWCNT-Mag and MWCNT-Mag-8-HQ in 
Zn(II) adsorption was 12.22 and 18.52 mg/g , respectively 
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CHAPTER I 
INTRODUCTION 

1.1 Statement of the problem 

 Heavy metals are one of the most important components which were side 
products from many industries. Many heavy metals in waste could be harmful to the 
environment and human if they are not removed by suitable treatment process. 
Thus, the removal or reduction of the amount of these metal ions from wastewater 
before its reuse is a requirement. There are a number of processes used for 
purification, for wastewater treatment was normally use coagulation, oxidization of 
sulfuric acid and vacuum distillation, extraction and adsorption. One of the most 
widely used and interested methods for removal heavy metal ions is adsorption 
process because of its simplicity and low cost [1]. Thus, it was the interested idea for 
our adsorbent. 

 Carbon nanotubes are widely used as an adsorbent and supporter due to its 
high surface area and the simplicity of its regeneration by heat treatment [2, 3]. There 
is some research using carbon nanotubes as a support for coating magnetic particles 
to removal organic substances [4-6]. Magnetic separation has become a widely used 
process for adsorption because of its simply and quickly process. It has been used 
for many applications in biochemistry, analytical chemistry and mining ores [7]. The 
mainly advantage of this technology is that the magnetic separation can be easily 
collected using only external magnetic field [8]. The ferric oxide (Fe3O4) is one of 
magnetic particles that widely used to apply the magnetism for adsorbent due to it 
easily to generate and no effect to the environment with good electromagnetic 
performance. The poor thing of magnetic particles was their aggregation that effect to 
decrease the ability to disperse in water so it may lead to a reduction in removal 
efficiency. In this research, carbon nanotubes are used as the support for iron oxide 
(magnetite) particles and 8-hydroxyquinoline to reduce the aggregation of magnetic 
particles. The iron oxide – carbon nanotubes – 8-hydroxyquinoline composite was 
used for removal of zinc and lead ions from aqueous solutions. 
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 8-hydroxyquinoline (8-HQ) is also known as 8-quinolinol and usually used as a 
chelating agent in analytical chemistry due to its ability to form complex with metal 
ions. Its molecule bares an oxygen donor atom and nitrogen donor atom and both 
atoms bind to metal atoms [9, 10]. Its ability to form complexes with metal ions is 
expected for an increase in selectivity of composites in adsorption of heavy metal 
ions. 

1.2 Objective of this work 

 To synthesize a composite of magnetic particles-activated carbon-8-
hydroxyquinoline and to investigate its properties in heavy metal ions adsorption 
under influence of various parameters. 

1.3 Scope of this work  

 This research was started with the synthesis of the composite between 
activated carbon and ferric oxide by co-precipitation method. Then, the products 
from previous step were characterized using X-ray diffraction (XRD), scanning electron 
microscope (SEM) and fourier transform infrared spectrometer (FTIR).The composites 
were further modified with 8-hydroxyquinoline and characterized by Fourier 
transform infrared spectrometer (FTIR). The factors (adsorption time and pH value) 
that affected on adsorption efficiency were investigated with batch method and the 
kinetics and isotherms of adsorption were also studied in aqueous solutions. Final 
step, the adsorbents efficiency in removal of heavy metal ions (Zinc and lead) from 
waste lubricant will be investigated. 

1.4 The benefits of this works 

 To obtain new magnetic composites that has ability to remove heavy metal 
ions from water and waste lubricant. 



 
 

 

CHAPTER II 

THEORY AND LITERATURE REVIEWS 

2.1 Magnetic materials  

  In most atoms, electrons exist in pairs. Electrons in each pair spin in opposite 
directions. Hence, when electrons are paired together, their opposite spins cause 
their magnetic fields to cancel each other and there is no net magnetic field. On the 
other hand, materials having some unpaired electrons will have a net magnetic field 
and react more to an external magnetic field [11-13].   

 

 

 

 

 
 
Figure 2.1 The opposite spins of electron pair where grey balls are electrons, red 
balls are protons and blue balls are neutrons [11]. 
 Magnetic materials can be classified from how they respond to magnetic 
fields. There are three main classifications of magnetic materials which are 
diamagnetic, paramagnetic and ferromagnetic. 

 2.1.1 Diamagnetic materials 

  In diamagnetic materials, all electrons are paired and therefore, there 

is no permanent net magnetic moment per atom. Diamagnetic materials have a 
weak, negative susceptibility to magnetic fields. They are slightly repelled by a 
magnetic field and the material does not retain the magnetic properties if there are 
no external magnetic fields. Diamagnetic properties are the results of the realignment 
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of the electron paths when there is the influence of an external magnetic field. Most 
elements in the periodic table e.g. copper, silver, and gold, are diamagnetic. 

 2.1.2 Paramagnetic materials 

  Paramagnetic materials will be weakly affected by external magnetic 
fields due to the presence of some unpaired electrons and the realignment of the 
electron paths caused by the external magnetic fields. However, these materials do 
not retain the magnetic properties if there are no external magnetic fields. 
Paramagnetic materials include magnesium, molybdenum, lithium, and tantalum. 

 2.1.3 Ferromagnetic materials 

  In ferromagnetic materials, their atoms have some unpaired electrons 
and therefore a net magnetic moment. Ferromagnetic materials have a positive 
susceptibility to an external magnetic field. They are strongly attracted to magnetic 
fields and also able to retain their magnetic properties although there are no 
external magnetic fields. Their strong magnetic properties arise from the alignment of 
atomic moments. Ferromagnetic materials include iron, nickel, and cobalt. 

2.2 Iron oxides  

 Iron oxides are ferromagnetic materials. Iron (II, III) oxides with formula Fe3O4 

(magnetite) is one of a number of iron oxides, the others are iron (II) oxide (FeO) and 
iron (III) oxide (Fe2O3) called hematite. Iron (II, III) oxide occurs in nature as the 
mineral magnetite that contains both Fe2+ and Fe3+ ions [14]. 

 2.2.1 Magnetite (Fe3O4)  

  Magnetite is one of the three main oxides of iron. These magnetic 
materials have been widely investigated because of their magnetic properties and 
also non-toxic and biocompatible properties. The crystalline structure of magnetite is 
cubic inverse spinal (Figure 2.2) [11, 15, 16]. 

 

 

http://en.wikipedia.org/wiki/iron%20oxides
http://en.wikipedia.org/wiki/iron(II)%20oxide
http://en.wikipedia.org/wiki/iron(III)%20oxide
http://en.wikipedia.org/wiki/hematite
http://en.wikipedia.org/wiki/magnetite
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Figure 2.2 Crystal structure of Iron (II, III) oxide (magnetite). Red and white balls are 
iron atoms and oxygen atoms.  

2.3 Synthesis of magnetite 

 There are several methods for magnetite synthesis. Some of methods are 
described briefly as follows.  

 2.3.1 Chemical co-precipitation method  

  The chemical co-precipitation method is one of the most used 
processes for producing magnetic materials due to its simple and quick process. Iron 
(II) solution (from iron (II) chloride or iron (II) sulfate) is mixed with iron (III) solution 
(from iron (III) chloride or iron (III) sulfate) as staring mixture solution. Then, alkaline 
solution (NaOH or NH4OH) is dropped into the solution as the precipitating agent. The 
reaction is shown in equation (2.1) [17-19].  

  Fe2+ + 2Fe3+ + 8OH-           Fe3O4 + 4H2O  (2.1) 

 2.3.2 Reverse co-precipitation method  

  The reverse co-precipitation method is an opposite process compared 
to ordinary chemical co-precipitation. In this method, the iron salts containing Fe(II) 
and Fe(III) are dissolved and mixed together. Then, iron salt mixture was slowly 
dropped into an alkaline solution. The whole procedure is schematically presented 
in Figure 2.3.  
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Figure 2.3 Process of reverse co-precipitation [20]. 

 2.3.3 Oxidation-precipitation method  

  In the oxidation-precipitation method, iron salt was mixed with de-
ionized water, monoethanolamine (MEA) and H2O2 with a pump. Pumping rate must 
not be too fast. After the appropriate time, the black precipitants (magnetite) 
occurred [21]. 

 2.3.4 Reduction of mineral magnetite method  

  The reduction of mineral was started by mixing sodium hydroxide 
solution and oleic acid in a three-neck round-bottom flask. Mineral magnetite was 
dissolved in hydrochloric acid under mechanical stirring and grey precipitates were 
formed. The solution of ferrous–ferric ions is filtered with a fritted funnel and added 
into three-neck round-bottom flask dropwise under constant stirring. After that, 
separated magnetically and gain the black solid (magnetite) [22]. 

 2.3.5 Sol-gel method  

  In this method, ferric nitrate is dissolved in ethylene glycol under 
continuous stirring and heating at 40oC for 2 hours to generate “sol”. Then, the sol is 
heated up to 80oC for a moment and “gel” is produced. After that, gel is dried in an 
oven and becomes “xerogel” that is further annealed in the temperature range of 
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Surfactant in n-heptane + n-hexanol 

Iron(II) sulfate and ferric chloride 

200 to 400oC under vacuum. Finally, the magnetic nanoparticles with the different 
size are obtained [23, 24]. 

 
Figure 2.4 The procedure of synthesizing magnetic nanoparticles. 

 2.3.6 Microemulsion method 

  In the microemulsion method, the surfactant aqueous solution is 
mixed with oil phase such as n-heptane and n-hexanol under argon atmosphere and 
low heating. An aqueous iron(II) sulfate solution is rapidly added into the mixture and 
an aqueous ferric chloride  solution is subsequently added. Then, an emulsion 
consisted of ammonia in aqueous solution of the same surfactant and an oil phase is 
added dropwise under argon atmosphere and vigorous stirring. The obtained product 
is repeatedly washed with ethanol and deionized water. Finally, magnetic 
nanoparticles are dried in an oven. 

 

 

 
Figure 2.5 Mechanism of the formation of magnetic nanoparticles [25]. 

2.4 Carbon nanotubes 

 Carbon nanotubes (CNTs) are tube-shaped material that is made from carbon 
with diameter in nanometer scale. The size of CNTs diameter is in a range between 

Fe(NO3)3 + HOCH2CH2OH       Sol    Gel       Xerogel         annealed under 
vacuum        Fe3O4 

Black magnetic nanoparticles 
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1- 50 nm. They exhibit many good properties such as thermal resistance, chemical 
resistance and high surface area. They are categorized by structure into two types 
which are single-walled nanotube (SWNT) and multi-walled nanotubes (MWNT). 

 - Single-walled nanotubes (SWNT) are tubes of graphite that have a single 
layer cylindrical wall of graphite, called graphene that rolls into a seamless tube. 
Most of SWNTs have diameter approximately 1 nm but their length ranges from 
millimeter to centimeter scale [26, 27].  

 

 

 

Figure 2.6 Single-walled carbon nanotubes (SWCNTs). 
 - Multi-walled nanotubes (MWNTs) consist of many layers of graphene. A 
single sheet of graphite is rolled around as inside layer and repeatedly rolled like this 
to form multi-layer nanotube. The diameter of MWNTs is normally in the range of 5-
50 nm [26, 27]. 

 

 

 

 

 

Figure 2.7 Multi-walled carbon nanotubes (MWCNTs). 
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 Multi-walled carbon nanotubes are used in various fields. Due to its highly 
surface area, they have been widely used as adsorbents for metal ions adsorption or 
gas adsorption. The efficiency is up to their pore size. Their surface chemical 
modification is often performed in order to obtain the surface properties that suit 
their use. 

2.5 Information of metal ions, zinc and lead    

 2.5.1 Zinc  

   Zinc and their compounds are used in many industrials such as using 
as an anti-corrosion, alloy, rubber, paints, cosmetics, pharmaceuticals, and in 
batteries industrials. Commercially, zinc is obtained from its ores (mainly gained by 
mining) by concentrating and roasting the ore, then reducing the previous composite 
(zinc, silver and lead) to zinc thermally with carbon or by electrolysis [28]. 

 2.5.2 Lead  

  Lead is present in the lead-zinc-silver ore in the higher concentrations 
than silver and zinc. After the processing of the ore, higher amount of lead will be 
obtained per pound of ore, compared to zinc and silver. The application for lead and 
its compounds in industrial can be divided into two groups [29]. 

  2.5.2.1 Inorganic lead component 

   Metallic lead was mixed with some other metal or alloys or 
solder to form plate sheet or wire in chemical industry and filter in electronics 
industry. Oxide of lead is used in paint and battery industries. Salts of lead have 
various colors and therefore they are used as primary color pigment in paint industry 
such as yellow color from lead chromate, white color from lead carbonate. Lead 
acetate is used in cosmetic industry and lead nitrate in plastic and rubber industries. 

  2.5.2.2 Organic lead component 

   Tetraethyl lead and tetramethyl lead were mixed with 
benzene fuel to increase octane number. Compared with inorganic lead 
components, organic lead components are much more toxic because they are easily 
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spread to the surroundings by exhaustion from pipe. Hence they now stop using 
organic lead compounds in the fuel field.  

2.6 Treatment of heavy metals in wastewater  

 There are several treatment techniques to remove heavy metal ions from 
wastewater. The methods are briefly described as follows [30]. 

 2.6.1 Chemical precipitation 

  The chemical precipitation technique converts soluble metal ions to 
insoluble forms (solid) that can be separated from solution. Various chemicals are 
used as precipitants but the most commonly used methods are hydroxide 
precipitation and sulfide precipitation. This method is divided into two steps. First, 
precipitants are mixed with metal ions in water and precipitation occurs. The second 
step is the separation of solid by filtration or flocculation.  

  2.6.1.1 Hydroxide precipitation 

   This method is the most widely used because of their 
convenience and low cost. The chemicals that are used as precipitants include lime 
(Ca(OH)2) and caustic soda (NaOH). The precipitation would occur in specific range of 
pH value. The reactions of precipitation are shown in equations 2.1 and 2.2. 

  M2+
(aq)+ Ca(OH)2(aq)  M(OH)2(s) + Ca2+                        (2.1) 

M2+ 
(aq) + 2NaOH (aq)  M(OH)2 (s)  + 2Na+                    (2.2)        

   Lime is used more often than caustic soda. It is cheaper in cost 
than caustic soda but it produces a larger volume of sludge than caustic soda.           
   

  2.6.1.2 Sulfide precipitation 

   Sulfide precipitation is one of the most commonly used 
methods like hydroxide precipitation. The advantage of this process over hydroxide 
precipitation is the ability to reduce hexavalent chromium to its trivalent state. There 
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are two most common processes for sulfide precipitation which are the soluble 
sulfide process and the insoluble sulfide (Sulfex) process. 

  2.6.1.2.1 Soluble sulfide process 

   Sodium sulfide as a liquid reagent is used in this process. The 
soluble sulfide results in a rapid precipitation of metal ions. The generated particles 
are fine precipitate particles and hydrated colloidal particles. Because the particles 
size is very small, so they do not settle well. The coagulating and flocculating agents 
are added to induce the formation of bigger size particles for faster settling. The 
reaction of soluble sulfide is shown in equation 2.3. 

  M2+ (aq) + Na2S (aq)  MS (s)  + 2Na+         (2.3) 

   In soluble sulfide process, high concentration of soluble 
sulfide is applied in order to generate hydrogen sulfide gas (H2S). The dosage must 
be controlled strictly. 

  2.6.1.2.2 Insoluble sulfide process (Sulfex) 

   The insoluble sulfide process starts with the addition of ferrous 
sulfide (FeS) into water that contains dissolved metal and metal hydroxide. Then, 
FeS will disassociate into ferrous and sulfide ions. Sulfide ions are consumed in the 
precipitation of the metal pollutants and ferrous ions will precipitate as iron 
hydroxide. The reactions are shown in equations 2.4.-2.7. 

  FeS (aq)  Fe2+ (aq) + S2- (aq)          (2.4) 

M2+ 
(aq) + S2- (aq)  MS (s)           (2.5) 

M(OH)2 (aq)  M2+ (aq) + 2(OH)- (aq)         (2.6) 

Fe2+ (aq) + 2(OH)- (aq)  Fe(OH)2 (s)          (2.7) 

   The advantage of insoluble sulfide process is that it does not 
generate hydrogen sulfide gas. However, it produces higher amount of sludge, 
compared to hydroxide or soluble sulfide process. 
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 2.6.2 Membrane filtration 

  Membrane filtration systems are processes which semi-permeable 
membranes and pressure differential are employed to remove solids in waste 
streams. Reverse osmosis and ultrafiltration are two commonly used membrane 
filtration processes. 

  2.6.2.1 Ultrafiltration 

   Ultrafiltration was used for metal-finishing wastewater and oily 
wastes. It can remove substances with molecular weights greater than 500 such as 
large organic molecules and heavy metals.  It can be used when the size of solute 
molecules are ten times greater than the size of the solvent molecules. A semi-
permeable microporous membrane performs the separation. Wastewater is passed 
through membrane modules under pressure. Water and low molecular weight 
solutes (e.g. salts and some surfactants) will pass through the membrane and are 
removed as permeate. 

  2.6.2.2 Reverse osmosis 

   Reverse osmosis (RO) is a process for separating dissolved 
solids from water. RO is commonly used for treating oily or metal-bearing 
wastewater. RO is working under condition where the solute molecules are 
approximately in the same size as the solvent molecules. The separation occurs by 
aid of a semi–permeable, microporous membrane and pressure. This method is 
effective in removing dissolved metals. 

 2.6.3 Ion exchange 

  This is a process for removal of heavy metals ions from relatively low–
concentration waste streams. The wastewater stream is passed through a resin media 
bed. Resin contains bonded groups having ionic charge on the surface with counter 
ions that will be exchanged by ions of the same charge in wastewater. There are 
cationic and anionic class of resins for specific usage depending on the contaminants 
to be removed. The advantages of this process are that it can remove the metal ions 
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and then recover for further reuse. However, the resins could be fouled after using 
for a while. Then, it has to be regenerated or changed to a new one. 

 2.6.4 Electrolytic recovery 

  In the electrolytic recovery process, oxidation and reduction reactions 
take place. The conductive electrodes (anodes and cathodes) are immersed in the 
metal wastewater and an electric potential is applied. At the cathode, metal cations 
are reduced to its elemental form (electron-consuming reaction). At the same time, 
gases such as oxygen, hydrogen, or nitrogen were generated from the oxidation 
reaction at the anode (electron-producing reaction). After the metal coating on the 
cathode reaches a desired thickness, it may be removed and recovered. This process 
is not widely used due to their high cost in operation. The reactions are shown in 
Figure 2.8. 

 

Figure 2.8 Electrolytic system diagram for metal recovery [30]. 
 

 2.6.5 Carbon Adsorption 

  Activated carbon is used as an adsorbent for removal of dissolved 
contaminants from wastewater. The wastewater stream comes in contact with 
activated carbon and the contaminants are adsorbed onto the surface of activated 
carbon. After being used for a certain period of time, phenomenon called 
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breakthrough would occur from activated carbon column. This phenomenon is the 
results of the saturation of active site capacity of activated carbon or column 
exhaustion. At this point, the effluent pollutant concentration increased. After the 
carbon is exhausted, it should be removed and regenerated. The process diagram is 
shown in Figure 2.9. 

 

Figure 2.9 Carbon adsorption system diagram [30]. 
 

2.7 Adsorption  

 Adsorption is the process of the mass transfer of adsorbates in gas or liquid 
phase to the adsorbent surface. Adsorption can be divided into two groups which are 
physisorption and chemisorption that will be described in the following sections [31]. 

 2.7.1 Adsorption process 

  Adsorption process involves the mass transfer of analytes and 
different steps in adsorption are proposed as shown in Figure 2.10. 
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Figure 2.10 The steps of adsorption onto the adsorbent surface [31]. 

  2.7.1.1 Bulk transport 

   This step is very fast. The analytes will diffuse from bulk 
solution to the surface of boundary layer or the layer of solvent on adsorbent 
surface. 

  2.7.1.2 Film transport 

   This step will occur slowly. The analytes will diffuse through 
the boundary layer and move on to the surface of adsorbent. This step is called film 
diffusion or external diffusion. 

  2.7.1.3 Intraparticle transport 

   This step is often the rate determining step of adsorption. The 
analytes move from the adsorbent surface to inside or into the pore of adsorbent 
and/or react with the active sites. This step is also called internal diffusion. 

 2.7.2 Physisorption  

  In physical adsorption, the forces of attraction between the molecules 
of adsorbate and the adsorbent are weak such as van der Waals force or 
electrostatic interaction without forming chemical bond. Multilayer sorption can 
occur on the adsorbent surface when the concentration of the adsorbate in bulk 
solution is increased. Since the forces of attraction are weak, the process of 
physisorption can be easily reversed by heating or decreasing the pressure (as in the 
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case of gases) or concentration of the adsorbate. Monolayer and multilayer sorption 
are shown in Figure 2.11. 

 

Figure 2.11 Monolayer and multilayer sorption [32]. 
 2.7.3 Chemisorption 

  In chemisorption, the forces of attraction between the adsorbate and 
the adsorbent are strong due to the chemical bond formation which is stronger than 
the interaction force that appears in physisorption. This process is more specific to 
the certain groups of analytes due to the interaction with specific active site on the 
adsorbent. Thus, this process is irreversible and monolayer of adsorbates on surface 
is generally formed.  

Table2.1 Comparison between physisorption and chemisorption 

 
 

 

 

Physisorption

low temperature.

It is highly specific.It is not spectfic.

Force of attraction are van der Waals forces. Force of attraction are chemical bond formation.

Chemisorption

Low enthalpy of adsorption.

This process is observed under conditions of

Multi-molecular layer may be formed.

This process is reversible.

High enthalpy of adsorption

Generally, mono-molecular layer is formed.

This process is irreversible.

This process takes place at high temperatures.

Adsorptive 

Adsorbent 

Adsorbate 
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2.8 Adsorption isotherms  

 Adsorption isotherms are fundamental in describing equilibrium of the 
analytes adsorption onto adsorbent surface. The adsorption isotherm expresses the 
relation between the amount of analyte adsorbed on adsorbent and concentration 
of analytes in solution at equilibrium. The experimental data are often fitted to 
widely used adsorption isotherm models such as Langmuir and Freundlich [33]. 

 2.8.1 Langmuir isotherm                                                                           
  The assumption of Langmuir model is based on the adsorption that 
takes place at specific and homogeneous sites on the adsorbent. The adsorption is in 
monolayer regime and the maximum adsorption capacity at equilibrium can be 
predicted. The energy of adsorption onto the adsorbent surface is constant. The 
Langmuir isotherm equation is written in equations 2.8. 

                             
     

     
                                     (2.8) 

Langmuir isotherm in equation 2.8 can be linearized to equation 2.9; 

                 

  
  

 

   
  

  

  
                 (2.9) 

where  qe = the amount of solute adsorbed per unit weight of adsorbent at 
equilibrium (mg/g) 

 qm = maximum adsorption capacity for forming single layer  (mg/g) 

 b = the constant related to the free energy of adsorption (L/mg) 

 Ce = the equilibrium concentration of the solute in the bulk solution 
(mg/L) 

  A plot of Ce/qe versus Ce should give a straight line with intercept of 
1/bqm and slope of 1/qm as shown in Figure 2.12 [30]. 
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Figure 2.12 The isotherm shape (a) and linear plot (b) of Langmuir adsorption. 
  

 2.8.2 Freundlich isotherm 

  The Freundlich isotherm model was derived by assuming that the 
adsorption of analytes occurred on heterogeneous surface or on active sites of 
various affinities. The Freundlich model equation is shown in equation 2.10. 

             
  ⁄         (2.10) 

  1/n is a measure of intensity of adsorption. The higher the 1/n value, 

the more favorable the adsorption is (n < 1 or     > 1) 

  The Freundlich expression is an exponential equation. The equation 
can be linearlized with logarithmic form as presented in equation 2.11; 

   

                  
 
              (2.11) 

where  Kf = Fruendlich constant, an indicator of adsorption capacity of the 
adsorbent (mg/g).  

 1/n = a measure of intensity of adsorption.  

   

 

 

 

a) b) 
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  A plot of log qe versus log Ce should give a straight line with intercept 
of log Kf  and slope of 1/n as shown in Figure 2.13.  

 
 
Figure 2.13 The isotherm shape (a) and linear plot (b) of Freundlich adsorption [30]. 

 

2.9 Literature review 

 There are many investigations about the removal of pollutants from 
wastewater by adsorption. Various adsorbents were developed, the results and 
improvement has been reported. 

 Among many adsorbents, the magnetic composite material is one of the 
most interesting materials in the field. There are some researchers that used 
magnetic composite to remove metal ions or contaminant from water or solutions as 
summarized in Table 2.2. Magnetic composite can be separated easily from water by 
only applying external magnetic field 
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Table2.2 The adsorption capacity of various magnetic composite in contaminant 
adsorption 

 

Adsorbents Contaminants 

Adsorption condition 

Ref. 
pH time(min) 

Adsorption 
capacity(mg/g) 

Guar gum-
MWCNT-Fe3O4 

Neutral red 
- 120 

28.36 
[6] 

  Methylene blue 37.17 

Co-Fe2O4-
Activated carbon 

Malachite green 5 20 49.21 [7] 

Fe2O3-MWCNT Methyl orange 3 

10 

≈ 28 

[34] 

    4 ≈ 38 

    5 ≈ 35 

    6 ≈ 34 

    7 ≈ 25 

Fe3O4-MWCNT Neutral red 

7 360 

9.77 

[35] 
  Methylene blue 11.86 

  
brilliant cresyl 
blue 

6.28 

Al2O3-Fe3O4 Cd2+ 6 240 625 [36] 

Fe3O4-SiO2 Zn2+ 6 100 119 [16] 
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 In this work, we are interested in the use of Fe3O4 magnetic particles and 
modified with 8-hydroxyquinoline supported by MWCNT (MWCNT-Mag-8-HQ) for 
removal heavy metal ions. 

 MWCNT-Mag-8-HQ has both magnetic performance from Fe3O4 and ability to 
form complex with heavy metal ions due to the presence of 8-HQ. The parameters 
that could affect to the adsorption were studied. 

 

  



 
 

 

CHAPTER III 

EXPERIMENTALS 

3.1 Chemicals and instruments 

 3.1.1 Chemicals 

  All reagents in the experiments are shown in Table 3.1. The chemicals 
were of analytical grade and were used as received without further purification. 

Table3.1 Chemical  

 

 

 3.1.2 Instruments 

  All instruments used in all experiments are listed in Table 3.2. 

 

 

Chemicals Distributor

Sodium hydroxide Emsure

Ammonium ferrous sulfate Allied Chemical

Ammonium ferric sulfate Baker Analyzed

Nitric acid 65% w/w Emsure

Sodium nitrate Fluka

Ammonia solution Emsure

Ethanol Emsure

Lead ions standard solution (1000 mg/L) Ajax Finechem

Zinc ions standard solution (1000 mg/L) Ajax Finechem

Iron(III) ions standard solution (1000 mg/L) Ajax Finechem

8-Hydroxyquinoline Himedia

Multi-walled carbon nanotubes
Research Laboratory for Excellence in Nano and 

Smart Materials



 

 

23 

Table3.2 List of instruments 

 
3.2 Synthesis of the composite of multi-walled carbon nanotubes, magnetic 
nanoparticles (Fe3O4) and 8-hydroxyquinoline 

 The composite synthesis was divided into two steps as described as follows.  

 3.2.1 Synthesis of the multi-walled carbon nanotubes and magnetic 
nanoparticles (Fe3O4) composite (MWCNT-Mag) 

  The method in this research was adapted from the co-precipitation 
method proposed by Gong et al [37]. A solution of ferrous ions and ferric ions were 
prepared by dissolving 0.170, 0.213 or 0.258 g ammonium ferrous sulfate in 20 ml of 
deionized water and 0.417, 0.521 or 0.630 g ammonium ferric sulfate in 80ml of 
deionized water under electromagnetic stirring, respectively. Then, two iron solutions 
with Fe(II):Fe(III) mole ratio of 1:2 were mixed together and heated up to 80 oC. A 
portion of 0.500 g multi-walled carbon nanotubes was added into the mixed iron 
solution under continuous stirring. After that, a solution of 5M ammonium hydroxide 
was added dropwise into the mixture. The mixture was let stand for 5 minutes for 

Instruments Model  

pH meter Mettler Toledo/S220

Thermogravimetric analysis (TGA) Pyris 1

X-ray diffractometer (XRD) Bruker AXS/Diffraktometer D8

Scanning electron microscope (SEM) Jeol/JSM 5800

Flame atomic absorption spectrometer 

(FAAS)
AAnalyst100 (Perkin Elmer)

Vibrating Sample Magnetometer (VSM) LakeShore/7404

Inductively coupled plasma-optical 

emission
Thermo/iCAP 6000 Series

Nicolet/6700
Fourier transform infrared spectrometer 

(FT-IR)

file:///C:/Users/Kunpeat/Desktop/Thesis%20-%20Aj%20Fah-all.docx%23_ENREF_37
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the co-precipitation of magnetic nanoparticles on multi-walled carbon nanotubes 
surface to occur.  

 
Figure3.1 Procedure of MWCNT-Mag synthesis 

 3.2.2 Synthesis of 8-hydroxyquinoline doped MWCNT-Mag (MWCNT-Mag-8-HQ) 

  Immediately after MWCNT-Mag was obtained, a solution of 8-
hydroxyquinoline (0.300g in 10ml of ethanol) was added dropwise at 80oC under 
continuous stirring for 30 minutes. Then, the mixture was stirred at room temperature 
for another 5 hours. Finally, the obtained composite (MWCNT-Mag-8-HQ) was 
separated out by using external magnet and washed with deionized water and 
ethanol, respectively. The solid was dried in an oven at 80oC for 24 hours.  

 

 

Ammonium ferric sulfate : Fe3+ 

(0.417/0.521/0.630g) 

Ammonium ferrous sulfate : Fe2+ 

(0.170/0.213/0.258g) 

Heat the solution up to 80oC 

Mixed iron solution 
1. Add MWCNT 

0.5g                     

2. Add dropwise 

ammonium 

hydroxide 5M 
MWCNT-Mag (still in 

solution) 

Co-precipitation 
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Figure3.2 Procedure of MWCNT-Mag-8-HQ synthesis 
 

3.3 Characterization of the adsorbents 

 All instruments and technique used for characterization are shown and the 
condition in the analysis is described in detail in the following part.  

 3.3.1 Thermogravimetric analysis (TGA) 

  Thermogravimetric analysis is the technique used to measure the 
changing in weight of material as a function of temperature (or time). The weight loss 
was recorded in the temperature range from 50oC to 850oC with heating rate of 
10oC/min and nitrogen feed of 20ml/min. The content of 8-HQ in the prepared 
composites could be calculated from the percentage weight loss.  

  

MWCNT-Mag-8-HQ 

MWCNT-Mag-8-HQ (solid) 

1. Stop heating.                                        
2. Stir the mixture continuously for 
5 hours.                                                  
3. Wash the solid with deionized 
water and ethanol.                                                             
4. Dry the solid in an oven for 24 

MWCNT-Mag (in the mixture) 

 
8-HQ in ethanol Add dropwise 
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 3.3.2 X-ray diffraction (XRD) 

  An X-ray diffractometer (, Diffraktometer D8, Bruker AXS) was used to 
provide important information including the crystallinity of the materials to confirm 
the structure of MWCNT-Fe3O4. The signal was observed in the 2range of 10-80.  

 3.3.3 Scanning electron microscope (SEM) 

  A scanning electron microscope (JSM 5800, Jeol) would show the 
external morphology (texture) of samples by scanning it with a focused beam of 
electron. The electrons interact with sample’s atom and produce the signals of solid 
samples.  

 3.3.4 Fourier transform infrared spectroscopy (FT-IR) 

  Fourier transform infrared spectra of the materials was recorded  with 
Nicolet FT-IR in wavenumber range between 650 cm-1 and 4000 cm-1 with 
transmittance mode using attenuated total reflectance (ATR) method. The resulting 
spectra showed the signal of different molecular bonds, creating a fingerprint of 8-HQ 
and MWCNT-Mag-8-HQ.  

 3.3.5 Vibrating sample magnetometer (VSM) 

  In the analysis by a vibrating sample magnetometer, the sample was  
placed in a constant magnetic field. If the studied sample has magnetic properties, 
the constant magnetic field will magnetize the sample by aligning the magnetic 
domains, or the individual magnetic spins. The magnetic field was then created 
around the sample, called “the magnetic stray field” that can be detected by set of 
pick-up coils.  

 3.3.6. Amount of iron in the magnetic composites 

  To determine the amount of iron in the magnetic composites, 
magnetic particles were dissolved out of MWCNT-Mag and MWCNT-Mag-8-HQ 
prepared by using 20, 25 and 30% wt magnetic particles. Stir the magnetic 
composites 15 mg in 20ml of 5M nitric acid solutions. After that, the concentration of 
Fe in the obtained solutions was determined by using FAAS. 
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  The results from FAAS will show in unit of mg/L. Thus, we have to 
convert mg/L to mg/15 mg adsorbents first by using equation 3.1. 

    mg = 
  

    
                              (3.1) 

 V = volume of determine iron solution (ml) 

 Cd = concentration that detected by FAAS (mg/L) 

  After that, we will convert mg/ 15mg adsorbent that calculated from 
equation 3.1 to mg/g adsorbent by using equation 3.2. 

    
  

 
 = 

       

  
                              (3.2) 

 A = detected concentration that calculate from equation 3.1 

 gi = initial amount of adsorbent (mg) 

3.4 Adsorption study 

  In the adsorption study, MWCNT-Mag and MWCNT-Mag-8-HQ prepared 
by using various magnetic nanoparticles amounts (20, 25 and 30%) were used to 
adsorb Pb(II) or Zn(II)  ions in aqueous solutions were used. An amount of 15mg 
adsorbent was mixed with 30 mL of metal ions solution during a specific period of 
time. The adsorbent was separated by an external magnetic field. The initial and 
residual metal ions concentrations were determined by using a flame atomic 
absorption spectrometer (FAAS). All metal ions solutions were prepared from 
standard 1000mg/L of Pb(II) and Zn(II). The ionic strength of the metal ions solutions 
were controlled with 0.01M NaNO3. The experiments were performed in triplicate. 

 3.4.1 Comparison between MWCNT-Mag and MWCNT-Mag-8-HQ 

  In this experiment, two groups of adsorbents; MWCNT-Mag and 
MWCNT-Mag-8-HQ prepared by using various magnetic nanoparticles amounts were 
compared. To observe the adsorption efficiency of these adsorbents, the batch 
experiments were performed using solutions containing 20mg/L of Pb(II) or Zn(II). The 
contact time was 60 min. The solution pH value was 5. 
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 3.4.2 Effect of contact time 

  The effect of contact time on the adsorption of Pb(II) and Zn(II) onto 
MWCNT-Mag and MWCNT-Mag-8-HQ was investigated by varying the time of batch 
process in the range of 0-75 min and solutions pH value was 5.0 ± 0.5. The initial 
concentration of metal ions (Pb2+ and Zn2+) was 20 mg/L.   

 3.4.3 Effect of solution pH 

  The solution pH is one of the most influencing parameters affecting 
adsorption. The effect of pH was investigated in pH range of 3-6. If the solution pH 
was below 2, magnetic nanoparticles started to dissolve out of the MWCNT 
composites. On the other hand, if the solution pH was above 6, metal ions in 
solution would precipitate as metal hydroxide. A sodium hydroxide solution (3M) was 
used to adjust solutions pH value. The initial concentrations of metal ions (Pb2+ and 
Zn2+) were 20 mg/L and the contact time was fixed at 60 min. 

 3.4.4 Leaching of magnetic particles during adsorption 

  The leaching of iron from the composites MWCNT-Mag and MWCNT-
Mag-8-HQ into metal ions solutions during the adsorption process was determined at 
different solution pH values. All experiments were performed under the same 
condition except the solution pH values. The leaching of iron was observed in 
solutions having pH values in the range of 3-6. The concentration of iron in Pb(II) or 
Zn(II) ions solutions after adsorption was determined by FAAS. The leaching amounts 
of Fe were calculated and compared to the magnetic nanoparticles content in the 
starting adsorbents.  

 3.4.5 Adsorption kinetics 

  To study the rate of adsorption, the experiment was performed as 
described in topic 3.4.1 at room temperature.  All the experimental results were 
fitted by pseudo-first order kinetics and pseudo-second order kinetics model to 
describe the adsorption kinetics.  
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 3.5.6 Adsorption isotherms 

  The adsorption isotherms were studied at room temperature(26 ± 
2oC) by varying metal ions concentrations in solutions from 0 to 30mg/L. The 
experimental results were fitted by Langmuir and Freundlich adsorption model to 
describe the adsorption equilibrium and to find the maximum capacity of MWCNT-
Mag-8HQ in metal ions adsorption. The contact time was fixed at 60min and the 
solutions pH value was 5 

.



 
 

 

CHAPTER IV 

RESULTS AND DISCUSSION 

4.1 Synthesis of a composite of multi-walled carbon nanotubes, Fe3O4 magnetic 
particles and 8-hydroxyquinoline  

 A composite of multi-walled carbon nanotubes and magnetic particles 
(MWCNT-Mag) was first synthesized by co-precipitation method. Iron (II) sulfate and 
iron (III) sulfate at molar ratio of 1:2 were used as the starting materials and sodium 
hydroxide as a precipitant. The obtained product was a black color solid. MWCNT-
Mag showed a response to an external magnet as shown in Figure 4.1. Then 8-
hydroxyquinone was added to the aqueous mixture of MWCNT-Mag to produce 
MWCNT-Mag-8-HQ. The final product was a black color solid that can also respond to 
external magnetic field (Figure 4.1 b). MWCNT-Mag could disperse in aqueous media 
better than did MWCNT-Mag-8-HQ. In this work, the three proportions of magnetic 
particles were investigated (i.e. 20, 25 and 30 percent by weight of carbon nanotube)  

Table4.1 The amount of iron in the magnetic composites prepared by using different 
starting Fe(II) and Fe(III) amount 

 

 

Adsorbent Amount of Fe in composite (mg/g)

MWCNT20Mag 65.15

MWCNT25Mag 80.03

MWCNT30Mag 96.83

MWCNT20Mag-8-HQ 53.55

MWCNT25Mag-8-HQ 64.16

MWCNT30Mag-8-HQ 70.07
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Figure4.1 Response to an external magnet of (a) MWCNT-Mag and (b) MWCNT-Mag-8-
HQ. The dispersion of (c) MWCNT-Mag and (d) MWCNT-Mag-8-HQ in aqueous media.
  

 The results of iron amounts on MWCNT-Mag and MWCNT-Mag-8-HQ 
composites are presented in Table 4.1. The results from table 4.1 show that the 
amount of iron in magnetic composites increased by increasing the initial Fe(II) and 
Fe(III) amount used in the preapartion. The materials prepared by using 25 and 30% 
weight magnetic particle contained high amount of attached magnetic composites in 
both  composites with and without 8-hydroxyquinoline. However, the composites 
with 8-hydroxyquinoline had less content of magnetic particles when compared with 
composites that have no 8-hydroxyquinoline due to the shorter time for magnetic 
particles to precipitate on MWCNT in synthesis process. In the preparation, 8-
hydroxyquinoline was added into the mixture of MWCNT and magnetic composites 
shortly after the precipitation of magnetic particles. Therefore, 8-hydroxyquinoline 
was likely to compete with magnetic particles in the adsorption onto MWCNT 
surface.  

a) b) 

c) d) 
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4.2 Characterization of adsorbents   

 4.2.1 External morphology of materials   

  The morphology of the composite of multi-walled carbon nanotubes, 
magnetic particles and 8-Hydroxyquinoline (MWCNT-25Mag and MWCNT-25Mag-8-HQ ) 
was observed by using a scanning electron microscope (SEM) and the results are  

shown in Figure 4.2. SEM image of MWCNT-25Mag composite (Figure 4.2 (a)) show the 
surface that comprise of carbon nanotubes as the base support and magnetic 
particles spread over their surface (red circle). After adding 8-hydroxyquimoline, the 
surface of multi-walled carbon nanotubes was covered by 8-hydroxyquimoline and 
magnetic particles as shown in Figure 4.2 (b) and (c)  

  

 

Figure4.2 image of (a) MWCNT- 25Mag, (b) MWCNT-25Mag-8-HQ (x15000) and (c) 
MWCNT-25Mag-8-HQ (x35000). 

    

  

 
a) 

c) 

b

) 
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 4.2.2 Functional groups on the composites 

  To confirm the successful doping of 8-HQ onto the magnetic 
composite, Fourier transform infrared spectroscopy (FT-IR) was used. The signal 
observed in the analysis of the pure 8-HQ and MWCNT-Mag-8-HQ prepared by using 
various magnetic amounts were compared. 

  FT-IR spectra of pure 8-HQ and MWCNT-Mag-8-HQ (prepared by using 
25% magnetic nanoparticles) were recorded and compared in Figure 4.3. The 
characteristic bonds and signals were observed as follows. In the spectra of 8-HQ, the 
signal at 1570cm-1 could be C=N stretching; 783cm-1 was benzene rings C-H vibration; 
1275cm-1 was C-OH stretching vibration and benzene ring vibration of 8-HQ was 
found around 1370cm-1. The same signals were also detected in the spectra of 
MWCNT-Mag-8-HQ and this FT-IR result confirm the successful loading of 8-HQ onto 
magnetic carbon nanotubes composite. 

  The comparison of FT-IR characteristic between 8-HQ and MWCNT-
Mag-8-HQ prepared by using 20, 25 and 30% wt magnetic particles are shown in 
Figure 4.4.  

 

 
Figure4.3 FT-IR spectra of pure 8-HQ and MWCNT-25Mag-8-HQ and MWCNT 
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Figure4.4 FT-IR spectra of pure 8-HQ and MWCNT-Mag-8-HQ (prepared by using 20, 
25 and 30% magnetic particles) 

  

 From the results in Figure 4.4, the IR spectra of MWCNT-Mag-8-HQ prepared 
by using all studied percent weight of magnetic particles display almost the same 
patterns. These results indicate that the 8-HQ modified magnetic composites were 
successfully synthesized. 

. 

 4.2.3 Magnetic properties of the materials   

  A vibrating sample magnetometer (VSM) was used to detect the 
magnetization of the adsorbents by placing the sample in a constant magnetic field. 
According to the results in Table 4.1, the adsorbents prepared with 25 and 30% wt 
magnetic particles were chosen for the analysis by VSM. The results of the four 
adsorbents are shown in Figure 4.5. 
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Figure4.5 Magnetization of adsorbents 

  As shown in Figure 4.5, magnetization results of MWCNT-25Mag and 
MWCNT-30Mag adsorbents were 15.819 emu/g and 19.907 emu/g, respectively. On 
the other hand, the magnetization value of MWCNT-25Mag-HQ and MWCNT-30Mag-
HQ was 6.736 emu/g and 8.137 emu/g, respectively. The adsorbents with 8-HQ have 
less amount of iron (Figure 4.1), thus it lead to the decreasing in magnetization of 
MWCNT-Mag-8-HQ.   

  The results confirm that the more iron(II) and iron(III) we added in 
adsorbents, the more magnetization we detected. The values of magnetization of 
MWCNT-25Mag-8-HQ and MWCNT-30Mag-8-HQ were not much different from each 
other compared to different dosage of iron(II,III) added. Thus, MWCNT-30Mag-8-HQ 
seemed to be suitable for this study. 

 4.2.4 Thermal stability of the materials 

  Thermogravimetric analysis (TGA) was used to observe the 
decomposition of the materials when being heated and the weight loss of each 
composition in the composites was recorded. Due to the difference in 
decomposition temperature, it indicated the different composition of the materials. 
MWCNT, MWCNT-Mag and MWCNT-Mag-8-HQ prepared by using 25 and 30% wt 
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magnetic particles were analyzed by this technique. The results are shown in Figures 
4.6-4.9. 

 

Figure4.6 TGA profile of MWCNT. 

 

Figure4.7 TGA profile of MWCNT-25Mag. 
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Figure4.8 TGA profile of MWCNT-25Mag-8-HQ  

 

 

Figure4.9 TGA profile of MWCNT-30Mag-8-HQ 
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 According to the results in Figure 4.6, a weight loss was observed when the 
temperature rose up to 500oC, which could be attributed to the decomposition of 
decomposable component of MWCNT at amount of 32% of initial weight. From 
Figure 4.7, a weight loss was also observed when the temperature rose up to 500oC 
similar to the MWCNT because magnetic nanoparticles were not decomposed in this 
range of temperature.  Furthermore, a loss of weight in the temperature range of 
300-450oC in MWCNT-25Mag-8-HQ and MWCNT-30Mag-8-HQ shown in Figures 4.8 and 
-4.9 corresponded  to the decomposition of 8-HQ in composites and the weight 
losses of the same extent were observed. These results reveals that the amount of 
8-hydroxyquinoline coated on the materials containing different content of magnetic 
particles was the same.  

 4.2.5 Results from X-ray diffraction technique (XRD) 

  This technique was used to confirm the successful deposition of 
magnetic particles onto carbon nanotube surface. The results from the instrument 
are shown in Figure 4.10. The XRD pattern of multi-walled carbon nanotube-magnetic 
particles composite (MWCNT-Mag) was compared to reference database from JCPDS 
cards #75-0033 (Fe3O4).  

 

Figure4.10 XRD patterns of MWCNT-25Mag. 
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 From Figure 4.10, the XRD pattern of MWCNT-Mag shows the main diffraction 

peaks at 2of 30.15o, 35.46o, 43.1o, 53.55o, 56.97o and 62.67o that matched well to 
the reference database of Fe3O4. Therefore, the results indicated that the composite 
contained the magnetic particles.  

4.3 Adsorption studies 

 In the adsorption experiments, MWCNT-Mag and MWCNT-Mag-8-HQ prepared 
with various contents of magnetic particles were used. To evaluate the efficiency of 
these adsorbents in metal ions adsorption, the adsorption experiments were 
designed to be batch experimental. The metal ions solutions contained 20mg/L of 
Pb(II) or Zn(II). The adsorbent dose of 15 mg was adopted to adsorb metal ions in 
30ml solution. The adsorption of metal ions is presented in term of adsorbed 
amount of the target ions on the adsorbent (mg/g). 

 4.3.1 Effect of contact time 

  The time of adsorption to reach their equilibrium was determined in 
this experiment. The equilibrium time was also used in other experiments. The 
amount of Zn(II) and Pb(II) ions adsorbed on MWCNT-Mag and MWCNT-Mag-8-HQ at 
different contact time are shown in Figure 4.11.  

 

Figure4.11 Effect of contact time on the adsorption of Zn(II) ions by MWCNT-Mag and 
MWCNT-Mag-8-HQ. (Zn(II) 20mg/L, pH5) 
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  The results show that the efficiency in Zn(II) ions adsorption by all 
adsorbents increased by increasing the contact time and then reached relatively 
constant values after 60 minutes of contact time. After 60 minutes, the adsorbed 
amount did not change despite an increase in contact time. These results indicated 
that the adsorption equilibrium was attained after 60 minutes. The more magnetic 
particles we added the more efficiency we gained in adsorption due to higher 
number of active sites for electrostatic interaction with metal ions in solution. 
Furthermore, adsorbents doped with 8HQ showed a better efficiency in adsorption 
than adsorbent without 8-HQ.  

 
 

Figure4.12 Effect of contact time on the adsorption of Pb(II) ions by MWCNT-Mag and 
MWCNT-Mag-8-HQ. (Pb(II) 20mg/L, pH5) 

  According to the results in Figure 4.12, the adsorption of Pb(II) by all 
adsorbents increased rapidly at the beginning and gradually reached relatively 
constant values after 60 minutes of contact time. The adsorption equilibrium under 
this experimental condition could be attained within 60 minutes. The same trends as 
observed in Zn(II) adsorption was also found in Pb(II) adsorption. Higher amount of 
magnetic particles and the presence of 8-HQ in the composite  could improve the 
efficiency of metal ions adsorption. 
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 4.3.2 Effect of solution pH 

  The pH value could have strong effect on adsorption efficiency of 
heavy metal ions by adsorbents due to the properties of active sites or charges on 
the surface of adsorbent would be different at various solution pH values. MWCNT-
Mag and MWCNT-Mag-8-HQ were used as adsorbents in this experiment. The solution 
pH was adjusted to the values in the range of 3-6. In solutions having pH 3 and 4, the 
iron component was leached from the adsorbents into metal ions solutions during 
adsorption. The metal ions solutions became yellow due to magnetic particles 
dissolution. The leaching amount of iron was determined and discussed in detail 
hereafter. Thus, pH values at 3-4 were not suitable for the use of these adsorbents. 
At pH value of 6, Pb(II) ions started to precipitate and the white sediment of lead 
hydroxide was observed. Therefore, the suitable pH value for using these magnetic 
adsorbents was pH 5. However, these adsorbents could be used in solutions having 
pH higher than 5 and the metal ions removal would be the results from both 
adsorption and hydroxide precipitation.  In this study, the experiment was performed 
at pH value of 5. The results of metal ions adsorption (Zn(II) and Pb(II)) at pH 5 are 
shown in Figure 4.13. 

 
Figure4.13 The adsorption of Zn(II) and Pb(II) ions by MWCNT-Mag and MWCNT-Mag-
8-HQ at pH 5 (Pb(II) and Zn(II) 20mg/L, contact time of 60min) 
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Table4.2 Adsorption capacities at various pH values 

 
   
  The results from Figure 4.13 show that the highest efficiency in 
adsorption of Zn(II) or Pb(II) was achieved when used the composite of MWCNT 
doped with 30% wt magnetic particles and 8-Hydroxyquinoline. The adsorption may 
occur through electrostatic interaction between metal ions and negatively charged 
on MWCNT-Mag surface and complex formation with 8-HQ. From Table 4.2, the 
charge on the surface of adsorbents should be more negative than positive at pH 5 
because the results from experiments at pH below 5 (3-4) gave less efficiency than 
pH 5. It could conclude that the more pH we use in the experiment the more 
negative charge on the surface we get. And that’s lead to the more adsorption of 
metal cations take place via electrostatic interaction [35].  

  

 4.3.3 Leaching of iron from MWCNT-Mag and MWCNT-Mag-8-HQ 

  The leaching of iron from MWCNT-Mag and MWCNT-Mag-8-HQ were 
investigated by measuring the amount of iron that was leached from adsorbents into 
the metal ions solution having pH in the range of 3 to 5 at fixed operation time. The 
result was obtained by using FAAS to detect iron component in the solutions. The 

Zn solution Pb solution Zn solution Pb solution Zn solution Pb solution

MWCNT-20Mag 3.86 14.34 5.31 16.23 5.87 18.63

MWCNT-25Mag 4.49 14.53 5.83 16.27 8.75 19.97

MWCNT-30Mag 6.28 14.95 7.55 16.58 10.02 20.46

MWCNT-20Mag-8HQ 6.39 14.95 7.61 16.00 9.46 20.48

MWCNT-25Mag-8HQ 6.87 14.93 8.04 16.02 11.76 21.62

MWCNT-30Mag-8HQ 7.45 14.95 8.53 16.22 13.07 22.23

Adsorbent

Adsorption capacity (mg/g)

pH3 pH4 pH5
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amounts of iron leached into the solutions are compared with the initial amount of 
Fe in the adsorbents as presented in Table 4.3.  

Table4.3 Leaching amount of Fe from the composites during adsorption at different 
pH values  

 

   

  From Table 4.3, the results showed that at pH value 3 the leaching of 
Fe in range of 0.83-2.7 mg/g adsorbent was observed in Zn(II) solutions and 0.66-2.86 
mg/g adsorbent in Pb(II) solutions. It is clearly seen that the higher solution pH value, 
the less leaching Fe we detected. At pH value of 5, only a slight leaching of Fe from 
the adsorbents in Zn and Pb solution was found (less than 0.075 mg/g adsorbent). 
Thus, the suitable condition for adsorption was at working pH of 5 or higher. 

 4.3.4 Adsorption Kinetics 

  The kinetics and the rate of the adsorption process can be described 
by using pseudo-first order model and pseudo-second order model. The rate law of 
pseudo-first order model was shown in equation 4.1; 

       

  
                                       (4.1) 

where qe and qt are the adsorbed amount of metal ions on the adsorbent (mg/g) at 
equilibrium and at time t (min). The rate constant of pseudo-first order was k1 (min-1). 

  The equation can be integrated with boundary of t = 0 to t = t and qt 
= 0 to qt = qt. The linear form after integration was written in equation 4.2. 

                                                                         (4.2) 

Zn solution Pb solution Zn solution Pb solution Zn solution Pb solution

MWCNT-20Mag 0.82 0.66 0.57 0.27 0.03 0.01

MWCNT-25Mag 0.95 0.73 0.78 0.35 0.04 0.06

MWCNT-30Mag 0.98 0.81 0.81 0.50 0.06 0.06

MWCNT-20Mag-8HQ 2.43 2.42 1.00 1.23 0.01 0.07

MWCNT-25Mag-8HQ 2.47 2.57 1.05 1.40 0.01 0.03

MWCNT-30Mag-8HQ 2.76 2.86 1.05 1.53 0.01 0.07

pH4 pH5

77.07

Adsorbent
Initial amount of Fe 

(mg/g)

Leaching amount (mg/g)
pH3

65.15

80.03

96.83

53.55

64.16
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  The linear plot between log(qe - qt) and t  will give the value of k1 and 
qe from slope and intercept, respectively. 

  The rate law of pseudo-second order model is shown in equation 4.3; 

                                        

  
              

                        (4.3) 

where qe and qt are the adsorbed amount of metal ions on the adsorbent (mg/g) at 
equilibrium and at time t (min). The rate constant of pseudo-second order was k2 (g 
mg-1 min-1). 

  The equation can be integrated with boundary of t = 0 to t = t and qt 
= 0 to qt = qt. The linear form after integration is given in equation 4.4. 

      
      

       
                            (4.4) 

  The equation can be rearranged for easy linear plot as shown in 
equation 4.5. 

                                         
  

    (
 

    
 )  

 

  
                         (4.5) 

  The linear plot between   

  
 and t will give the value of k2 and qe from 

intercept and slope, respectively. 

  In this study, the experiment was performed under a condition of 
fixed pH value at 5, initial concentration of metal ions (Zn and Pb) of 15 mg/L and 
the contact time was varied between 0–75 min. MWCNT-30Mag and MWCNT–30Mag-
8-HQ were chosen for this investigation. The results are shown in Figures 4.14-4.15. 
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Figure4.14 Experimental data of (a) Zn(II) adsorption at different contact time, (b) 
pseudo-first-order kinetics plot of Zn(II) adsorption and (c) pseudo-second-order 

kinetics plot of Zn(II) adsorption. (•)MWCNT-30Mag and (■) MWCNT-30Mag-8-HQ. 
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Figure4.15 Experimental data of (a) Pb(II) adsorption at different contact time, (b) 
pseudo-first-order kinetics plot of Pb(II) adsorption and (c) pseudo-second-order 

kinetics plot of Pb(II) adsorption. (•) MWCNT-30Mag and (■) MWCNT-30Mag-8-HQ. 

0

5

10

15

20

25

0 15 30 45 60 75

Ad
so

rb
ed

 a
m

ou
nt

 m
g/

g

Time(min)

-2

-1.5

-1

-0.5

0

0.5

1

0 10 20 30 40 50 60 70

lo
g(

q e
-q

t

Time (min)

0

0.5

1

1.5

2

2.5

3

3.5

4

0 10 20 30 40 50 60 70 80

t/
q t

Time (min)

a) 

c) 

b) 



 

 

47 

  From results in Figures 4.14-4.15, all calculated data of pseudo-first 
order model and pseudo-second order model from linear plot are summarized in 
Table 4.4. 

Table 4.4 Kinetics parameters calculated from kinetics models for the adsorption of 
Zn(II) and Pb(II) ions onto MWCNT-30Mag and MWCNT-30Mag-8-HQ 

 
   

  The results show that pseudo-second order model fit to the 
adsorption data better than pseudo-first order, considering the R2 values that were 
higher and close to 1.  Moreover, qe value calculated from pseudo-second order 
linear plot was closer to qe observed from experimental, indicating a good fitting of 
the model to the experimental data. The same results were obtained with all 
adsorbents (MWCNT-30Mag and MWCNT-Mag-8-HQ). With the assumptions of pseudo-
second order model, the adsorption could occur as monolayer sorption via both 
physisorption and chemisorption[38]  

  For further explanation, physisorption was likely to occur 
throughelectrostatic interaction between negatively charged active site on adsorbent 
surface and metal cations. Chemisorption could be attributed to the chelating 
mechanism between 8-Hydroxyquinoline and metal ions. 

  

k1 (min-1) k2(min-1)

MWCNT-30Mag 9.97 5.07 0.048 0.782

MWCNT-30Mag-8-HQ 13.13 4.74 0.041 0.862

MWCNT-30Mag 20.49 3.08 0.041 0.893

MWCNT-30Mag-8-HQ 22.28 2.99 0.034 0.791

MWCNT-30Mag 9.97 12.32 0.005 0.995

MWCNT-30Mag-8-HQ 13.13 16.08 0.004 0.995

MWCNT-30Mag 20.49 21.19 0.019 0.999

MWCNT-30Mag-8-HQ 22.28 23.15 0.014 0.999
Pb

Pseudo-second order

Kinetics model Metal Adsorbent
qe,exp  

(mg/g)

qe,cal  

(mg/g)

rate constant
R2

Zn

Pb

Pseudo-first order

Zn
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 4.3.5 Adsorption Isotherms 

  The adsorption isotherms show the relation between the amount of 
analyte adsorbed on adsorbent and concentration of analytes in solution at 
equilibrium. There are two important isotherm models that are widely used to 
describe the adsorption equilibrium which are Langmuir adsorption isotherm and 
Freundlich adsorption isotherm. 

  The Langmuir isotherm model was developed based on the 
adsorption that took place at specific and homogeneous sites on the adsorbent. The 
equation is shown in equation 4.6. 

                                    
     

     
                                 (4.6) 

The equation 4.6 can be rearranged into linear form as written in equation 4.7; 

                                            

  
  

 

   
  

  

  
                        (4.7) 

where  qe = the amount of metal ions adsorbed per unit weight of adsorbent at 
equilibrium (mg/g) 

 qm = maximum adsorption capacity for forming single layer (mg/g) 

 b = the constant related to the free energy of adsorption (L/mg) 

 Ce = the equilibrium concentration of the metal ions in the bulk solution 
(mg/L) 

  A plot of     

  
  versus Ce should give a straight line with intercept of   

 

   
  and slope of   

  
 . 

  The Freundlich isotherm model assumed that the adsorption of 
analytes occurred on heterogeneous surface or on active sites of various affinities. 
The equation is shown in equation 4.8. 

                                                      
  ⁄                         (4.8) 

  The Freundlich isotherm model can be linearized with logarithmic 
form as follows; 
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                         (4.9) 

where  Kf = an indicator of adsorption capacity of the adsorbent (mg/g). Higher 
the maximum capacity, higher value the Kf is obtained 

 1/n = a measure of intensity of adsorption. Higher the 1/n value, more 

favorable the adsorption is. Generally, n < 1, 
 

 
 > 1 

  A plot of log qe versus log Ce should give a straight line with intercept 
of log Kf and slope of   

 
 . 

  The adsorption isotherms experiment was performed under the  
following condition; pH value at 5, contact time of 60 min and , initial concentration 
of metal ions (Zn and Pb) varied in the range of 1-28 mg/L at 30oC. MWCNT-30 Mag 
and MWCNT–30Mag-8-HQ were used. The experimental data and adsorption 
isotherm plots are shown in Figures 4.15-4.16. 



 
 

 

 

 

  

 

Figure4.16 The plot of (a) Adsorption isotherm of Zn(II), (b) Langmuir isotherm plot 
for the adsorption of Zn(II) and (c) Freundlich isotherm plot for the adsorption of 

Zn(II). (•)MWCNT-30Mag and (■)MWCNT-30Mag-8-HQ. 
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Figure4.17 The plot of (a) Adsorption isotherm of Pb(II), (b) Langmuir isotherm plot 
for the adsorption of Pb(II) and (c) Freundlich isotherm plot for the adsorption of (c) 

Pb(II). (•)MWCNT-30Mag and (■)MWCNT-30Mag-8-HQ. 
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  From Figure 4.16-4.17, all the calculated parameters of Langmuir 
model and Freundlich model are shown in Table 4.5. 

Table4.5 Langmuir and Freundlich constants for adsorption of metal ions on 
MWCNT-Mag and MWCNT-Mag-8-HQ 

 
   

  From the results in Table 4.5, both model seemed to fit to the 
adsorption data considering the value of R2. However, regarding the nature of 
adsorbent, the adsorption may be described by the assumption of Freundlich model 
better than Langmuir model because the adsorbents probably had heterogeneous 
surface. Thus, by following the assumption of Freundlich model, the adsorption of 
metal ions on these adsorbents occurred via weak interaction on the surface. The 
interaction can be occurred in many kinds due to there were many groups on the 
adsorbent that can adsorb metal ions. These results also support the results 
observed in adsorption kinetics study.  

  The metal ions may adsorb onto the surface of MWCNT-Mag and 
MWCNT-Mag-8-HQ at their active sites following Freundlich model assumption. For 
MWCNT-Mag, it comprised of heterogeneous active sites which were CNT surface and 
magnetic particles surface (OH- sites). Nonetheless, the ones responsible for metal 
ions adsorption was likely to be magnetic particles site because they could have 
negative charge on surface that attracted metal cations better than the MWCNT sites 
did. In the case of MWCNT-Mag-8-HQ, 8-HQ on adsorbents was the main active sites 
for metal cations and the adsorption may occur through electrostatic interaction with 
hydroxyl groups from magnetic particles and the chemisorption of metal ions via 
complexation with donor atoms (oxygen and nitrogen) on 8-HQ. That made MWCNT-

Zn 12.22 0.25 0.994 0.146-0.567 1.59 2.16 0.922

Pb 32.26 0.11 0.964 0.251-0.700 1.79 1.59 0.978

Zn 18.52 0.16 0.991 0.212-0.674 1.64 1.82 0.984

Pb 48.78 0.08 0.955 0.299-0.750 1.94 1.86 0.987

MWCNT-30Mag 

MWCNT-30Mag-8-HQ 

Langmuir constants Freundlich constants

Metal qm  

(mg/g)
b (L/mg) R2 RL Kf n R2

Adsorbent
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Mag-8-HQ an adsorbent for selective adsorption of metal ions, compared to MWCNT-
Mag. 

  One important parameter of Langmuir isotherm model was RL value. 
This value could give the information whether the adsorption process was favorable 
or not. RL value was calculated by using equation 4.10;  

                                            
 

     
                                 (4.10) 

where b  = the constant related to the free energy of adsorption (L/mg) 

          Ci = the initial concentration of metal ions (mg/L) 

  RL values indicate the type of isotherms and adsorption equilibrium as 
summarized in Table 4.6. 

 Table4.6 RL value and type of isotherms 

 

  Considering the calculated RL parameters in Table 4.6, it shows that 
the adsorption process of Zn(II) and Pb(II) were favorable. The maximum adsorption 
capacity of MWCNT-30Mag in Zn(II) and Pb(II) adsorption were 12.22 and 32.26 mg/g, 
respectively. For MWCNT-30Mag-8-HQ, the maximum capacity in Zn(II) and Pb(II) 
adsorption were 18.52 and 48.78 mg/g, respectively. 

 

RL > 1

RL = 1

0 < RL < 1

RL = 0

RL Value Type of isotherm

Unfavorable

Linear

Favorable

Irreversible



 
 

 

CHAPTER V 

CONCLUSION 

 The composite of multi-walled carbon nanotubes and magnetic particles 
(MWCNT-Mag) was synthesized via co-precipitation method. The magnetic composite 
was further doped with 8-Hydroxyquinoline. The results of materials characterization 
observed by using a scanning electron microscope, Fourier transform infrared 
spectroscopy, vibrating sample magnetometer (VSM) and X-ray diffraction technique, 
confirmed that Fe3O4 magnetic particles could be deposited onto multi-walled 
carbon nanotubes and the composites showed magnetic properties. 8-HQ was 
successfully doped onto the magnetic composites. The composites could disperse 
well in water and responded to an external magnetic field. The magnetization value 
of composites that contain of 8-Hydroxyquinoline decreased by 55-60 % when 
compared with non-doped magnetic composites. 

 Both MWCNT-Mag and MWCNT-Mag-8-HQ showed a potential in removal of 
heavy metal ions from solutions. The adsorption experiment was performed using 
batch system. When compared the efficiency of the both adsorbents, MWCNT-Mag-8-
HQ showed a better efficiency in adsorption of both Zn(II) and Pb(II) ions from 
aqueous solutions. Furthermore, the suitable conditions of the process were 
obtained as follows. The contact time to reach the equilibrium was 60 min and 
working pH was at 5. If the pH value was lower than 5, the magnetic particles in the 
composites would be dissolved into the solutions. On the other hand, if the pH 
value was higher than 5, the metal ions in solution would start to precipitate and the 
removal of metal ions would be the results of both precipitation and adsorption. 

 The adsorption kinetics of this process followed the pseudo-second order 
kinetics model for both composites. The adsorption could occur through 
physisorption and chemisorption. Physisorption was the result of the electrostatic 
interaction between metal cations and negative adsorbent surface. Chemisorption 
could occur via chelating mechanism between 8-Hydroxyquinoline and metal ions. 
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 The adsorption isotherms were better fitted by Freundlich model than 
Langmuir model. Then, the adsorption of metal ions on adsorbent occurred as 
monolayer coverage on heterogeneous surface. The maximum capacity of MWCNT-
30Mag in Zn(II) and Pb(II) adsorption were 12.22 and 32.26 mg/g, respectively. For 
MWCNT-30Mag-8-HQ, the maximum capacities in Zn(II) and Pb(II) adsorption were 
18.52 and 48.78 mg/g, respectively. 
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APPENDIX 

APPENDIX A 

Effect of contact time 

Table A1 Effect of contact time on the adsorption of Zn(II) and Pb(II) with  

MWCNT-20 Mag 

 

Mean ± S.D. (N=3) 

Table A2 Effect of contact time on the adsorption of Zn(II) and Pb(II) with  

MWCNT-25 Mag 

 

 

15

30

45

60

75

18.29 ± 0.06

18.63 ± 0.04

18.71 ± 0.08

Adsorbant

M
W

CN
T-

20
 M

ag 0.86 ± 0.13

2.13 ± 0.14

3.81 ± 0.34

5.87 ± 0.26

5.91 ± 0.21

Time 

(min)

Adsorbed amount of metal ions (mg/g)

Zn (II) Pb (II)

17.29 ± 0.14

17.81 ± 0.04

15

30

45

60

75

Pb (II)

4.79 ± 0.15 18.01 ± 0.18

Adsorbant Time 

(min)

Adsorbed amount of metal ions (mg/g)

M
W

CN
T-

25
 M

ag

Zn (II)

7.79 ± 0.40 19.01 ± 0.04

6.32 ± 0.14 18.57 ± 0.07

8.75 ± 0.25 19.97 ± 0.04

8.94 ± 0.25 19.96 ± 0.09
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Table A3 Effect of contact time on the adsorption of Zn(II) and Pb(II) with  

MWCNT-30 Mag 

 

 

Table A4 Effect of contact time on the adsorption of Zn(II) and Pb(II) with 

 MWCNT-20 Mag-HQ 

 

 

 

 

 

15

30

45

60

75

Adsorbant Time 

(min)

Adsorbed amount of metal ions (mg/g)

M
W

CN
T-

30
 M

ag

Zn (II) Pb (II)

5.95 ± 0.25 18.41 ± 0.03

7.79 ± 0.35 19.39 ± 0.07

8.72 ± 0.13 20.08 ± 0.06

9.95 ± 0.06 20.46 ± 0.07

9.97 ± 0.25 20.49 ± 0.08

15

30

45

60

75

Adsorbant Time 

(min)

Adsorbed amount of metal ions (mg/g)

M
W

CN
T-

20
 M

ag
-8

-H
Q

Zn (II) Pb (II)

6.15 ± 0.18 18.24 ± 0.07

7.01 ± 0.25 19.15 ± 0.07

7.99 ± 0.03 19.91± 0.06

9.46 ± 0.15 20.48 ± 0.10

9.63 ± 0.33 20.61 ± 0.06
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Table A5 Effect of contact time on the adsorption of Zn(II) and Pb(II) with  

MWCNT-25 Mag-HQ 

 

 

Table A6 Effect of contact time on the adsorption of Zn(II) and Pb(II) with  

MWCNT-30 Mag-HQ 

 

 

 

15

30

45

60

75

Adsorbant Time 

(min)

Adsorbed amount of metal ions (mg/g)

M
W

CN
T-

25
 M

ag
-8

-H
Q

Zn (II) Pb (II)

6.67 ± 0.13 18.95 ± 0.10

8.01 ± 0.14 20.04 ± 0.09

9.62 ± 0.34 20.66 ± 0.11

11.89 ± 0.26 21.62 ± 0.02

11.96 ± 0.09 21.67 ± 0.07

15

30

45

60

75

Adsorbant Time 

(min)

Adsorbed amount of metal ions (mg/g)

M
W

CN
T-

30
 M

ag
-8

-H
Q

Zn (II) Pb (II)

13.04 ± 0.09 22.23 ± 0.05

13.13 ± 0.06 22.28 ± 0.09

8.14 ± 0.36 20.07 ± 0.11

10.02 ± 0.24 20.58 ± 0.03

11.99 ± 0.40 21.37 ± 0.05



 
 

 

APPENDIX B 

Effect of pH 

Table B1 Effect of pH on the adsorption of Zn(II) and Pb(II) with MWCNT-20 Mag 

 

Mean ± S.D. (N=3) 

P.C.=Precipitate 

 

Table B2 Effect of pH on the adsorption of Zn(II) and Pb(II) with MWCNT-25 Mag 

 

 

 

 

 

3

4

5

6

5.31 ± 0.21 16.23 ± 0.05

Adsorbant
pH

Adsorbed amount of metal ions (mg/g)

Zn (II) Pb (II)

M
W

CN
T-

20
 M

ag

5.87 ± 0.26 18.63 ± 0.04

15.21 ± 0.13 P.C.

4.86 ± 0.23 15.34 ± 0.22

3

4

5

6

Adsorbant
pH

Adsorbed amount of metal ions (mg/g)

M
W

CN
T-

25
 M

ag

Zn (II) Pb (II)

5.49 ± 0.19 15.53 ± 0.08

5.83 ± 0.43 16.27 ± 0.12

8.75 ± 0.25 19.97 ± 0.04

16.51 ± 0.07 P.C.
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Table B3 Effect of pH on the adsorption of Zn(II) and Pb(II) with MWCNT-30 Mag 

 

 

Table B4 Effect of pH on the adsorption of Zn(II) and Pb(II) with MWCNT-20 Mag-HQ 

 

 

Table B5 Effect of pH on the adsorption of Zn(II) and Pb(II) with MWCNT-25 Mag-HQ 

 

 

3

4

5

6

Adsorbant
pH

Adsorbed amount of metal ions (mg/g)

M
W

CN
T-

30
 M

ag
Zn (II)

10.02 ± 0.07 20.46 ± 0.07

Pb (II)

7.28 ± 0.11 15.95 ± 0.35

7.55 ± 0.15 16.58 ± 0.47

17.98 ± 0.22 P.C.

3

4

5

6

7.61 ± 0.08

Adsorbant
pH

Adsorbed amount of metal ions (mg/g)

M
W

CN
T-

20
 M

ag
-8

-H
Q Zn (II) Pb (II)

7.39 ± 0.09 15.95 ± 0.04

16.00 ± 0.10

9.46 ± 0.42 20.48 ± 0.10

20.87 ± 0.23 P.C.

3

4

5

6

11.76 ± 0.19 21.62 ± 0.02

24.95 ± 0.32 P.C.

Adsorbant
pH

Adsorbed amount of metal ions (mg/g)

M
W

CN
T-

25
 M

ag
-8

-H
Q Zn (II) Pb (II)

7.87 ± 0.05 15.93 ± 0.11

8.04 ± 0.09 16.02 ± 0.11
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Table B6 Effect of pH on the adsorption of Zn(II) and Pb(II) with MWCNT-30 Mag-HQ 

 

 

 

 

3

4

5

6

8.45 ± 0.13 15.95 ± 0.15

Adsorbant
pH

Adsorbed amount of metal ions (mg/g)

M
W

CN
T-

30
 M

ag
-8

-H
Q Zn (II) Pb (II)

32.30 ± 0.23 P.C.

8.53 ± 0.12 16.22 ± 0.07

13.07 ± 0.09 22.23 ± 0.05



 
 

 

APPENDIX C 

Adsorption isotherms 

Table C1 The adsorption isotherms of Zn(II) by using MWCNT-30 Mag 

 

Mean ± S.D. (N=3) 

 

Table C2 The adsorption isotherms of Zn(II) by using MWCNT-30 Mag-HQ 

 

 

 

 

 

Adsorbant

M
W

CN
T-

30
 M

ag

6

9

12

15

Metal ions Initial concentration Ci (mg/L)
Equilibrium concentration Ce  

(mg/L)
Adsorption capacity (mg/g)

3 1.5 ± 0.06 2.99 ± 0.12

9.71 ± 0.06

9.78 ± 0.04

5.46 ± 0.07

8.52 ± 0.12

7.38 ± 0.13

8.9 ± 0.15

9.64 ± 0.09

3.27 ± 0.04

5.31 ± 0.07

7.74 ± 0.06

10.55 ± 0.07

13.18 ± 0.05

18.11 ± 0.02

15.14 ± 0.03

18

20

23

Zn

23 16.45 ± 0.05 13.10 ± 0.10

M
W

CN
T-

30
 M

ag
-8

-H
Q

Zn

3 1.30 ± 0.07 3.39 ± 0.13

6 3.00 ± 0.02 5.99 ± 0.03

18 11.80 ± 0.02 12.41 ± 0.03

20 13.45 ± 0.03 13.09 ± 0.06

7.91 ± 0.08

12 7.20 ± 0.02 9.61 ± 0.03

15 9.29 ± 0.04 11.41 ± 0.08

9 5.04 ± 0.04

AdsorbantMetal ions Initial concentration Ci (mg/L)
Equilibrium concentration Ce  

(mg/L)
Adsorption capacity (mg/g)
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Table C3 The adsorption isotherms of Pb(II) by using MWCNT-30 Mag 

 

 

Table C4 The adsorption isotherms of Pb(II) by using MWCNT-30 Mag-HQ 

 

 

 

3.78 ± 0.07 8.45 ± 0.15

12 5.93 ± 0.05

AdsorbantMetal ions Initial concentration Ci (mg/L)
Equilibrium concentration Ce  

(mg/L)
Adsorption capacity (mg/g)

M
W

CN
T-

30
 M

ag

Pb

24 13.96 ± 0.03 20.09 ± 0.07

28 17.88 ± 0.02 20.24 ± 0.03

12.14 ± 0.10

16 8.41 ± 0.08 15.18 ± 0.16

20 10.64 ± 0.04 18.71 ± 0.08

4 1.57 ± 0.05 4.87 ± 0.10

8

20 15.19 ± 0.02 19.96 ± 0.04

M
W

CN
T-
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ag
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-H
Q

Pb

4 1.42 ± 0.03 5.17 ± 0.06

8 3.21 ± 0.02 9.63 ± 0.04

12 7.16 ± 0.09

24 17.22 ± 0.02 22.23 ± 0.04
28 21.43 ± 0.07 22.66 ± 0.15

13.30 ± 0.19

16 11.19 ± 0.02 16.65 ± 0.05

AdsorbantMetal ions Initial concentration Ci (mg/L)
Equilibrium concentration Ce  

(mg/L)
Adsorption capacity (mg/g)
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