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ABSTRACT
This thesis deals with the synthesis, characterization, and
application of magnetic composites as adsorbents for selenium,
chromium, arsenic, and phosphorous removal from aqueous solutions.
The magnetic composites presented in this study include carbon
nanotube/ iron oxide magnetic nanocomposites and magnetic alginate–
layered double hydroxide composites.
Carbon nanotube/ iron oxide magnetic nanocomposites were
prepared using chemical co-precipitation of iron oxide nanoparticles on
surface of carbon nanotube. The synthesized magnetic nanocomposites
were characterized by various analytical techniques such as SEM, TEM,
nitrogen sorption, FTIR, pHPZC, EDS, XRD, XPS, and VSM. The
removal of the contaminants by the nanocomposites materials was
verified by batch experiments and full filtration test. The adsorption
properties were analyzed and quantified using kinetic and equilibrium
models and thermodynamic analysis.
These analyses indicated that nano–sized iron oxide particles grown
on the surface of oxidized carbon nanotube has diameters ranging from
6 to 17 nm, regularly. XRD peaks showed that iron oxide nanoparticles

i

were classified as a cubic iron oxide phase, i.e., maghemite and
goethite. The magnetic nanocomposites have a magnetic saturation of
39.37 emu/g and a coercivity of 15.66 Oe, can be easily separated by
permanent magnet.
The sorption capacities of carbon nanotube/iron oxide magnetic
nanocomposites were in decreasing order: 9.55 mg/g for arsenate, 8.12
mg/g for selenite, 7.10 mg/g for arsenite, 5.93 mg/g for chromate, and
3.82 mg/g for selenate under given experimental conditions (dosage = 1
g/L, initial concentration = 10 mg/L, reaction time = 4 h, and
temperature = 30°C). The results indicated that the pseudo second order
model was most suitable for describing the kinetic experiments. In case
of equilibrium test, the Freundlich and Redlich-Peterson isotherms
were fitted well. XPS analysis revealed that selenite and selenate were
reduced on the surface of magnetic nanocomposites, accompanied with
iron oxidation. Sequencing extraction experiments showed that 57.8%
of Cr(VI) was present in fraction of iron oxides (F3). Arsenate was
removed by magnetic nanocomposites in the adsorptive filtration
process, effectively.
Magnetic alginate–layered double hydroxide composites were
prepared by entrapping powdered forms of both calcined Mg–Al LDHs
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and magnetic iron oxide into an alginate hydrogel. The magnetic
composites had a particle size of 1.5±0.1 mm and showed magnetic
properties under an external magnetic field. The sorption capacity of
magnetic composites (2% magnetic iron oxide and 6% calcined Mg–Al
LDHs) was 4.99 mg/g for phosphate and 1.61 mg/g for chromate under
given conditions (adsorbent dose = 0.05 g in 30 mL solution, initial
concentration = 10 mg/L, reaction time = 24 h). The magnetic
composite material could be reused by magnetic separation.
Therefore, this study elucidated that the magnetic composites
removed selenium, chromium, arsenic, and phosphorous from aqueous
solutions, effectively. These results also demonstrate that the magnetic
composites developed in this study can be applied to advanced water
treatment system.

Keywords: Adsorbents, Arsenic removal, Carbon nanotubes,
Chromium removal, Iron oxide nanoparticles, Layered double
hydroxides, Magnetic composites, Phosphorous removal, Selenium
removal
Student Number : 2008-30335
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Chapter 1 Introduction
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1.1. Background
Indiscriminate development in recent decades has led to a rapid
urbanization and an uncontrolled population growth. As a result, the
world has encountered a variety of pressing environmental challenges
such as climate change/global warming (Hansen, 2005), excessive
generation of solid waste (Lo et al., 2010), and water pollution
(Kurniawan and Lo, 2009; Sillanpaa et al., 2011). To address those
global water quality problems, pioneering approaches are required.
Clean water is an important strategic resource to be protected as a
basis for economic prosperity and a healthy society, water quality is one
of the important parameters indicating the state of quality of life
(Kurniawan et al., 2012). In order to solve the problem of
environmental pollution that changes according to the times,
environmental remediation technology level that time requests is
required. Looking at the quality standards of each country, the target
quality criterion, and also have increased, there is a tendency to
decrease the allowable concentration is necessary to develop
technology that can respond appropriately to this.
With the development of technology, new contaminants that were
not known to the prior art is detected or found, resulted in an increase
of the new water quality criterion. Subsequent to the existing nine
water quality standards by 2006, Korean Ministry of Environment
(MOE) issues the additional eight water quality standards by 2009, and
plans to finally expand water quality standards up to thirty substances
by 2015 (An et al., 2007). The allowed limits for well-known
contaminants were revised periodically. The recommended maximum
3

value for arsenic in drinking water, as per the World Health
Organization (WHO) International standards, has been reduced from
200 ppb to 10 ppb, through a number of revisions during the last 50
years. During the same period, the allowed concentration for lead in
drinking water was reduced from 100 ppb to 10 ppb (Pradeep and
Anshup, 2009). Changes of international and domestic water quality
standards for related contaminants are shown in Figure 1.1.
Conventional water treatment plants could be completely removed
the contaminants present in raw water following a sequence of steps
including aggregation, filtration and disinfection. But unfortunately in
recent

years,

the

results

of

industrialization

and

abuse

of

pesticides/fertilizers are discharged number of toxic contaminants into
water bodies. Presence of contaminants such as heavy metals (Muller et
al., 1995; Kruawal et al., 2005) and/or nutrients (Wang et al., 2005;
Xiong et al., 2008) in the source water leaves a detrimental impact on
water treatment. The treatment efficiency is drastically reduced and the
contaminant flows out because conventional water treatment plants
were not designed to handle of them. Therefore, additional postprocessing step is needed.
On the other hand, advanced membrane filtration techniques such
as nanofiltration (NF) / reverse osmosis (RO) exhibit superior
performance removal of chemical contaminants as compared with
conventional water treatment systems. But, the use of NF / RO filter is
limited owing to high operating and maintenance costs (Pianta et al.,
2000). Moreover, the biological contaminants are cause of membrane
fouling as a result the removal efficiency drastically decreased (Meng
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et al., 2009). Thus, the membrane filtration technique is needed a pretreatment barrier to remove these contaminants.
As previously discussed the water treatment plants have to accept
the additional needs for complex chemical decontamination of
anthropogenic origin. The centralized treatment system may not be
sufficient under these environmental conditions. Therefore, the
development of technology such as point of use system is required.
Point-of-use (POU) devices are treatment systems installed on single or
multiple taps and are often combined with other treatment processes to
provide a more complete water treatment. They are usually used to
improve the aesthetic qualities of drinking water and to remove
chemicals. POU processes employed include ion-exchange resins or
adsorption filters. Various types of ion-exchange resins are used in
softening hard water (Greenleaf et al., 2006; Coca et al., 2010).
Activated carbon filters are generally effective in removing chemical
contaminants and are often used to improve smell and taste (Da Silva et
al., 2012; Flanagan et al., 2013). Filters containing activated aluminum
oxide are used to remove heavy metals from water (Fox, 1989;
Thomson et al., 2003). These are commonly used in rural areas
(Environment and Workplace Health Report Canada, 2009).
Recognition of the importance of the environment increases, the
demand for innovative technology that cost-effective and can minimize
the harmful substances in water environments has increases
significantly. These ideas are well-organized in the report by the Royal
Society of Chemistry (RSC, 2007). The report recommends the way to
minimize the generation of sludge or secondary waste after treatment
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by reducing consumption of chemicals. As well as reducing byproducts,
energy consumption and treatment costs can be reduced with satisfying
the requirement set by legislation. Therefore, nanotechnology suggest
as sustainable and environmental friendly alternative to overcome the
limitations of prior art water treatment (Kurniawan et al., 2012).
According to National Nanotechnology Initiative (NNI), the
definition of nanotechnology is the understanding and control of matter
at dimensions between approximately 1 and 100 nm, where unique
phenomena enable novel applications. Excellent properties of
nanomaterials are the large surface area corresponding to the size of the
particles. Feldmann and Goesmann (2010) simply described this
concept as shown in Figure 1.2. A cube with edges 1 cm in length
divides into cubes with edges 10 nm in length, the surface area
increases 106 fold while the volumes remain the same. Also, increasing
number of surface atoms leads to drastic increase in chemical reactivity
of the nanoparticles. Recently, superior features of these products are
used in various fields (Figure 1.3).
Due to the nano-sized, nanoadsorbents can be effectively removes
contaminants from water. The molecular level of their size leads to
maximize the amount of adsorption per unit mass but minimize the
sludge generation. According to the literature, as particle size of
magnetite is decreased from 300 nm to 12 nm the sorption capacity for
arsenic increase nearly 200 times, this is more than expected from
simple

consideration

of

surface

area

(Mayo

et

al.,

2007).

Nanoadsorbents are mainly divided into some groups based in their
application for water purification as shown in Figure 1.4. Among them,
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this study covers meso-structure carbon material of carbon nanotubes,
magnetic iron oxide nanoparticles, and layered double hydroxides as
hydrated metal oxide.
Carbon nanotubes (CNTs) are a hollow single or multiple layers of
carbon material. They are used to remove organic and inorganic
contaminants as excellent adsorbents from aqueous solutions. (Rao et
al., 2007; Upadhyayula et al., 2009). Unlike many adsorbents, CNTs
has a fibrous shape with high aspect ratio, large accessible external
surface area, and well developed mesopores. Due to a large surface area,
CNTs used as support of metallic oxides have still been reported (Gupta
et al., 2011; Velickovic et al., 2012; Chen et al., 2013). Modification of
CNTs by the iron oxide nanoparticles can enhance the removal capacity
of anionic contaminants such as chromate (47.98 mg/g) and arsenite
(23.47 mg/g). Iron oxide nanoparticles are iron oxide particles with
diameters between about 1 and 100 nanometers. The two main forms
are magnetite (Fe3O4) and its oxidized form maghemite (γ-Fe2O3). They
appeared superparamagnetic properties (Khajeh et al., 2013) and
effectively separated from water using magnetic assistance (Ambashta
and Silanpaa, 2010). Iron oxide nanoparticles have been used in water
treatment as well as high-density information storage and electronic
devices (Sun et al., 2000; Wan et al., 2007; Yoon et al., 2014). Layered
double hydroxides (LDHs) are a class of nanostructured anionic clays.
They consist of positively charged brucite-like sheets that are balanced
by the intercalation of anions in the hydrated interlayer regions (Goh et
al., 2008). LDHs have high surface areas, large anion exchange
capacities, and good thermal properties (Cavani et al., 1991). Several
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researchers have investigated the removal of various contaminants
using LDHs.
These nanoadsorbents has highly reactive and excellent adsorption
capacity, but was difficult to separation from water due to their nano
size. Magnetic separation is an innovative technology and has been
applied by several researchers to water treatment and purification
(Yavuz et al., 2009). Individual magnetic nanoadsorbents can be
separated by high-gradient magnetic separation (HGMS) technique
(Mayo et al., 2007). However, this technique requires large energy
consumption. For easy magnetic separation, magnetic particles such as
magnetite (Fe3O4) and maghemite (γ-Fe2O3) are immobilized into
polymers such as alginate, chitosan, polyvinyl alcohol, and gellan gum
to form magnetic beads or composites (Yavuz et al., 2009). These
magnetic composites can be easily separated from the aqueous solution
using permanent magnet. In addition, functional materials are added
into the beads/composites to remove target contaminants. Even though
extensive studies using LDHs for anionic contaminants removal, but
the best of our knowledge, so far there is no applied to a magnetic
composite as functional materials. Decorated iron oxide nanoparticles
on supporting materials can maintain high reactivity and improve
separation efficiency. To our knowledge, however, studies related to the
removal of anionic contaminants by iron oxide nanoparticles doped on
carbon nanotube are scarce, and research for the removal of selenium is
none. As well, there are no experimental studies that were used as
adsorptive filter type.
In this study, provides a simple and inexpensive method for
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synthesis of magnetic composites as adsorbents, and presents precisely
physicochemical properties of the composites using various analytical
methods. Also, this research provides information about removal
characteristics

of

various

anionic

applicability for water decontamination.

9

contaminants,

and

presents

Figure 1.1 Changes of (a) international (WHO) and (b) domestic
(MOE) water quality standards for related contaminants.
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Figure 1.2 Schematic for surface area of nanoparticles (modified from
Feldmann and Goesmann (2010)).
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Figure 1.3 Application fields of nanotechnology (modified from NNI
(2008)).
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Figure 1.4 Application groups of nanomaterials for water purification
(modified from Ambashta and Sillanpaa (2010)).
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1.2. Objective
The objective of this thesis is to the synthesis of magnetic
composites and their application as adsorbents for contaminant in
aqueous solutions. The specific objectives of the dissertation are to:
 Synthesize and characterize the magnetic composites. Carbon
nanotube / iron oxide magnetic nano composites were
prepared using co-precipitation and oxidation methods.
Magnetic alginate – layered double hydroxide composites
were prepared by entrapping method after co-precipitation.
The magnetic composites were analyzed by surface properties,
crystalline structures, and magnetic properties (Chapter 3).
 Investigate the selenium removal using carbon nanotube/iron
oxide magnetic nanocomposites. The effects of reaction time,
initial concentration, solution pH, and temperature were
investigated with model analysis. Oxidation state of selenium
was also analyzed (Chapter 4).
 Evaluate the sorption capacity of chromium by carbon
nanotube/iron

oxide

magnetic

nanocomposites.

Batch

experiments were performed at different reaction time, initial
concentration, solution pH, and temperature. Distribution of
chromium on the magnetic nanocomposites was investigated.
(Chapter 5).
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 Investigate the arsenic removal using carbon nanotube/iron
oxide magnetic nanocomposites. Batch experiments and
adsorption model analysis were conducted. Adsorptive
filtration

experiments

were

conducted

using

stirred

ultrafiltration cell (Chapter 6).
 Examine the removal of phosphorous using magnetic alginate
– layered double hydroxide composites. Batch experiments
were performed at various contents, reaction time, initial
concentration, and solution pH. Reuse test was also
investigated with magnetic separation. (Chapter 7).
 Evaluate the sorption capacity of chromium by magnetic
alginate – layered double hydroxide composites. Batch
experiments and adsorption model analysis were conducted.
Reuse test was also investigated with magnetic separation.
(Chapter 8).

The study outline of this thesis is shown in Table 1.1.
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Table 1.1 The study outline of this thesis

Adsorbents

Carbon Nanotube / Iron Oxide
Magnetic Nanocomposites

Magnetic Alginate / Layered
Double Hydroxide Composites

Synthetic methods

Oxidation / Co-precipitation

Co-precipitation / Entrapment

Characterizations

SEM, TEM, N2 sorption, FTIR,
pHPZC, EDS, XRD, XPS, VSM

SEM, N2 sorption, EDS, XRD,
XRF, VSM

Contaminants

Selenium Chromium

Arsenic

Chromium

Phosphorous

Conditions

Reaction time, Initial concentration, Solution pH, (Temperature)

Data analysis

Kinetic adsorption model, Kinetic diffusion model,
Isotherm model, (Thermodynamic analysis)

Specific research

Surface
Adsorptive
Sequential
chemistry
filtration
extraction
analysis
experiments
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Contents / Reuse

Chapter 2 Literature Review
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2.1. Nanoadsorbents and their Composites
Nanoscale solid materials have become very important because of
their special properties, and the nanomaterials field has gained
increasing attention from scientists and engineers (Upadhyayula et al.,
2009; Sharma et al., 2009; Pradeep and Anshup, 2009; Ambashta and
Sillanpaa, 2010; Kurniawan et al., 2012; Khajeh et al., 2013). Due to
the most of the atoms are on the surface of the nanomaterials, they have
high chemical activity and sorption capacity to many contaminants.

2.1.1. Carbon nanotubes
Carbon nanotubes (CNTs) were first discovered by Iijima in 1991
(Iijima, 1991). CNTs have been applied to various fields due to their
excellent mechanical, thermal, and electrical properties. Carbon
nanotubes (CNTs) include single-walled carbon nanotubes (SWCNTs)
and multiwalled carbon nanotubes (MWCNTs) depending on the
number of layers. The application of CNTs as adsorbent to remove
organic and inorganic pollutants has been studied (Tan et al., 2008; Li
et al., 2002; Chen and Wang, 2006). Carbon nanotubes (CNTs) have
been chemically functionalized with various oxygen-containing surface
groups. Functionalized CNTs have a superior adsorption capacity
toward CrO42-, Zn2+, and BTEX (Xu et al., 2011; Lu and Chiu, 2008;
Lu et al., 2008). Several studies have been carried out on the adsorption
of radionuclides. Chen et al. (2009) examined the interaction between
Eu(III) and a multiwall carbon nanotube (MWCNTs)/iron oxide
magnetic composite in the absence and presence of poly(acrylic acid)
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(PAA). Chen et al. (2008) were conducted to investigate the surface
charge characteristics of oxidized MWCNTs and the surface
complexation

interactions

between

Sr(II)/Eu(III)

and

oxidized

MWCNTs. CNTs have shown high adsorption efficiency for various
organic contaminants such as dioxin, benzene, and 1,2-dichlorobenzene
(Long and Yang, 2001; Gauden et al., 2006; Peng et al., 2003).Metal or
nonmetal doping on CNTs surface can change the adsorption properties.
Wang et al. (2007) removed Pb(II) by MnO2/CNTs. Gupta et al. (2011)
were used alumina-coated multi-wall carbon nanotube as adsorbent for
removal of lead ions from aqueous solutions.

2.1.2. Magnetic iron oxide nanoparticles
The synthesis and application of magnetic nanoparticles to water
and wastewater treatment have attracted considerable attention in recent
years (Li et al., 2011). Magnetic nanoparticles can be used as
adsorbents for water and wastewater treatment and separated from
aqueous medium through magnetic separation (Sayin et al., 2013;
Ambashta and Sillanpää, 2010; Tang and Lo, 2013), and among the
various magnetic nanoparticles, maghemite (γ-Fe2O3) and magnetite
(Fe3O4) are the iron oxides observed to be useful (Wu et al., 2008).
Several researchers applied magnetic iron oxide nanoparticles to
remove contaminants from aqueous solutions (Chan et al., 2012; Senel
et al., 2008). Pan et al. (2012) removed mercury from an aqueous
solution

by

Badruddoza

mercapto
et

al.

functionalized

(2011)

fabricated

magnetite

nanoparticles.

magnetite

nanoparticles

functionalized with carboxymethyl-β-cyclodextrin to remove copper
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ions. Wang et al. (2011) investigated the sorption kinetics and
mechanism of copper to nanoscale magnetite. Iram et al. (2010)
removed neutral red dye from an aqueous solution using magnetite
hollow nanospheres. Chowdhury and Yanful (2010) showed the
limitation of arsenic and chromium uptake by the nano-size magnetitemaghemite mixture in the presence of a competing anion such as
phosphate.

2.1.3. Carbon nanotube/iron oxide nanocomposites
Because of their relatively large surface area, CNTs can also be
used as supports for iron oxide nanoparticles. Unlike many CNTs based
materials, CNTs-iron oxide magnetic nanocomposites can be used to
adsorb contaminants from aqueous solution and after the adsorption is
carried out, the adsorbent can be separated from the medium by a
magnetic separation (Dong et al., 2009; Ntim et al., 2011; Chen et al.,
2013). Several researchers applied CNTs-iron oxide magnetic
nanocomposites to remove dye from aqueous solutions (Qu et al.,
2008; Gong et al., 2009; Ai et al., 2011). Zhu et al. (2010) removed
methyl orange by magnetic chitosan enwrapping nanosized γ-Fe2O3
and multi-walled carbon nanotubes. Chang et al. (2011) was
synthesized magnetic soluble starch-functionalized carbon nanotubes to
application for the adsorption of the dyes. CNTs-iron oxide magnetic
nanocomposites can be also used as adsorbents for removal of heavy
metals (Chen et al., 2009; Hu et al., 2010; Hu et al., 2011). Wang et al.
(2011) removed cobalt from aqueous solution by magnetic multiwalled
carbon nanotube/iron oxide composites. Gupta et al. (2011) showed
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that the adsorptions of Cr(III) on the MWCNT/nano-iron oxide
composites was strongly dependent on contact time, agitation speed
and pH, in the batch mode. Ma et al. (2013) reported a one-pot method
to synthesize magnetic iron oxide/CNTs composites based on asprepared CNTs for use as adsorbents for arsenic removal. Else, Wei et
al. (2012) demonstrated that magnetic MWCNTs could offer a new
type of adsorbent for removal of bilirubin. Yang et al. (2013) showed
that the adsorption of naphthalene and its derivatives on magnetic
graphene and MWCNTs. Wang et al. (2013) removed oil droplets from
contaminated water using magnetic carbon nanotubes. Previous studies
for contaminants removal from aqueous solution using carbon
nanotube/iron oxide nanocomposites were summarized in table 2.1.

2.1.4. Layered double hydroxides and magentic polymer
composites
Layered double hydroxides (LDHs) are a class of nanostructured
anionic clays. They consist of positively charged brucite-like sheets that
are balanced by the intercalation of anions in the hydrated interlayer
regions (Goh et al., 2008). LDHs have high surface areas, large anion
exchange capacities, and good thermal properties (Cavani et al., 1991).
Several researchers have investigated the adsorption and removal of
Cr(VI) using various LDHs (Prasanna et al., 2006; Tzou et al., 2007;
Prasanna and Kamath, 2008; Goh and Lim, 2010). They have observed
the removal of Cr(VI) using calcined Mg-Al LDHs through an anion
exchange reaction between a chromate ion and a hydroxyl ion (Rhee et
al., 1997), better performance of chloride-LDHs as adsorbents than

22

calcined carbonate LDHs in Cr(VI) removal (Carriazo et al., 2007),
Cr(VI) removal by Mg-Al LDHs nanoparticles (Goh et al., 2010), and
the influence of textural and structural properties of calcined Mg-Al
and Mg-Zn-Al LDHs on sorption of Cr(VI) (Dudek et al., 2012).
Researchers have examined the removal of phosphate using various
LDHs, including the ion exchange between chloride and phosphate into
zinc-aluminium (Zn-Al) LDHs (Badreddine et al., 1999), phosphate
removal by iron-based LDHs (Seida and Nakano, 2002) and
characterization of magnesium-manganese (Mg-Mn) LDHs for the
removal of phosphate from seawater (Chitrakar et al., 2005). They also
investigated the comparison of various calcined LDHs on phosphate
removal (Das et al., 2006) and enhancement of the phosphate removal
capacity of Zn-Al LDHs through the incorporation of zirconium
(Koilraj and Kannan, 2009).
Magnetic separation is an innovative technology and has been
applied by several researchers to water treatment and purification
(Yavuz et al., 2009). For magnetic separation, magnetic particles such
as magnetite (Fe3O4) and maghemite (γ-Fe2O3) are immobilized into
polymers such as alginate, chitosan, polyvinyl alcohol, and gellan gum
to form magnetic beads or composites (Yavuz et al., 2009). In addition,
functional materials are added into the beads/composites to remove
target contaminants. These previous studies were presented in Table 2.2.
Researchers conducted a removal experiment of various heavy metal
ions in aqueous solution. Bayramoglu and Arica (2007) were using
amino group functionalized magnetic beads for removal of Hg(II).
Uzen et al. (2009) were using magnetic beads containing triazole
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chelating groups for removal of various divalent heavy metal ions like
Hg(II), Pb(II), Cu(II), Cd(II), and Zn(II). In addition to magnetic
separation function, magnetite was used to remove Pb(II), Ni(II),
La(III), and As(V) as a functional material (Wakui et al., 2005; Tran et
al., 2010; Wu et al., 2011; Jiang et al., 2012). Along these lines, recent
studies have focused on recovery of Cr(VI) from wastewater using
magnetic beads containing Rhizopus cohnii (industrial fungus) (Li et al.,
2008), adsorption of Cr(III) to magnetic gellan gum beads (Wang et al.,
2009), separation of Cr(VI) from an aqueous solution using magnetic
chitosan beads modified with diethylenetriamine (Li et al., 2011),
photocatalytic reduction of Cr(VI) to Cr(III) using maghemitecontaining magnetic beads (Idris et al., 2011, Idris et al., 2012b), and
removal of low concentration of Cr(VI) using magnetic chitosan beads
coated by MnFe2O4 nanoparticles (Xiao et al., 2013). Activated carbon
has been widely used as a functional material for the removal of dye
from water using magnetic composites (Rocher et al., 2008; Luo and
Zhang, 2009; Rocher et al., 2010; Ai et al., 2011). Also, Zhang et al.
(2013) was synthesized of BSA cross-linked magnetic composite for
adsorption of antibiotics and Chen et al. (2013) was reported highly
selective oil-absorbent materials coated with a polystyrene layer based
magnetic nanoparticles.

24

Table 2.1 Previous studies for contaminants removal from aqueous solu
tion using carbon nanotube/iron oxide nanocomposites
Contaminants

Efficiency
(mg/g)

Iron-type

Reference

Mn

Chen et al., 2013

Mh/Mn

Ma et al., 2013

Cr(VI)

47.98

As(III)

8.13

As(V)

9.74

Pb(II)

75.02

Mn

Ji et al., 2012

As(V)

23.47

G/H

Velickovic et al., 2012

Cr(III)

−

Mh/Mn

Gupta et al., 2011

Cu(II)

12.87

Mh/Mn/G

Hu J. et al., 2011b

Pb(II)

31.25

Cu(II)

8.92

Mh/Mn/G

Hu J. et al., 2011a

Heavy

Eu(III)

−

Mh/Mn/G

Lu et al., 2011

metal

As(III)

1.72

As(V)

0.19

Mh/Mn/G/H

Ntim and Mitra, 2011

Co(II)

8.84

Mh/Mn/G

Wang et al., 2011

Pb(II)

12.29

Mh/Mn/G

Hu J. et al., 2010

Eu(III)

−

Mh/Mn/G

Chen et al., 2009b

Ni(II)

9.18

Sr(II)

−

Mh/Mn/G

Chen et al., 2009a

Cu(II)

−

Mn

Dong et al., 2009

Pb(II)

105.67

Cu(II)

45.12

Mh/Mn/G

Peng et al., 2005

Methylene blue

48.06

Mn

Ai et al., 2011

Methyl orange

135.8

Methylene blue

94.1

Mn

Chang et al., 2011

Methyl orange

66.09

Mh

Zhu et al., 2010

Methylene blue

15.74

Neutral red

20.33

Mh/Mn/H

Gong et al., 2009

Brilliant cresyl blue

23.55

Dye
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Organics

Methylene blue

42.3

Neutral red

77.5

Diesel

Mh

Qu et al., 2008

6600

Mn

Wang et al., 2013

Naphthalene

337

Mn

Yang et al., 2013

Tetrabromobisphenol A

33.72

Mn

Ji et al., 2012

Bilirubin

263.16

Mh/Mn/H

Wei et al., 2012

Polychlorinated biphenyls

−

Mn

Zeng et al., 2012

17α-methyltestosterone

122.81

Mn

Hu X. et al., 2011

1-naphthylamine

200.0

Mh/Mn/G

Hu J. et al., 2011c

Estrogens

−

Mn

Guan et al., 2010

2,4-dichlorophenol

−

Mn

Dong et al., 2009

¶ MW: multi-walled, Mn: magnetite, Mh: maghemite, H: hematite, G: geothite
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Table 2.2 Previous studies for water treatment of the magnetic
composite using magnetic separation techniques
Contaminants

Heavy
metal

Polymers

Functional materials

Pb(II)

Xanthan gum

Xanthan gum

Peng et al., 2014

Cr(VI)

Chitosan

Manganese ferrite

Xiao et al., 2013

Pb(II)

Alginate

Zirconium

Li X. et al., 2013

Cu(II)

β–cyclodextrin

β–cyclodextrin

Li J. et al., 2013

Pb(II)

Gelatin

Gelatin

Ren et al., 2013

Cr(VI)

PVA-alginate

Maghemite

Idris et al., 2012b

Pb(II)

Alginate

Maghemite

Idris et al., 2012a

As(V)

Polystyrene

Magnetite

Pb(II)

Chitosan

Magnetite

Cd(II)
Cu(II), Zn(II),
Cr(VI)
Pb(II), Nd(III),
Cu(II), Zn(II),
Co(II), Ni(II)
Pb(II)

MMA–DVB

Ethylenediamine

Jiang et al., 2012
Gregorio-Jauregui
et al., 2012
Chen et al., 2011

Chitosan

Diethylenetriamine

Li H. et al., 2011

Alginate

P507

Zhang et al., 2011

Citrate

Bee et al., 2011

Magnetite

Wu et al., 2011

Ag(I)

Alginate
Alginate–
chitosan
Chitosan

Thiourea

Fan et al., 2011

Cr(VI)

Alginate

Maghemite

Idris et al., 2011

Pb(II), Ni(II)

Chitosan

Magnetite

Co(II)

Alginate

Cyanex 272®

Tran et al., 2010
Ngomsik et al.,
2009

EGDMA

1-vinyl-1,2,4-triazole

Uzun et al., 2009

Gellan gum

Magnetite

Wang et al., 2009

Alginate/PVA

Rhizopus cohnii

Li H. et al., 2008

Chitosan
GMA-MMAEGDMA

Thiourea/Glutaraldehyde

Ni(II)

Alginate

Cyanex 272®

As(V)

HP2MG

Magnetite

La(III)

Hg(II), Pb(II),
Cu(II), Cd(II), Zn(II)
Pb(II), Cr(III),
Mn(II)
Cr(VI)
Hg(II)
Hg(II)
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Amino groups

Reference

Donia et al., 2008
Bayramoglu and
Arica, 2007
Ngomsik et al.,
2006
Wakui et al., 2005

Congo red

Ammonium
persulfate
Alginate

Cadmium sulfide

Direct red 23

Chitosan

Glutaraldehyde

Methylene blue
Methyl orange,
Methylene blue
Methyl orange,
Methylene blue
Methyl orange,
Methylene blue
Lubricating oil

Alginate

Activated carbon

Alginate

Activated carbon

Cellulose

Activated carbon

Alginate

Activated carbon

Polystyrene

Magnetite

1-naphthylamine
Erythromycin,
Streptomycin,
Tetracycline,
Chloramphenicol
Gonadotropin

β–cyclodextrin

β–cyclodextrin

BSA

Magnetite

Zhang et al., 2013

Polyvinyl

N,N–diethylammonium

Muller et al., 2011

Trypsin

EGDMA
HEMA–
EGDMA

Glycidyl methacrylate

PMMA

Magnetite

Arica et al., 2008
Ozturk et al.,
2007
Banert
and
Peuker, 2007

Methyl orange

Dye

Oragnics

Immunoglobulin-G
Protein BSA

Polyaniline

IMEO

Yao et al., 2013
Jiang et al., 2013
Sanlier et al.,
2013
Ai et al., 2011
Rocher et al.,
2010
Luo and Zhang,
2009
Rocher et al.,
2008
Chen et al., 2013
Li J. et al., 2013

¶ PVA: polyvinyl alcohol, P507: 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester,
EGDMA: ethyleneglycol dimethylmethacrylate, GMA: glycidylmethacrylate, MMA: methyl
methacrylate, DVB: divinylbenzene, HP2MG: 2-propenoic acid, 2-mthyl-,1,2-ethanediyl ester,
polymer with methyl 2-methyl-2-propenoate, BSA: bovine serumalbumin, HEMA: 2hydroxyethyl methacrylate, IMEO: 3-(2-imidazoline-1-yl)propyl (triethoxysilane)
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2.2. Anionic Aqueous Contaminants
Above certain levels of anionic species have been found in the
environment and they may be considered as pollutants. Moreover, their
bioaccumulation becomes an environmental concern when their
concentrations in the environment begin to affect human health and
ecosystems (Lito et al., 2012). In recent years, many studies have been
investigating to remove harmful anionic contaminant from waters by
various treatment technologies such as adsorption, ion-exchange, and
reverse osmosis (Goh et al., 2008). Among them, this chapter covers
selenium, chromium, arsenic, and phosphorous.

2.2.1. Selenium
Selenium (34Se, Atom wt. 78.96) is a natural trace element that is
68th earth’s crustal (Adriano, 2001). It is an essential nutrient for
animals and human at appropriate concentration, but toxic at high
concentration. The narrow range (0.8-1.7 mmol/L) between selenium
deficiency and toxicity is the subject of a concern (Albert et al., 1995).
Therefore, US EPA has set the maximum contaminant level in drinking
water to be 0.05 mg/L as selenium. In the environment, selenium can
exist in four oxidation states (+VI: selenate, +IV: selenite, 0: elemental
selenium, -II: selenide) and in several organic forms. The higher valent
selenium is more soluble, so selenite (SeO32−) and selenate (SeO42−) is
predominant forms in water. It is introduced in water environment from
different sources, both natural and artificial, activities related to the
agriculture and combustion of fossil fuels (Loyo et al., 2008; Rovita et
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al., 2008). A variety of treatment technologies have been reported for
selenium removal from contaminated waters (Zhang et al., 2008;
Huang et al., 2013; Labaran and Vohra, 2013). Examples include
adsorption, biological volatilization, photocatalytic reduction.

2.2.2. Chromium
Chromium can exist in oxidation states ranging from -2 to +6. In
aquatic environments, trivalent Cr(III) and hexavalent Cr(VI) are the
major forms of chromium, and Cr(VI) is more toxic and cancerous
(Zhitkovich, 2011). Chromium contamination of drinking water
resources is a serious global environmental problem. In many countries,
chromium is present in groundwater at concentrations exceeding the
guidelines of the World Health Organization (0.05 mg/L), causing
serious health problems (Richard and Bourg, 1991). Various treatment
methods have been used for the removal of chromium from water,
including coagulation-precipitation, ion exchange, adsorption, and
membrane technology. Adsorption can be widely used for chromium
removal because of cost–effectiveness and simplicity of operation
(Sharma et al., 2011).

2.2.3. Arsenic
Arsenic contamination in drinking water resources is a significant
environmental problem around the world. In many countries such as
Bangladesh, Chile, India, Nepal, Thailand, and Vietnam, arsenic occurs
naturally in groundwater at concentrations exceeding the guidelines of
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the World Health Organization (10 μg/L), causing serious health
problems and human mortality (Adamson and Polya, 2007; Shibasaki
et al., 2007; Ahmad et al., 2007). Arsenic is a toxic trace element
existing in nature as arsenite (As(III)) and arsenate (As(V)) depending
on redox conditions. Under oxidizing environments, As(V) is
predominant while As(III) is predominant under reducing conditions.
As(III) is more toxic and mobile than As(V) (Bang and Meng, 2004;
Gimenez et al., 2007).

2.2.4. Phosphorus
The pollution of water bodies by phosphorus, an essential
macronutrient, is a widespread environmental problem, causing
eutrophication in lakes and seas and posing a serious threat to aquatic
environments (Lee and Kim, 2013). The input of phosphorus to water
bodies is divided two main sources. One is a point source due to human
population and inherent activities, and the other is non-point source
caused by excessive use of fertilizers to increase the production of
crops (Oliveira et al., 2012). According to recent studies, 30 μg/L of
phosphorus may be enough to provoke the excessive growth of aquatic
plants and algal blooms (Zheng et al., 2011). Several processes have
been used to remove phosphorus from water bodies. Examples include
chemical precipitation and adsorption with iron oxide nanoparticles
(Genz et al., 2004; Yoon et al., 2014).
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Chapter 3 Synthesis and
Characterization of Magnetic
Composites
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3.1. Carbon Nanotube/Iron
Nanocomposites

Oxide

Magnetic

Carbon nanotubes (CNTs) have been applied to various fields due
to their excellent mechanical, thermal, and electrical properties.
Because of their nano-scale structure and large surface area, CNTs
could be served as templates for the assembly and combining of
nanoparticles on their surface. The composites of CNTs with various
compounds could increase their surface functionality such as electrical
and magnetic characteristics (Kim et al., 2010; Kim et al., 2011).
Iron oxide nanoparticles, such as magnetite or maghemite, have
been investigated by many research groups due to their unique
electrical and magnetic properties. The iron oxide nanoparticles have
been used in water treatment as well as high-density information
storage and electronic devices (Sun et al., 2000; Wan et al., 2007; Yoon
et al., 2014). These nano metals has highly reactive and excellent
adsorption capacity, but was difficult to separation from water due to
their nano size. Decorated iron oxide nanoparticles on supporting
materials can maintain high reactivity and improve separation
efficiency.
The aims of this chapter were to prepare carbon nanotube/iron
oxide magnetic nanocomposites and to analyze surface properties,
crystalline structures, and magnetic properties.

3.1.1. Synthesis and characterization methods
Multi-walled carbon nanotube (CM-250, MWCNTs) were obtained
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from Hanwha Nanotech, Korea. The MWCNTs had an outer diameter
of 10-15 nm, inner diameter of 7-8 nm, length of less than 200 μm, and
a purity of approximately 95%. To increase the binding affinity of
carbon nanotube and magnetic iron oxides, additional purification
process was conducted in concentrated nitric acid at 70°C with stirring
for 12 h. Then the oxidized carbon nanotube was filtered and washed
with distilled water, and dried at 110°C for 6 h.
The synthesis methods of carbon nanotube/iron oxide magnetic
nanocomposites were as follows. A 400 ml solution (Fe(III)/Fe(II)
molar ratio = 2) of FeCl3∙6H2O (0.1 mol) and FeSO4∙7H2O (0.05 mol)
was prepared. Two grams of oxidized MWCNTs were added to the
mixed solution and dispersed by ultrasonication for 4 h. Then, 6 M
NaOH solution was added by drop-wise until the solution pH reached 8.
The solution was continually stirred for a further 12 h to ensure
completion of the reaction. Then the precipitates were washed with
distilled water and dried at 150°C for 6 h. The synthesis of iron oxide
magnetic nanoparticles were prepared by following the method
described above but without carbon nanotube. The schematic diagram
of the synthetic methods of the carbon nanotube/iron oxide magnetic
nanocomposites was shown in Figure 3.1.
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Figure 3.1 Schematic illustration of the synthesis of the carbon
nanotube/iron oxide magnetic nanocomposites.
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The surface properties was analyzed by scanning electron
microscopy (SEM), transmission electron microscope (TEM), nitrogen
sorption, Fourier transform infrared (FTIR), point of zero charge
(pHPZC). Field emission scanning electron microscopy (FESEM)
analysis was performed using a field emission scanning electron
microscope (Supra 55VP; Carl Zeiss, Oberkochen, Germany). TEM
images were obtained from a high resolution transmission electron
microscope (JEM-3010, JEOL, Japan). Nitrogen gas (N2) adsorptiondesorption experiments were performed using a surface area analyzer
(BELSORP-max, BEL Japan Inc., Japan) after the sample was
pretreated at 120°C. From the N2 adsorption-desorption isotherms, the
specific surface area, average pore diameter, total pore volume, and
mesopore volume were determined using Brunauer-Emmett-Teller
(BET), Barrett-Joyner-Halenda (BJH), and Horvath–Kawazoe (HK)
analyses. Infrared spectra were recorded on a Nicolet 6700 (Thermo
Scientific, USA) Fourier-transform infrared spectrometer using KBr
pellets. pHPZC was determined by the potentiometric titration methods
(Appel et al., 2003). One gram of carbon nanotube/iron oxide magnetic
nanocomposites was added to 500 ml beakers with 100 ml of
electrolyte solution (0.1, 0.01 and 0.001 M NaCl). After equilibrium
reached, 0.1 M HCl or 0.1 M NaOH was added to each electrolyte
solution to decrease or increase the solution pH in the range between 2
and 12, respectively, and the amount of added 0.1 M HCl or 0.1 M
NaOH was calculated.
The crystalline structures was analyzed by X-ray analysis. The
structure of oxidized carbon nanotube and carbon nanotube/iron oxide
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magnetic nanocomposites were determined using a powder X-ray
diffractometer (XRD Geigerflex D/max rA, Rigaku, Japan) with Cu Kα
radiation at fixed power source (40 kV and 30 mA). The diffraction
data were collected over a 2θ range between 3 and 70°, at a scanning
rate of 2.0°/min. Energy dispersive X-ray spectrometry (EDS) analysis
were performed using a field emission scanning electron microscope
(Supra 55VP; Carl Zeiss, Oberkochen, Germany). The oxidation states
of metal on the surface of the sample were analyzed by X-ray photoelectron spectroscopy (XPS SIGMA PROBE, Thermo VG, U.K) scans
using monochromatic Al Kα radiation.
The magnetic properties of iron oxide magnetic nanoparticles and
carbon nanotube/iron oxide magnetic nanocomposites were measured
using a vibrating sample magnetometer (VSM 5-15, Toei Industry Co.,
Japan) with field measurement range ±5.0 kOe at room temperature.

3.1.2. Surface characterization
The surface morphology was characterized by scanning electron
micrographs (SEM) and transmission electron micrographs (TEM).
Figure 3.2 showed the SEM images of (a) oxidized carbon nanotube
and (b) carbon nanotube/iron oxide magnetic nanocomposites. In
contrast to the aligned type of oxidized carbon nanotube, the magnetic
nanocomposites depicts the entangled with iron oxide nanoparticles.
More detail microstructure of the multi-wall of carbon nanotube was
revealed by the TEM image in Figure 3.3. The oxidized carbon
nanotube (Figure 3.3 (a) and (b)) had hallow inner tube diameter of 7-8
nm, outer diameter of 10-15 nm, and length ranging from hundreds of
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nanometers to micrometers. There was opened edge of carbon nanotube
found and the amorphous carbon did not exist. The TEM image of
magnetic nanocomposites (Figure 3.3 (c) and (d)) showed nano-sized
iron oxide particles growing on the surface of oxidized carbon
nanotube regularly with diameters ranging from 6 to 17 nm.
The nitrogen adsorption-desorption curves for samples was shown
in Figure 3.4. The adsorption isotherms of the samples can be described
as a Type-II isotherm with characteristic H1 hysteresis, which is typical
for mesoporous materials (Lee and Park, 2012; Wang et al., 2012). The
adsorption volume decreased after synthesis nanocomposites, which
suggested decreased the specific surface area and total pore volume.
According to the Brunauer–Emmett–Teller (BET) theory, a specific
surface area of magnetic nanocomposites 119.09 m2/g with total pore
volume of 0.4748 cm3/g and average pore diameter 15.947 nm, which
was smaller than that of 189.03 m2/g, 0.7625 cm3/g and 16.134 nm for
oxidized carbon nanotube. And the Barrett–Joyner–Halenda (BJH)
model determined the mesopore volume of 0.4656 cm3/g for magnetic
nanocomposites and 0.7509 cm3/g for oxidized carbon nanotube. The
Horvath–Kawazoe (HK) analysis was also performed for micropore
size distributions. The results were shown in Table 3.1.
Analysis of Fourier transform infrared (FTIR) spectra could provide
information about surface functional groups. The FTIR spectra of
oxidized carbon nanotube and magnetic nanocomposites were depicted
in Figure 3.5. The band at 3417 cm-1 (the O–H bond vibration), 1565
cm-1 (the C=O bond vibration), 1163 cm-1 (the C–C bond vibration),
which suggests the surface of oxidized carbon nanotube possesses a
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certain amount of oxygen-containing functional groups. That is the
nitric acid in additional purification process could introduce some
carboxylic groups on the outside surface of carbon nanotube, which
would serve as reactive and anchoring sites for nucleation and growth
of magnetic particles (Ai et al., 2011; Kim et al., 2010; Gupta et al.,
2011). The peaks at 636 and 585 cm-1 in the spectrum of magnetic
nanocomposites are assigned to the Fe-O bond vibration of maghemite
particles (Hu et al., 2008).
The surface charge assessed by point of zero charge (pHPZC) is
defined as the point where the zeta potential is zero. When pH < pHPZC,
the surface charge is positive, and when pH > pHPZC, the surface charge
is negative. In this case, the pHPZC of the magnetic nanocomposites
determined by the potentiometric titration method (Figure 3.6) is about
5.1.
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Figure 3.2 Field emission scanning electron micrographs of (a)
oxidized carbon nanotube and (b) carbon nanotube/iron oxide magnetic
nanocomposites (х 50.00K).
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Figure 3.3 Transmission electron micrographs of (a, b) oxidized carbon
nanotube and (c, d) carbon nanotube/iron oxide magnetic
nanocomposites.
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Figure 3.4 Nitrogen sorption and pore size distribution methods: (a) N2
adsorption-desorption curves; (b) BET analysis; (c) BJH methods; (d)
HK methods.
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Table 3.1 Physical characteristics of oxidized carbon nanotube and
carbon nanotube/iron oxide magnetic nanocomposites obtained from
the N2 adsorption–desorption data
Characteristics

Oxidized carbon
nanotube

Magnetic
nanocomposites

Unit

Brunauer–Emmett–Teller (BET) analysis
Monolayer volume (Vm)

43.431

27.361

cm3/g

BET specific surface area (as,BET)

189.03

119.09

m2/g

BET constant

120.49

139.05

-

Total pore volume (Vp)

0.7625

0.4748

cm3/g

Average pore diameter (dp,ave)

16.134

15.947

nm

Mesopore volume (Vp,me)

0.7509

0.4656

cm3/g

Peak diameter of mesopore (dp,me)

90.22

43.57

nm

0.0116

0.0092

cm3/g

0.94

0.99

nm

Barrett–Joyner–Halenda analysis

Horvath–Kawazoe analysis
Micropore volume (Vp,mi)
Peak diameter of micropore (dp,mi)
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Figure 3.5 FTIR spectra of oxidized carbon noanotube and carbon
nanotube/iron oxide magnetic nanocomposites.
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Figure 3.6 Potentiometric titration curves for carbon nanotube/iron
oxide magnetic nanocomposites.
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3.1.3. X-ray analysis
Color mapping was performed using energy dispersive X-ray
spectrum (EDS) to visualize the spatial distribution of carbon, oxygen,
and iron (Figure 3.7 and 3.8). The mapping image was shown all
components well dispersed on surface of sample. Through the EDS
analysis (Figure 3.9 (a)), the surface of oxidized carbon nanotube was
consisted 96.89 atomic % of carbon and 3.11 atomic % of oxygen. In
case of magnetic carbon nanotube/iron oxide magnetic nanocomposites
(Figure 3.9 (b)), it was consisted 84.55 atomic % of carbon, 12.27
atomic % of oxygen, and 3.18 atomic % of iron. Due to the iron was
produced on the oxidized carbon nanotube surface, the proportion of
carbon was reduced and the proportion of oxygen was increased.
To investigate the crystalline of these nanocomposites, XRD
measurements were performed. As shown in Figure 3.10 the two peaks
corresponding to the structure of oxidized carbon nanotube also exist in
the XRD pattern of the magnetic nanocomposites. Other peaks were
revealed a cubic iron oxide phase, which are close to JCPD standards:
γ-Fe2O3 (maghemite, 89-5892, 2 θ = 30.266, 35.651, 43.332, 53.766,
57.319, 62.949) and α-FeOOH (goethite, 81-0464, 2θ = 21.240, 33.243,
41.183, 58.998).
The XPS spectra of carbon nanotube/iron oxide magnetic
nanocomposites were shown in Figure 3.11. The photoelectron peaks at
binding energy of about 712, 531, and 285 eV in wide scan were
attributed to Fe2p, O1s, and C1s, respectively. The results indicate that
the nanocomposites were composed of iron, oxygen, and carbon. The
high-resolution scan of Fe2p region marked two peaks at 724.6 and
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711.2 eV, which was agreed with literature data for maghemite and
substantiate the XRD data (Sun et al., 2005; Kim et al., 2010). Thus,
the formation of iron oxide in the magnetic-MWCNTs nanocomposites
was maghemite.
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Figure 3.7 Color mapping of oxidized carbon nanotube: (a) SEM image
of mapping point; (b) carbon (C) map; (c) oxygen (O) map.
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Figure 3.8 Color mapping of magnetic nanocomposites: (a) SEM image
of mapping point; (b) carbon (C) map; (c) oxygen (O) map; (d) iron
(Fe) map.
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Figure 3.9 Energy dispersive X-ray spectrums of (a) oxidized carbon
nanotube and (b) carbon nanotube/iron oxide magnetic nanocomposites.
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Figure 3.10 XRD patterns of oxidized carbon noanotube and carbon
nanotube/iron oxide magnetic nanocomposites (C= carbon, G= goethite,
M= maghemite).
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Figure 3.11 XPS spectra of carbon nanotube/iron oxide magnetic
nanocomposites: (a) wide scan; (b) high-resolution scan of Fe2p region.
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3.1.4. Magnetic properties
Digital snapshot images of carbon nanotube/iron oxide magnetic
nanocomposites under external permanent magnet condition were
shown in Figure 3.12. The magnetic nanocomposites can be easily
separated from the aqueous solution within few seconds by placing a
permanent magnet near the glass vials.
The magnetic properties of iron oxide magnetic nanoparticles and
carbon nanotube/iron oxide magnetic nanocomposites were shown in
Figure 3.13. The saturation magnetization (Ms) of the nanocomposites
obtained from Figure 3.13(b) is 39.37 emu/g, which is considerably
smaller than that of bulk iron (Ms = 222 emu/g). But, the coercivity
(Hc) of the samples obtained from Figure 3.13(b) is 15.66 Oe, which is
much larger than that of bulk iron (Hc = 1 Oe). The magnetization (Ms
= 43.29 emu/g) and coercivity (Hc = 26.27 Oe) of the iron oxides
(Figure 3.13(a)) are both higher than those of carbon nanotube/iron
oxide magnetic nanocomposites, which should be mainly attributed to
the small size of iron oxides that were formed in the presence of carbon
nanotube (Sun et al., 2005; Kim et al., 2010).
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Figure 3.12 Digital snapshot images of carbon nanotube/iron oxide
magnetic nanocomposites under external permanent magnet condition.
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Figure 3.13 Magnetic hysteresis curves for (a) magnetic iron oxide
nanoparticles and (b) carbon nanotube/iron oxide magnetic
nanocomposites.
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3.2. Magnetic Alginate-Layered Double Hydroxide
Composites
Magnetic separation is an innovative technology and has been
applied by several researchers to water treatment and purification
(Yavuz et al., 2009). For magnetic separation, magnetic particles such
as magnetite (Fe3O4) and maghemite (γ-Fe2O3) are immobilized into
polymers such as alginate, chitosan, polyvinyl alcohol, and gellan gum
to form magnetic beads or composites (Yavuz et al., 2009). In addition,
functional materials are added into the beads/composites to remove
target contaminants.
Layered double hydroxides (LDHs) are a class of nanostructured
anionic clays. They consist of positively charged brucite-like sheets that
are balanced by the intercalation of anions in the hydrated interlayer
regions (Goh et al., 2008). LDHs have high surface areas, large anion
exchange capacities, and good thermal properties (Cavani et al., 1991).
Several researchers have investigated the removal of various
contaminants using LDHs.
The aims of this chapter were to prepare magnetic alginate-layered
double hydroxide composites and to analyze the surface properties by
scanning electron microscopy (SEM) and nitrogen adsorptiondesorption analysis; the crystalline structures by X-ray analysis (energy
dispersive X-ray spectrometry (EDS), X-ray diffractometer (XRD), Xray fluorescence spectrometer (XRF)); and magnetic properties by
vibrating sample magnetometer (VSM).
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3.2.1. Synthesis and characterization methods
All chemicals used for the experiments were purchased from Sigma
Aldrich. Magnetic iron oxide particles were prepared by coprecipitating a solution of iron sulfate (FeSO4·7H2O) and iron chloride
(FeCl3·6H2O). An alkali solution of sodium hydroxide (NaOH) was
added drop wise into a 500 mL solution of FeSO4·7H2O (0.125 mol)
and FeCl3·6H2O (0.25 mol) with intensive stirring at room temperature
until pH 8.0 was reached. The resulting precipitates were aged at 60°C
for 18 h and then washed thoroughly with deionized water to remove
excess sodium. The washed precipitates were oven-dried at 150°C for 6
h and then pulverized in a ball mill.
The Mg-Al LDHs powders were synthesized by co-precipitating
mixtures of magnesium nitrate (Mg(NO3)2·6H2O) and aluminum nitrate
(Al(NO3)3·9H2O). A 700 mL solution (Mg/Al molar ratio = 2) of
Mg(NO3)2·6H2O (1 mol) and Al(NO3)3·9H2O (0.5 mol) was added drop
wise into 1,000 mL of an alkali solution (pH = 13) of sodium hydroxide
(NaOH) and sodium carbonate (Na2CO3) using a peristaltic pump
(QG400, Fasco, Springfield, MO, USA) at 3 mL/min under intensive
stirring at room temperature. The resulting precipitates were aged at
65°C for 18 h in the mother liquor. The precipitates were washed
thoroughly with deionized water to remove excess sodium. Then, final
suspensions were centrifuged at 11,200 × g (8,500 rpm) for 20 min. The
washed precipitates were oven-dried again at 65°C for 24 h and were
then pulverized in a ball mill. The calcined Mg-Al LDHs used for the
experiments was finally obtained via thermal treatment at 300°C for 24
h in an electric muffle furnace (C-FMA, Vision Lab, Seoul, Korea). The
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previous experiments showed that the Mg-Al LDHs calcined at 300°C
had a higher BET surface area and total pore volume than the untreated
LDHs (Kim et al., 2012). Digital image of a powder form of magnetic
iron oxide and layered double hydroxides used in the synthesis of
magnetic composites was shown in Figure 3.14. The color of the
magnetic iron oxide was light brown and the Mg-Al LDHs was white.
Particle size of the powder was fine enough to pass through a #100
sieve.
Magnetic alginate–LDHs composites were prepared by entrapping
powdered forms of both calcined Mg-Al LDHs and magnetic iron
oxide in an alginate hydrogel. One gram of sodium alginate powder
was added to 100 mL deionized water to prepare a sodium alginate
solution at room temperature. Then, the desired amount of calcined
LDHs and magnetic iron oxide (8% w/v; for instance, 6 g calcined
LDHs + 2 g magnetic iron oxide) were added to 100 mL of an alginate
solution under intensive stirring to obtain a homogeneous suspension.
‘8% w/v’ was used to synthesize the magnetic composites because a
higher percentage (>8%) was found to cause clogging at the outlet of
the scalp vein set during synthesis. The suspension was allowed to drop
using a disposable scalp vein set (needle diameter = 0.7 mm) equipped
with a syringe pump (78-1100I, Fisher Scientific) at 4 mL/min into a
stirred reservoir containing 200 mL of a 0.3 M calcium chloride
(CaCl2) solution. The resulting composites were allowed to cure in the
same CaCl2 solution for 24 h under stirring and for another 24 h
without stirring. Then the magnetic composites were rinsed with
deionized water to remove any excess Ca2+. Prior to use, the magnetic
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composites were dried in an oven at 60°C for 24 h. The schematic
diagram of the synthetic methods of the magnetic alginate-layered
double hydroxide composites was shown in Figure 3.15.
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Figure 3.14 Powder form of (a) magnetic iron oxide and (b) layered
double hydroxides used in the synthesis of magnetic composites.
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Figure 3.15 Schematic illustration of the synthesis of the magnetic
alginate-layered double hydroxide composites.
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The magnetic composites were observed and examined with X-ray
microanalysis. Specimens were mounted on metal stubs using carbon
tape and sputter-coated with platinum (approximately 20 nm in
thickness). Specimens were examined with a field emission scanning
electron microscope (FESEM; Supra 55VP; Carl Zeiss, Oberkochen,
Germany) at an accelerating voltage of 3 kV. In addition, the elemental
composition

was

determined

with

energy-dispersive

X-ray

spectrometry (EDS; XFlash 4000; Bruker AXS, Berlin, Germany),
combined with an electron microscope at an accelerating voltage of 15
kV. X-rays were collected with a detector fixed at a take-off angle of
35◦ and region analysis and mapping were performed on the specimens.
Nitrogen gas (N2) adsorption–desorption isotherms of the magnetic
composites were measured by a surface area analyser (BELSORP-max,
BEL Japan Inc., Japan) after the sample was pretreated at 120◦C. From
the N2 adsorption-desorption isotherms, the specific surface area,
average pore diameter, total pore volume, and mesopore volume were
determined using Brunauer-Emmett-Teller (BET), Barrett-JoynerHalenda (BJH), and Horvath–Kawazoe (HK) analyses.
Mineralogical and crystalline structural properties of magnetic iron
oxide and calcined Mg-Al LDHs were examined using X-ray
diffractometry (XRD, D8 Advance, Bruker, Germany) with Cu Kα
radiation at 1.5406 Å at a scanning speed of 0.6 °/s. The chemical
composition of the magnetic composites was investigated using an Xray fluorescence spectrometer (XRF; S4 pioneer, Bruker, Germany).
The magnetic properties of magnetic alginate-layered double
hydroxide composites were measured using a vibrating sample
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magnetometer (VSM 5-15, Toei Industry Co., Japan) with field
measurement range ±5.0 kOe at room temperature.

3.2.2. Surface characterization
The digital images of the magnetic alginate-layered double
hydroxide composites used in the experiments are presented in Figure
3.16. The magnetic composites had a sphere shape and red-brown color.
The size distribution of magnetic beads was obtained from digital
image of 31 beads using an image analysis programs (ImageJ). The
mean diameter and standard deviation of the magnetic beads were 1.50
and 0.12 mm, respectively.
The surface morphology was characterized by scanning electron
micrographs (SEM) image. The spherical surface (Figure 3.17(a)) and
the cross-sectional surface (Figure 3.17(b)) of magnetic composites
appeared to be overall heterogeneous in surface topography. It was
common to observe powders of magnetic iron oxide and layered double
hydroxides were intermingled with alginate polymers.
The N2 adsorption-desorption isotherms of the magnetic composites
along with related analyses are shown in Figure 3.18. The physical
properties of the magnetic composites obtained from the N2 adsorptiondesorption data were summarized in Table 3.2. The magnetic
composites had the BET specific surface area of 73.3 m2/g, total pore
volume of 0.25 cm3/g, mesopore volume of 0.24 cm3/g, and micropore
volume of 0.01 cm3/g.
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Figure 3.16 Digital images of (a) magnetic alginate-layered double
hydroxide composites and (b) size distribution.
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Figure 3.17 SEM images of magnetic alginate-layered double
hydroxide composites: (a) surface area; (b) cross section area.

67

Figure 3.18 Nitrogen sorption and pore size distributions of magnetic
composites: (a) N2 adsorption-desorption curves; (b) BET analysis; (c)
BJH methods; (d) HK methods.
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Table 3.2 Physical characteristics of the magnetic composites obtained
from the N2 adsorption–desorption data
Characteristics

Value

Unit

Monolayer volume (Vm)

18.65

cm3/g

BET specific surface area (as,BET)

73.3

m2/g

BET constant

139.7

-

Total pore volume (Vp)

0.25

cm3/g

Average pore diameter (dp,ave)

13.54

nm

Mesopore volume (Vp,me)

0.24

cm3/g

Peak diameter of mesopore (dp,me)

24.41

nm

Micropore volume (Vp,mi)

0.01

cm3/g

Peak diameter of micropore (dp,mi)

0.86

nm

Brunauer–Emmett–Teller (BET) analysis

Barrett–Joyner–Halenda analysis

Horvath–Kawazoe analysis
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3.2.3. X-ray analysis
The EDS pattern and color mappings of the magnetic alginatelayered double hydroxide composites were illustrated in Figure 3.19 ~
Figure 3.21. Color mappings were performed to visualize the spatial
distribution of carbon (C), iron (Fe), magnesium (Mg), and aluminium
(Al) on the magnetic composites. C and Fe were colored as green and
pink, whereas Mg and Al were visualized as red and yellow,
respectively. The mapping image were shown all components well
dispersed on surface area (Figure 3.19) and cross section area (Figure
3.20) of sample. The EDS pattern (Figure 3.21) demonstrates that iron
(Fe), magnesium (Mg), and aluminium (Al) were the major elements of
the magnetic composites. Through EDS analysis, Fe was found on the
magnetic composites at peak positions of 0.707, 6.403, and 7.057 keV
as L alpha, K alpha, and K beta signals, respectively. In addition, Mg
and Al were evident at the peak positions of 1.254 keV as K alpha Xray signal and of 1.486 keV as K alpha signal, respectively. The surface
of cross section area of magnetic composites was consisted 13.98
atomic % of magnesium, 9.36 atomic % of aluminium, and 7.10
atomic % of iron.
XRD data (Figure 3.22) show that calcined Mg-Al LDHs had a
sharp and intense line at low 2 and less intense lines at high 2 with
the peaks corresponding to LDHs (JCPDS 53-0005, 2 = 26.939,
33.833, 36.371, 43.704, 60.188, 61.847), which conformed well with
the literature (Kanezaki, 1998). The calcined Mg-Al LDHs had a
chemical composition of Mg0.7Al0.28(OH)1.98(CO3)0.15‧0.48H2O. The
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XRD pattern of magnetic iron oxide indicated the peaks corresponding
to maghemite (γ-Fe2O3, JCPDS 89-5892, 2 = 30.266, 35.651, 43.332,
53.766, 57.319, 62.949) and goethite (-FeOOH, JCPDS 81-0464, 2 =
21.240, 33.243, 41.183, 58.998).
The chemical composition from XRF analysis (Table 3.3) indicates
that the magnetic composites were composed of C/H (53.0 %), Mg
(22.4 %), Al (12.7 %), Fe (9.2 %), and Ca (2.7 %). Note that C/H and
Ca came from alginate matrix, whereas Mg and Al from calcined LDHs
and Fe from magnetic iron oxide.
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Figure 3.19 Color mapping of magnetic composites at surface area: (a)
carbon (C) map; (b) iron (Fe) map; (c) magnesium (Mg) map; (d)
aluminum (Al) map.
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Figure 3.20 Color mapping of magnetic composites at cross section
area: (a) carbon (C) map; (b) iron (Fe) map; (c) magnesium (Mg) map;
(d) aluminum (Al) map.
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Figure 3.21 Energy dispersive X-ray spectrums of magnetic alginatelayered double hydroxide composites.
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Figure 3.22 XRD patterns of magnetic iron oxide and layered double
hydroxides used in the synthesis of magnetic composites.
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Table 3.3 Chemical composition of magnetic alginate–layered double
hydroxide composites (data from XRF analysis)
Chemical compositions (weight %)
CHO

MgO

Al2O3

Fe2O3

CaO

Total

53.0

22.4

12.7

9.2

2.7

100
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3.2.4. Magnetic properties
The digital images of the magnetic alginate-layered double
hydroxide composites used in the experiments are presented in Figure
3.23. They showed magnetic properties under an external magnetic
field. VSM data of magnetic composites were shown in Figure 3.24.
The saturation magnetization (Ms) of the nanocomposites obtained
from Figure 3.24 was 4.686 emu/g, which is considerably smaller than
that of bulk iron (Ms = 222 emu/g). This result was similar to the report
of Denkbas et al. (2002) showing that the saturation magnetization
(Ms) of magnetic chitosan microspheres was ~ 4.6 emu/g. The
coercivity (Hc) of the samples obtained from image was 36.47 Oe,
which is much larger than that of bulk iron (Hc = 1 Oe). This hysteresis
phenomenon was the unique characteristic of the ferromagnetic
behavior. Similar results were reported to hollow nickel submicrometer
sphere (Hc = 32.3 Oe) and magnetic alginate nanocomposite (Hc =
163.64 Oe) (Bao et al., 2003; Jiang et al., 2013). But, Wang et al.
(2010)

reported

that

magnetic

alginate-chitosan

superparamagnetic property (hysteresis was not observed).
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beads

had

Figure 3.23 Digital image of magnetic alginate-layered double
hydroxide composites.
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Figure 3.24 Magnetic hysteresis curves for magnetic alginate-layered
double hydroxide composites.
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Chapter 4 Selenate and Selenite
Removal by Carbon Nanotube/ Iron
Oxide Magnetic Nanocomposites

81

82

The objective of this study was to investigate the selenium removal
using carbon nanotube/iron oxide magnetic nanocomposites. The
magnetic nanocomposites were prepared by coprecipitation of magnetic
iron oxide nanoparticles on oxidized carbon nanotube (multiwall).
Results showed that the magnetic nanocomposites were effective in the
removal of selenium with the sorption capacity of 8.12 mg/g for Se(IV)
and 3.82 mg/g for Se(VI) under given experimental conditions (dose =
1 g/L; initial selenium concentration = 10 mg/L; reaction time = 240
min). Compared to magnetic nanocomposites, oxidized carbon
nanotube has little sorption capacity for selenium. In the magnetic
nanocomposites, oxidized carbon nanotube played supporting material
to prevent aggregation of magnetic iron oxide nanoparticles and to
easily separate from water. The maximum sorption capacity of
magnetic nanocomposites were determined to be 14.521 mg/g for
Se(IV) and 6.470 mg/g for Se(VI). In addition, selenium removal was
clearly affected by initial solution pH. From the XPS study, Se(IV) and
Se(VI) were reduced on the surface of magnetic nanocomposites with
oxidation of iron. This study demonstrated that carbon nanotube/iron
oxide magnetic nanocomposites could be used for selenium removal.

4.1. Materials and Methods
4.1.1. Selenium removal experiments
The desired concentration of Se(IV) and Se(VI) were prepared by
diluting the stock solution (1,000 mg/L), which were made from
sodium selenite (Na2SeO3, 99%, Sigma-Aldrich, USA) and sodium
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selenate (Na2SeO4, ≥95%, Sigma-Aldrich, USA). Batch experiments
were performed in 50 mL polypropylene conical tubes containing 1.0
g/L of magnetic nanocomposites (0.03 g) and diluted selenium solution
(30 ml). The tubes were shaken at 30°C and 100 rpm using a shaking
incubator (Daihan Science, Korea). Then, the magnetic nanocomposites
were separated from the solution through a 0.45μm cellulose filter after
desired reaction time. The residual selenium concentration was
measured by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) (Optima-4300, PerkinElmer, USA).
Batch experiments were performed at different reaction times
(selenium concentration = 10 mg/L, solution pH = 4.0). In the
experiments, samples were taken at 15, 30, 45, 60, 120, 180, and 240
min after reaction. To examine the effect of temperature on selenium
removal, the same procedures were followed at 15 and 45℃. Further
batch experiments were conducted at different concentrations of
selenium solution (initial selenium concentration = 5 - 120 mg/L,
solution pH = 4.0). The samples were collected 6 h post-reaction. The
effects of solution pH on selenium removal were investigated in 10
mg/L selenium solution during 6 h. The pH of solution was adjusted
using 0.1 M NaOH or 0.1 M HCl. The solution pH was measured with
a pH probe (9107BN, Thermo Scientific, USA). All experiments were
performed in triplicate.

4.1.2. XPS analysis
X-ray photoelectron spectroscopy (XPS) was a surface-sensitive
quantitative spectroscopic technique that provided unique information

84

about chemical composition and chemical state of a surface. XPS was
also commonly named as ESCA (Electron Spectroscopy for Chemical
Analysis) by Siegbahn's research group (1967) in university of Uppsala
(Sweden). The principle of XPS was as follows. Sufficiently large
energy of X-ray beam directs to the sample surface, the electron was
escaped from the atom and emitted out of the surface. The
photoelectron with kinetic energy emitted from the sample was
measured for calculation of binding energy. Binding energy was unique
properties of photoelectrons emitted atoms, which enables element
analysis can be performed. The binding energy of each of the emitted
electrons can be determined by the Einstein relationship:

Eb  hv  Ek  esp

(1)

where Eb is the binding energy (BE) of the electron, hv is the energy of
the X-ray beam (for Mg Ka, hv = 1253.6eV), Ek is the kinetic energy of
the electron as measured by the instrument and eϕsp is the work
function of the spectrometer (not the material). The schematic diagram
of photoelectrons effects of Einstein relationship was shown in Figure
4.1.
A typical XPS spectrum is a plot of the binding energy of the
electrons detected (X-axis, abscissa) versus the number of electrons
detected (a.u., arbitrary unit) (Y-axis, ordinate). Right end of the
abscissa axis represents zero binding energy and go up to slightly lower
than the photon energy of 1,000 eV at left end. Such a wide range of
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spectrum was shown in Figure 3.11 (a). C1s peak (284.6 eV) was used
to calibrate the binding energy of other elements peaks. The high
resolution spectrum (Figure 3.11 (b) or Figure 4.6 (a), (b)) was obtained
to cumulate several times of narrow spectrum at specific peaks. The
binding energy peaks was changed depending on the oxidation state.
The binding energy was increased with decreasing electron density at
oxidation process. This allows the chemical information of atom could
be obtained.
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Figure 4.1 Schematic diagram of Einstein relationship (modified from
Lee and Boo (1990)).
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4.1.3. Data analysis
The experimental data obtained as a function of reaction time were
analyzed using the pseudo first-order (eq. 2), pseudo second-order (eq.
3), and Elovich (eq. 4) kinetic models (Gupta and Bhattacharyya,
2011):



qt  q e 1  e  k1t

qt 

k 2 qe2t
1 k 2 qet

qt 

1



ln   



(2)

(3)
1



ln t

(4)

where qe is the amount of selenium adsorbed (adsorption capacity) at
equilibrium, qt is the amount of selenium adsorbed (adsorption
capacity) at time t, k1 is the pseudo first-order rate constant, k2 is the
pseudo second-order rate constant, α is the initial adsorption rate
constant, and β is the Elovich adsorption constant. The rate constant k2
was used to calculate the initial adsorption rate constant (h) at t → 0
with the following equation :

h  k2 qe2

(5)

In addition, the kinetic data were analyzed with the following intraparticle diffusion model (Weber-Morris equation) (Bajpai and Armo,
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2009):

qt  ki t 1/ 2  I

(6)

where ki is the intra-particle diffusion rate constant and I is the intercept
related to the thickness of the boundary layer.
The experimental data obtained as a function of initial adsorbate
concentration were analyzed with the Freundlich (eq. 7), Langmuir (eq.
8), and Redlich-Peterson (eq. 9) isotherm models (Foo and Hameed,
2010):

qe  K F Ce1/ n

Qm K L Ce
1  K L Ce

(8)

K R Ce
1  aR Ceg

(9)

qe 
qe 

(7)

where Ce is the equilibrium concentration of adsorbate in the aqueous
solution, KF is the Freundlich constant related to the adsorption capacity,
1/n is the Freundlich constant related to the adsorption intensity, Qm is
the maximum adsorption capacity, KL is the Langmuir constant related
to the affinity of the binding sites, KR is the Redlich-Peterson constant
related to the adsorption capacity, aR is the Redlich-Peterson constant
related to the affinity of the binding sites, and g is the Redlich-Peterson
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constant related to the adsorption intensity. KF and 1/n were used to
calculate the maximum adsorption capacity qm with the following
equation (Halsey, 1948):

qm  K F C01 / n

(10)

where C0 is the initial concentration of adsorbate in the aqueous
solution.
The experimental data obtained as a function of different
temperatures were analyzed to determine thermodynamic parameters
using the following equations (Goswami and Purkait, 2011):

G 0  H 0  TS 0
ln( K e ) 

(11)

aq
S 0 H 0

; Ke  e
R
RT
Ce

(12)

where ∆G0 is the change in Gibb’s free energy, ∆S0 is the change in
entropy, ∆H0 is the change in enthalpy, Ke is the equilibrium constant
(dimensionless), and a is the adsorbent dose (g /L). Values of ∆S0 and
∆H0 were determined by plotting ln (Ke) versus 1/T using Eq. (12), and
then value of ∆G0 was calculated from Eq. (11).
Model parameters were estimated by nonlinear regression using MS
Excel 2010 with solver add in program. The determined coefficient (R2)
and the chi-square coefficient (χ2) were used to analyze the data and
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confirm the fit to the model. The expressions of R2 and χ2 were given
below:

m

R2 
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4.2. Results and Discussion
4.2.1. Characteristics of selenium sorption
The effect of reaction time (selenium concentration = 10 mg/L,
solution pH = 4.0) on the removal of selenium by carbon nanotube/iron
oxide magnetic nanocomposites and oxidized carbon nanotube were
presented in Figure 4.1 (a) (Se(IV)) and (b) (Se(VI)). In case of
magnetic nanocomposites, the sorption capacity increased gradually
with increasing reaction time until the equilibrium was reached. At
30°C, the sorption capacity of Se(IV) augmented to 6.81 mg/g at 30
min of reaction time and further increased to 8.12 mg/g at 240 min. The
Se(VI) sorption capacity was 3.68 mg/g at 30 min and slightly
increased to 3.82 mg/g at 240 min. Meanwhile, the sorption capacity of
oxidized carbon nanotube was 1.52 mg/g for Se(IV) and 1.14 mg/g for
Se(VI) at 240 min of reaction time.
The selenium removal by the carbon nanotube/iron oxide magnetic
nanocomposites as a function of initial selenium concentrations
(reaction time = 6 h, solution pH = 4.0) were provided in Figure 4.1 (c).
Selenium removal was more sensitive at lower concentration than
higher concentration. At the lowest concentration of 5.73 mg/L, the
sorption capacity of Se(IV) was 5.37 mg/g. The sorption capacity
increased to 11.59 mg/g at the Se(IV) concentration of 23.23 mg/L and
further increased to 14.37 mg/g at the highest concentration of 116.78
mg/L. Meanwhile, the sorption capacity of Se(VI) increased from 3.40
to 6.47 mg/g with increasing Se(VI) concentrations from 6.33 to 122.54
mg/L. At lower concentrations, the selenium ions available in the
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solution are fewer in number than the sorption sites on the magnetic
nanocomposites, but there are fewer sorption sites at higher selenium
concentrations.
The effect of solution pH (selenium concentration = 10 mg/L,
reaction time = 6 h) on the removal capacity of Se(IV) and Se(VI) by
carbon nanotube/iron oxide magnetic nanocomposites were presented
in Figure 4.1 (d). Selenium removal by magnetic nanocomposites was
clearly affected by the solution pH. In the adsorption of Se(IV) to
magnetic nanocomposites, the removal capacity remained relatively
constant, above 9.0 mg/g for 1.81-4.01 and then dropped gradually to
4.65 mg/g at pH 7.11. In the adsorption of Se(VI) to magnetic
nanocomposites, the removal capacity dropped gradually from 6.09
mg/g to 0.11 mg/g between pH 1.88 and 7.01. For the same pH
conditions, the removal capacity of Se(IV) was greater than Se(VI) by
magnetic nanocomposites. These results were good agreement can be
observed at nano-sized magnetite, but not in agreement at nano iron
(Wei et al., 2012).
The pH dependency of adsorption of Se(IV) and Se(VI) to magnetic
nanocomposites were primarily related to ionization of selenium in
accordance with pH change. The speciation of Se(IV) in the pH range
between 2.63 and 8.36, HSeO3- (monovalent anion) is dominant. As
shown in Figure 3.6, the point of zero charge (pHpzc) nanocomposites
was around 5.1. Below the pHpzc, the nanocomposites was positively
charged and therefore, the adsorption of Se(IV) was favorable via
electrostatic attractions. Above the pHpzc, the nanocomposites became
more negatively charged with increasing pH and therefore, the
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adsorption of Se(IV) became more unfavorable due to electrostatic
repulsion. H2SeO3 (uncharged form) dominates at pH<2.63, and the
adsorption of this species to magnetic nanocomposites may occur as
inner-sphere bidentate surface complexes, =Fe2SeO3, =FeOHSeO32and =FeHSeO3, with magnetite or goethite (Balistrieri and Chao, 1990;
Loyo et al., 2008; Martinez et al., 2006). The speciation of Se(VI) is
also influenced by the solution pH. Divalent anion (SeO42-) is dominant
at pH> 1.61. The adsorption of Se(VI) to magnetite was occur as outersphere hydrated complex, =FeOH2+−SeO42- (Martinez et al., 2006; Kim
et al., 2012). The weakly bonded outer-sphere complex of Se(VI) in
addition to increased competitiveness between OH- and selenium
anions for the adsorption site with increasing pH, could explain the
decrease adsorption capacity.
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Figure 4.2 Selenium adsorption to magnetic nanocomposites: (a) effect
of reaction time for Se(IV); (b) effect of reaction time for Se(VI); (c)
effect of initial selenium concentration; (d) effect of solution pH.
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4.2.2. Adsorption kinetic, isotherm and thermodynamic
analysis
The kinetic model analysis were presented in Figure 4.2. The
kinetic model parameters for the pseudo first-order, pseudo secondorder, and Elovich models were provided in Table 4.1. The coefficient
of determination (R2) and the value of Chi-square (χ2) indicates that the
pseudo second-order model (Figure 4.2) was most suitable at
describing the kinetic data. This indicates that chemisorption is
involved in the adsorption of selenium to carbon nanotube/iron oxide
magnetic nanocomposites. In the pseudo second-order model
parameters (Table 4.1), values of qe decreased with increasing
temperature, demonstrating that the selenium adsorption capacity
decreased

with

increasing

temperature

both

selenite(IV)

and

selenate(VI).
The intra-particle diffusion model applied to the data is shown in
Figure 4.3, indicating that the plots were composed of two line
segments. The first line in the plot indicates boundary layer adsorption,
while the second line describes the intra-particle diffusion (Bajpai and
Armo, 2009). The Intra-particle diffusion model parameters are
provided in Table 4.2. The diffusion rate constant (ki) and intercept
value (I) for Se(IV) were superior to the values for Se(VI).
The equilibrium isotherms of selenium in the carbon nanotube/iron
oxide magnetic nanocomposites were illustrated in Figure 4.4.
Equilibrium isotherm constants were summarized in Table 4.3. The
correlation coefficients (R2) and the value of Chi-square (χ2) indicated
that Redlich–Peterson isotherms was most suitable at describing the
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equilibrium data. The value of KR/aR in the Redlich–Peterson model for
Se(IV) and Se(VI) were 9.872 mg/g and 4.068 mg/g, respectively. The
adsorption capacity of Freundlich model (qm) was calculated from the
values of KF and 1/n using equation (9). The values of qm were 14.521
mg/g for Se(IV) and 6.470 mg/g for Se(VI), while the maximum
adsorption capacity of Langmuir model (Qm) were 13.080 mg/g for
Se(IV) and 6.130 mg/g for Se(VI). The maximum adsorption capacity
determined from our experiments was in the range of selenate(VI)
removal capacity of Fe-loaded activatied carbon (2.3 ~ 21.0 mg/g)
reported by Dobrowolski and Otto (2013), or superior to the range of
selenite(IV) removal capacity of iron-coated GAC (2.53 ~ 2.89 mg/g)
reported by Zhang et al. (2008).
The thermodynamic analysis for selenium sorption to magnetic
nanocomposites was presented in Figure 4.5. The thermodynamic
parameters were provided in Table 4.4. The selenium adsorption to
magnetic nanoparticles decreased with increasing temperature from 15
to 45 °C (Figure 4.1 (a) Se(IV) and (b) Se(VI)), demonstrating that the
sorption process were exothermic. The negative value of ΔH0 (−6.921
kJ/mol for Se(IV) and −1.599 kJ/mol for Se(VI)) indicates the
exothermic nature of selenium sorption. The negative value of ΔS0
(−9.474 J/K mol for Se(IV) and −9.178 J/K mol for Se(VI)) indicates
that the randomness decreased at the interface between solid and
solution during the sorption process. The negative values of ΔG0
(−3.907 ∼ −4.191 kJ/mol) indicate that the selenite(IV) sorption
process was spontaneous. These results (negative value of ΔH0,
negative value of ΔS0, negative values of ΔG0) conform well with the
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reports of other researchers who examined the Se(IV) sorption on nanoTiO2 (Zhang et al., 2009) or on green algae biomass (Tuzen and Sari,
2010). But, the positive values of ΔG0 (1.046 ∼ 1.321 kJ/mol)
indicate that the selenite(VI) sorption process was unfavorable and less
feasible. This results (negative value of ΔH0, negative value of ΔS0,
positive values of ΔG0) were good agreement with other research of
Se(VI) sorption onto anatase (Jordan et al., 2013).
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Figure 4.3 Kinetic model fits for selenate and selenite removal in the
magnetic nanocomposites at various temperatures: (a) 15°C; (b) 30°C;
(c) 45°C.
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Table 4.1 Kinetic model parameters obtained from model fitting to
experimental data
Pseudo firstorder model

Se(IV)

Se(VI)

Pseudo
second-order
model

Se(IV)

Se(VI)

Elovich
kinetic model

Se(IV)

Se(VI)

R2

χ2

5.209

0.860

0.074

7.776

5.156

0.821

0.099

45

7.771

6.761

0.786

0.055

15

3.799

8.397

0.725

0.017

30

3.757

9.483

0.873

0.004

45

3.640

7.725

0.802

Temp.

qe

k1

(°C)

(mg/g)

(/h)

15

7.987

30

0.015

R

χ2

81.524

0.995

0.002

1.117

77.211

0.993

0.004

8.149

1.838

122.041

0.962

0.009

15

3.928

5.947

91.745

0.906

0.006

30

3.843

8.902

131.480

0.918

0.003

45

3.779

5.283

75.442

0.971

0.002

Temp.

qe

k2

h

(°C)

(mg/g)

(g/mg/h)

(mg/g/h)

15

8.525

1.122

30

8.315

45

2

R2

χ2

1.269

0.927

0.042

7.43E+03

1.260

0.946

0.030

45

3.74E+05

1.801

0.922

0.022

15

9.42E+07

5.417

0.869

0.009

30

3.99E+11

7.801

0.763

0.008

45

1.09E+07

5.050

0.891

0.008

Temp.

α

β

(°C)

(mg/g/h)

(g/mg)

15

1.03E+04

30

100

Figure 4.4 Intra-particle diffusion model for selenate and selenite
removal in the magnetic nanocomposites.
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Table 4.2 Intra-particle diffusion model parameters obtained from
model fitting to experimental data
ki,1

R2

I

ki,2

I

R2

Temperature
(mg/g/h0.5)

Se(IV)

Se(VI)

(mg/g/h0.5)

15°C

3.239

4.565

0.913

0.512

7.352

1.000

30°C

3.105

4.438

0.959

0.335

7.475

0.875

45°C

2.177

5.499

0.871

0.743

6.701

0.935

15°C

0.623

3.118

0.674

0.104

3.711

0.252

30°C

0.576

3.19

0.704

0.148

3.54

0.822

45°C

0.908

2.737

0.928

0.269

3.246

0.984
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Figure 4.5 Equilibrium isotherm model fits for selenate and selenite
removal in the magnetic nanocomposites.
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Table 4.3 Equilibrium isotherm model parameters obtained from
model fitting to experimental data
KF

1/n

qm

R2

χ2

Freundlich
(L/g)

(mg/g)

Se(IV)

7.573

0.137

14.521

0.904

0.671

Se(VI)

3.298

0.140

6.470

0.829

0.274

R2

χ2

1.962

0.870

0.641

0.444

0.754

0.323

g

R2

χ2

Qm

KL

(mg/g)

(L/mg)

Se(IV)

13.080

Se(VI)

6.130

Langmuir

KR

aR

KR/aR

(L/g)

(L/mg)

(mg/g)

Se(IV)

43.248

4.381

9.872

0.928

0.923

0.417

Se(VI)

6.608

1.624

4.068

0.906

0.831

0.253

RedlichPeterson

104

Figure 4.6 Thermodynamic analyses for selenate and selenite removal
in the magnetic nanocomposites.
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Table 4.4 Thermodynamic parameters for selenium adsorption to
carbon nanotube/iron oxide magnetic nanocomposites

Se(IV)

Temperature

∆H°

∆S°

∆G°

(°C)

(kJ/mol)

(J/K mol)

(kJ/mol)

15

-6.921

-9.474

-4.191

30

-4.049

45

-3.907

15
Se(VI)

-1.599

-9.178

1.046

30

1.183

45

1.321
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4.2.3. XPS analysis for selenium adsorption
The surface of the carbon nanotube/iron oxide magnetic
nanocomposites was analyzed by XPS to determine the oxidation state
of selenium on the sample surfaces. When analyzing selenium on iron
compounds by this technique, the spectrum of iron can cause
interference in the selenium spectrum. Thus, several researchers chose
the Se 3d peaks to deconvolute the spectrum (Briggs and Seah, 1983;
NIST, 2013; Volynsky et al., 2001; Naveau et al., 2007). Literature data
of Se 3d binding energy for selenium species were presented in Table
4.5. Metallic selenide (-II) compounds peaks are generally found under
56 eV, whereas elemental selenium observed between 54.6 ~ 57.5 eV.
Selenite(IV) species and selenate(VI) species were appeared above 58
eV. High-resolution spectra of Se 3d on magnetic nanocomposites were
presented in Figure 4.6 (a). After reaction with Se(IV) or Se(VI), the
binding energy were centered at 56.313 eV and 56.372 eV, respectively.
Based on the literature data, these values are close to the elemental
selenium. It means that Se(IV) and Se(VI) were reduced on the surface
of magnetic nanocomposites. Several researchers have demonstrated
that Se(IV) is reduced by FeS through intermediates such as Se (0) to
less soluble species such as Se(-II) (Naveau et al., 2007; Han et al.,
2013). Sasaki et al. (2008) observed that Se(VI) was reduced to iron
selenide (FeSe) on surface of column containing zero valence iron
(ZVI). In particular, selenite(IV) and selenate(VI) was rapidly reduced
by iron nanoparticle like nZVI, mackinawite, and magnetite than green
rust or Fe(II) beared montmorillonite (Charlet et al., 2007; Scheinost
and Charlet, 2008; Hayashi et al., 2009; Olegario et al., 2010). Beside,
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the high-resolution spectra of Fe 2p in Figure 4.6 (b) showed that
oxidation of iron on magnetic nanocomposites surface after reaction
with selenium. Before the reaction, binding energy of Fe 2p was
centered at 711.115 eV. After the reaction with Se(IV) or Se(VI) the Fe
2p peaks was shift to 711.463 eV and 711.222 eV, respectively.
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Figure 4.7 XPS spectra of selenium adsorbed on carbon nanotube/iron
oxide magnetic nanocomposites surface: (a) Se 3d5/2 spectra; (b) Fe
2p3/2 spectra.
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Table 4.5 Binding energies of Se 3d5/2 XPS spectra
B.E.

Sample

(eV)

FeSe

Reference

54.8

Naveau (2007)

55.8

NIST (2013)

54.6−57.5

NIST (2013)

55.5−56.3

Briggs (1983)

56.1

Volynsky (2001)

59

Briggs (1983)

58.8−59.9

NIST (2013)

59.2

Briggs (1983)

59.0−59.9

NIST (2013)

61.2

Briggs (1983)

61

NIST (2013)

58.2

Naveau (2007)

58.5

Briggs (1983)

59.1

NIST (2013)

58.7−59.9

Volynsky (2001)

60.6

Briggs (1983)

61.6

NIST (2013)

Pyrite + Se(-II)

54.8

Naveau (2007)

Pyrite + Se(IV)

54.8

Naveau (2007)

Chalcopyrite + Se(-II)

54.8

Naveau (2007)

Chalcopyrite + Se(IV)

54.8

Naveau (2007)

Magnetic nanocomposites + Se(IV)

56.313

This study

Magnetic nanocomposites + Se(VI)

56.372

This study

Se

SeO2

H2SeO3

H2SeO4

Na2SeO3

Na2SeO4
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Chapter 5 Use of Carbon
Nanotube/Iron Oxide Magnetic
Nanocomposites for Removal of
Chromium in Aqueous Solution
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The objective of this study was to investigate the chromate removal
using carbon nanotube/iron oxide magnetic nanocomposites. The
magnetic nanocomposites were prepared by coprecipitation of magnetic
iron oxide nanoparticles on oxidized carbon nanotube. Results showed
that the magnetic nanocomposites were effective in the removal of
chromate with the sorption capacity of 5.93 mg/g for chromate under
given experimental conditions (dose = 1 g/L; initial concentration = 10
mg/L;

reaction

time

=

240

min).

Compared

to

magnetic

nanocomposites, iron oxide nanoparticles and oxidized carbon
nanotube has little sorption capacity for chromate. In the magnetic
nanocomposites, oxidized carbon nanotube played supporting material
to prevent aggregation of magnetic iron oxide nanoparticles and to
easily separate from water. This indicated that the magnetic iron oxide
nanoparticles in the magnetic nanocomposites were provided not only
magnetic properties for easily separation but also improve sorption
capacity. The maximum sorption capacity of magnetic nanocomposites
were determined to be 12.849 mg/g and chramate removal was clearly
affected by initial solution pH. The XPS results suggest that there is no
change in the valence of the chromium undergoing adsorption. The
sequential extraction of chromate from magnetic nanocomposites
indicated that 57.82% of chromate bounded to iron oxide. This study
demonstrated

that

carbon

nanotube/iron

nanocomposites could be used for chromate removal.
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oxide

magnetic

5.1. Materials and Methods
5.1.1. Chromate removal experiments
The desired Cr(VI) concentration was prepared by diluting the
stock Cr(VI) solution (1,000 mg/L), which was made from potassium
dichromate (K2Cr2O7). Batch experiments were performed in 50 mL
polypropylene conical tubes containing 1.0 g/L of carbon nanotube/iron
oxide magnetic nanocomposites. The tubes were shaken at 30℃ and
100 rpm using a shaking incubator (Daihan Science, Korea). Then, the
magnetic nanocomposites were separated from the solution through a
0.45μm cellulose filter after desired reaction time. The residual Cr(VI)
concentration was measured by UV–vis spectrophotometer (Helios,
Thermo, USA) using diphenylcarbazide method. The oxidation states
of chromium on the surface of the magnetic nanocomposites were
analyzed by X-ray photo-electron spectroscopy (XPS Sigma Probe,
Thermo VG, UK).
Batch experiments were performed at different reaction times
(Cr(VI) concentration = 10 mg/L, solution pH = 3.0). In the
experiments, samples were taken at 15, 30, 45, 60, 120, 180, and 240
min after reaction. To examine the effect of temperature on selenium
removal, the same procedures were followed at 15 and 45°C. Further
batch experiments were conducted at different concentrations of Cr(VI)
solution (initial Cr(VI) concentration = 5 - 100 mg/L, solution pH =
3.0). The samples were collected 6 h post-reaction. The effects of
solution pH on Cr(VI) removal were investigated in 10 mg/L Cr(VI)
solution during 6 h. The pH of solution was adjusted using 0.1 M
NaOH or 0.1 M HCl. The solution pH was measured with a pH probe
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(9107BN, Thermo Scientific, USA). All experiments were performed in
triplicate.

5.1.2. Sequential extraction
Sequential extraction experiments were conducted to investigate the
distribution of Cr(VI) on the carbon nanotube/iron oxide magnetic
nanocomposites and to evaluate qualitative binding force of Cr(VI) on
the magnetic nanocomposites. Bielicka et al. (2005) established a
sequential extraction procedure suitable for chromium based on the
methods proposed by Tessier et al. (1979). A detailed description of the
sequential extraction procedure used in this study was given below.

(i) Exchangeable. The sample was extracted at room
temperature for 1 h with 10 mL of magnesium chloride
solution (0.5 M MgCl2, pH 7.0) with continuous agitation
(125 rpm).
(ii) Bound to carbonates. The residue from (i) was leached at
room temperature with 10 mL of 1 M NaOAc adjusted to
pH 5.0 with acetic acid (HOAc). Continuous agitation was
maintained 5 h with 125 rpm.
(iii) Bound to Fe-Mn oxides. The residue from (ii) was
extracted with 20 mL of 0.04 M NH2OH-HCl in 25% (v/v)
HOAc. The latter experiments were performed at 95°C with
occasional agitation during 6 h.
(iv) Bound to organic matter. The residue from (iii) were added
3 mL of 0.02 M HNO3 and 5 mL of 30% H2O2 adjusted to
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pH 2 with HNO3, and the mixture was heated to 85°C for 2
h with occasional agitation. A second 3-mL aliquot of 30%
H2O2 (pH 2 with HNO3) was then added and the sample
was heated again to 85°C for 3 h with intermittent agitation.
After cooling, 5 mL of 3.2 M NH4OAc in 20% (v/v) HNO3
was added and the sample was diluted to 20 mL and
agitated continuously for 30 min.
(v) Residual. The residue from (iv) was digested with a HFHC104 mixture according to the procedure described below
for total metal analysis. The residue from (iv) were added
2.5 mL HNO3 and 7.5 mL of HCl, and the mixture was
heated to 75°C for 1 h. After heating, the sample was
diluted to 10 mL with deionized water.

After each extraction, the suspension was centrifuged at 3,500 rpm
and the supernatant solution was filtered through a 0.45 μm membrane
filter paper. The slag residues were washed with deionized water, and
then washing solution was carefully decanted and added to the each
supernatant solution. This solution was analyzed for chromium by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
(Optima-4300, PerkinElmer, USA). The resulting residue was dried for
the next step. All experiments were performed in triplicate. Each
extraction condition was summarized in Table 5.1.
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Table 5.1 Scheme of sequential extraction
Fraction

Extractants

Operating
conditions

F1:
Exchangeable

10 ml of MgCl2 0.5 mol/L
(pH = 7)

1 h at 25°C

F2:
Bound to Carbonates

10 ml of NaOAc 1 mol/L
(pH = 5)

5 h at 25°C

F3:
Bound to Fe-Mn
Oxides

20 ml NH2OH·HCl 0.04 mol/L in
HOAc 25% w/w

6 h at 96°C

3 ml HNO3 0.02 mol/L
+ 5 ml H2O2 30% w/v (pH = 2)

2 h at 85°C

+ 3 ml H2O2 30% w/v (pH = 2)

3 h at 85°C

+ 5 ml NH4OAc 3.2 mol/L

30 min at 25°C

2.5 ml HNO3 + 7.5 ml HCl

1 h at 70°C

+ 10 ml H2O

30 min at 25°C

F4:
Bound to Organic
Matter

F5:
Residual
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5.2. Results and Discussion
5.2.1. Characteristics of chromate sorption
The characteristics of chromate sorption to the magnetic
nanocomposites were shown in Figure 5.1. The effect of reaction time
(initial concentration = 10 mg/L, solution pH = 3.0) on the removal of
Cr(VI) by carbon nanotube/iron oxide magnetic nanocomposites,
magnetic iron oxide nanoparticles, and oxidized carbon nanotube were
presented in Figure 5.1 (a). The sorption capacity was increased
gradually with increasing reaction time. In case of the magnetic
nanocomposites, the sorption capacity augmented to 4.54 mg/g at 15
min of reaction time and further increased to 5.93 mg/g at 240 min.
Meanwhile, the sorption capacity of oxidized carbon nanotube and
magnetic iron oxide nanoparticles at 240 min of reaction time were
4.80 mg/g and 5.27 mg/g, respectively. This indicated that the magnetic
iron oxide nanoparticles in the magnetic nanocomposites were provided
not only magnetic properties for easily separation but also improve
sorption capacity.
The Cr(VI) removal by the carbon nanotube/iron oxide magnetic
nanocomposites as a function of initial chromate concentrations
(reaction time = 6 h, solution pH = 3.0) were provided in Figure 5.1 (b).
The percent removal decreased with increasing initial chromate
concentration from 5 to 100 mg/L. At the lowest concentration of 5
mg/L, the percent removal was 80.8%. The percent removal decreased
to 24.4% at the chromate concentration of 20 mg/L and further
decreased to 12.6% at the highest concentration of 100 mg/L.
Meanwhile, the sorption capacity increased from 4.04 to 12.61 mg/g
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with increasing chromate concentrations from 5 to 100 mg/L.
The effect of reaction temperature on the removal of Cr(VI) by
carbon nanotube/iron oxide magnetic nanocomposites were presented
in Figure 5.1 (c). The sorption capacity was decreased with increasing
reaction temperature. This results indicated that sorption of Cr(VI) onto
carbon nanotube/iron oxide magnetic nanocomposites was an
exothermic process. After 240 min of reaction, the sorption capacity for
15°C and 45°C were evaluated to be 6.20 mg/g and 5.96 mg/g,
respectively.
The effect of solution pH (chromate concentration = 10 mg/L,
reaction time = 6 h) on the removal capacity of Cr(VI) by carbon
nanotube/iron oxide magnetic nanocomposites were presented in Figure
5.1 (d). Cr(VI) removal by magnetic nanocomposites was clearly
affected by the solution pH. The sorption capacity at pH 2.58 was 5.57
mg/g and slightly increased to 5.70 mg/g at pH 2.97. Then, the sorption
capacity dropped gradually from 5.07 mg/g to 2.13 mg/g between pH
3.77 and 7.28. This results indicated that Cr(VI) removal was relatively
favorable at acidic solution pH. Similar findings were reported in the
literature, including work by Hu et al. (2009), who showed that the
maximum sorption of Cr(VI) by oxidized MWCNTs occurred at pH
range around 2, and then the removal of Cr(VI) decreased with
increasing pH. Chowdhury and Yanful (2010) showed that Cr(VI)
removal by magnetite-maghemite nanoparticles had a tendency to
gradual decrease from 85% to 0% as pH increased from 2 to 10.
Detailed XPS analysis was carried out to identify the chromium
species on the surface of magnetic nanocomposites after adsorption.
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The Cr(2p3/2) spectra results in four peaks occurring at 576.52 eV,
577.40 eV, 578.66 eV, and 579.97 eV; FWHM were 1.16 eV, 1.16 eV,
1.51 eV, and 1.51 eV, respectively. The Cr(2p1/2) peak centered at 586.4
eV, 9.1 eV above the midpoint of the Cr(2p3/2) peaks, 577.3 eV. The
photoelectron peak generated from Cr(VI) compounds has higher
binding energies (~579 eV), sharper FWHM at ~2.1, and smaller 2p
spin-orbit split (8.7~9.4 eV) than Cr(III) (Mullet et al., 2004; Li et al.,
2008; Kim et al., 2012). Thus, the XPS results suggest that there is no
change in the valence of the chromium undergoing adsorption. Similar
results were found in other research with Cr(VI) adsorption on δFeOOH coated maghemite nanoparticles (Hu et al., 2007).
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Figure 5.1 Cr(VI) adsorption to magnetic nanocomposites: (a) effect of
reaction time; (b) effect of initial Cr(VI) concentration; (c) effect of
reaction temperature; (d) effect of solution pH.
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Figure 5.2 XPS spectra of Cr(VI) adsorbed on carbon nanotube/iron
oxide magnetic nanocomposites surface.
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5.2.2. Adsorption kinetic, isotherm and thermodynamic
analysis
The kinetic model analysis were presented in Figure 5.3. The
kinetic model parameters for the pseudo first-order, pseudo secondorder, and Elovich models were provided in Table 5.2. The coefficient
of determination (R2) and the value of Chi-square (χ2) indicates that
both the pseudo second-order model and the Elovich model were more
suitable at describing the kinetic data then the pseudo first-order model.
This indicates that chemisorption is involved in the adsorption of
chromate to carbon nanotube/iron oxide magnetic nanocomposites. The
values of qe from the pseudo second-order model was greater than that
from the pseudo first-order model. In the pseudo second-order model
parameters (Table 5.2), values of qe decreased with increasing
temperature, demonstrating that the selenium adsorption capacity
decreased with increasing temperature. Also, in order the values of qe at
30°C for magnetic nanocomposites was 5.919 mg/g, for iron oxide
nanoparticles was 5.286 mg/g, and for oxidized carbon nanotube was
4.658 mg/g. The initial adsorption rate of pseudo second-order model
(h) was 3~4 orders of magnitude lower than the values of α from the
Elovich model.
The intra-particle diffusion model applied to the data is shown in
Figure 5.4, indicating that the plots were composed of two line
segments. The first line in the plot indicates boundary layer adsorption,
while the second line describes the intra-particle diffusion (Bajpai and
Armo, 2009). The Intra-particle diffusion model parameters are
provided in Table 5.3.
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The equilibrium isotherms of chromate in the carbon nanotube/iron
oxide magnetic nanocomposites were illustrated in Figure 5.5.
Equilibrium isotherm constants were summarized in Table 5.4. The
coefficient of determination (R2) and the value of Chi-square (χ2)
indicates that both the Redlich–Peterson isotherms and the Freundlich
isotherms were more suitable at describing the equilibrium data than
Langmuir isotherms. In the Redlich–Peterson model, the value of KR/aR
was 4.751 mg/g and the value of g was 0.786. The adsorption capacity
of Freundlich model (qm) was 12.847 mg/g while the maximum
adsorption capacity of Langmuir model (Qm) was 11.256 mg/g. The
maximum adsorption capacity determined from our experiments was
superior to the range of Cr(VI) removal capacity of oxidized
multiwalled carbon nanotubes (1.177 ~ 4.262 mg/g) reported by Hu et
al. (2009).
The thermodynamic analysis for chromate sorption to magnetic
nanocomposites was presented in Figure 5.6. The thermodynamic
parameters were provided in Table 5.5. The chromate adsorption to
magnetic nanoparticles decreased with increasing temperature from 15
to 45 °C (Figure 5.1 (c)), demonstrating that the sorption process were
exothermic. The negative value of ΔH0 (−6.635 kJ/mol) indicates the
exothermic sorption. The negative value of ΔS0 (−9.402 J/K mol)
indicates that the randomness decreased at the interface between solid
and solution during the sorption process. The negative values of ΔG0
(−3.644 ∼ −3.926 kJ/mol) indicate that the Cr(VI) sorption process
was spontaneous. These results (negative value of ΔH0, negative value
of ΔS0, negative values of ΔG0) were good agreement with other other
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researcher of Cr(VI) sorption on MnO2 (Bhutani et al., 1992).
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Figure 5.3 Kinetic model fits for chromate removal in the magnetic
nanocomposites at various temperatures: (a) 15°C; (b) 30°C; (c) 45°C.
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Table 5.2 Kinetic model parameters obtained from model fitting to
experimental data
R2

χ2

6.248

0.746

0.066

5.603

6.197

0.768

0.058

45

5.536

6.854

0.570

0.097

Iron oxide
nanoparticles

30

5.097

7.989

0.760

0.023

Oxidized CNTs

30

4.429

7.086

0.565

0.071

Pseudo firstorder model

Magnetic
nanocomposites

Temp.

qe

k1

(°C)

(mg/g)

(/h)

15

5.910

30

R2

χ2

78.661

0.980

0.005

2.119

74.231

0.979

0.005

5.841

2.378

81.137

0.900

0.023

30

5.286

3.960

110.640

0.985

0.001

30

4.658

3.214

69.727

0.866

0.022

Temp.

qe

k2

h

(°C)

(mg/g)

(g/mg/h)

(mg/g/h)

15

6.245

2.017

30

5.919

45
Iron oxide
nanoparticles
Oxidized CNTs

Pseudo secondorder model

Magnetic
nanocomposites

R2

χ2

2.020

0.967

0.009

3.39E+04

2.096

0.956

0.012

45

4.59E+04

2.170

0.997

0.001

Iron oxide
nanoparticles

30

3.97E+06

3.314

0.913

0.010

Oxidized CNTs

30

5.18E+04

2.794

0.960

0.007

Elovich kinetic
model

Magnetic
nanocomposites

Temp.

α

β

(°C)

(mg/g/h)

(g/mg)

15

4.27E+04

30
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Figure 5.4 Intra-particle diffusion model for chromate removal in the
magnetic nanocomposites, iron oxide nanoparticles, and oxidized
carbon nanotubes.
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Table 5.3 Intra-particle diffusion model parameters obtained from
model fitting to experimental data

Sample/Temperature

ki,1

I

R2

(mg/g/h0.5)

ki,2

I

R2

(mg/g/h0.5)

15°C

1.829

3.955

0.966

0.406

5.415

0.924

30°C

1.788

3.712

0.951

0.461

4.990

0.936

45°C

1.297

4.046

0.991

0.592

4.758

0.982

Iron oxide
nanoparticles

30°C

1.202

3.890

0.983

0.174

4.904

0.706

Oxidized CNTs

30°C

1.086

3.240

0.971

0.711

3.370

0.992

Magnetic
nanocomposites
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Figure 5.5 Equilibrium isotherm model fits for chromate removal in the
magnetic nanocomposites.

130

Table 5.4 Equilibrium isotherm model parameters obtained from
model fitting to experimental data
Freundlich model
KF

1/n

qm

(L/g)

R2

χ2

0.987

0.079

(mg/g)

4.254

0.240

12.847
Langmuir model

Qm

KL

(mg/g)

(L/mg)

11.256

0.430

R2

χ2

0.867

0.913

Redlich-Peterson model
KR

aR

KR/aR

(L/g)

(L/mg)

(mg/g)

28.896

6.082

4.751
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g

R2

χ2

0.786

0.989

0.062

Figure 5.6 Thermodynamic analyses for chromate removal in the
magnetic nanocomposites.
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Table 5.5 Thermodynamic parameters for selenium adsorption to
carbon nanotube/iron oxide magnetic nanocomposites
Temperature

∆H°

∆S°

∆G°

(°C)

(kJ/mol)

(J/K mol)

(kJ/mol)

15

-6.63499

-9.4023

-3.92571

30

-3.78468

45

-3.64365
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5.2.3. Chromate fractions in magnetic nanocomposites
An analytical procedure involving sequential chemical extractions
has been developed for the partitioning of particulate trace metals into
five fractions: exchangeable, bound to carbonates, bound to iron and
manganese oxides, bound to organic matter, and residual (Tessier et al.,
1979). The quantities of chromate extracted with different extractants,
with each chromate fraction expressed as a percentage of the sum of
Cr(VI) contents in from F1 to F5 fractions were given in Figure 5.7.
Analysis of contribution of particular fractions of chromate present in
the samples has shown the predominant contribution of the fraction
bound to iron and manganese oxides F3 (57.82%) and residual fraction
F5 (23.38%). Its smaller amounts were determined bound to organic
matter F4 (12.14%) and bound to carbonates F2 (6.45%). The
exchangeable fraction contained only 0.21% of total chromate content
in the magnetic nanocomposites. The accuracy proved to be satisfactory
by comparing total trace metal concentrations with the sum of the five
individual fractions.
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Figure 5.7 Cr(VI) distribution on the carbon nanotube/iron oxide
magnetic nanocomposites by sequential extraction.

135

136

Chapter 6 Arsenate and Arsenite
Removal by Carbon Nanotube/Iron
Oxide Magnetic Nanocomposites
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The objective of this study was to investigate the arsenic removal
using carbon nanotube/iron oxide magnetic nanocomposites. The
magnetic nanocomposites were prepared by coprecipitation of magnetic
iron oxide nanoparticles on oxidized carbon nanotube (multiwall).
Results showed that the magnetic nanocomposites were effective in the
removal of arsenic with the sorption capacity of 7.10 mg/g for As(III)
and 9.55 mg/g for As(V) under given experimental conditions (dose = 1
g/L; initial arsenic concentration = 10 mg/L; reaction time = 240 min).
Compared to magnetic nanocomposites, arsenic adsorption capacity of
oxidized

carbon

nanotubes

was

negligible.

In

the

magnetic

nanocomposites, oxidized carbon nanotube played supporting material
to prevent aggregation of magnetic iron oxide nanoparticles and to
easily separate from water. The maximum sorption capacity of
magnetic nanocomposites were determined to be 19.54 mg/g for As(III)
and 16.52 mg/g for As(V). In addition, arsenic removal was clearly
affected by initial solution pH. This study demonstrated that carbon
nanotube/iron oxide magnetic nanocomposites could be used for
arsenic removal.

6.1. Materials and Methods
6.1.1. Arsenic removal experiments
The desired concentration of As(III) and As(V) were prepared by
diluting the stock solution (1,000 mg/L), which were made from
sodium arsenite (NaAsO2, 0.05M, Fluka Sigma-Aldrich, USA) and
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sodium arsenate (Na2HAsO4·7H2O, 98-102%, Sigma-Aldrich, USA).
Batch experiments were performed in 50 mL polypropylene conical
tubes containing 1.0 g/L of magnetic nanocomposites (0.03 g) and
diluted arsenite or arsenate solution (30 ml). The tubes were shaken at
30°C and 100 rpm using a shaking incubator (Daihan Science, Korea).
Then, the magnetic nanocomposites were separated from the solution
through a 0.45μm cellulose filter after desired reaction time. The
residual arsenic concentration was measured by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) (Optima-4300,
PerkinElmer, USA).
Batch experiments were performed at different reaction times
(As(III): concentration = 10 mg/L, solution pH = 7.0; As(V):
concentration = 10 mg/L, solution pH = 3.0). In the experiments,
samples were taken at 15, 30, 45, 60, 120, 180, and 240 min after
reaction. To examine the effect of temperature on arsenic removal, the
same procedures were followed at 15 and 45°C. Further batch
experiments were conducted at different concentrations of arsenic
solution (As(III): initial concentration = 5 – 100 mg/L, solution pH =
7.0; As(V): initial concentration = 5 – 100 mg/L, solution pH = 3.0).
The samples were collected 6 h post-reaction. The effects of solution
pH on selenium removal were investigated in 10 mg/L arsenite or
arsenate solution during 6 h. The pH of solution was adjusted using 0.1
M NaOH or 0.1 M HCl. The solution pH was measured with a pH
probe (9107BN, Thermo Scientific, USA). All experiments were
performed in triplicate.
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6.1.2. Adsorptive filtration experiments
Filter type of carbon nanotube/iron oxide magnetic nanocomposites
was prepared by sonication and filtration procedure (Brady-Estevez et
al., 2011). The nanocomposites were added in dimethyl sulfoxide
(DMSO) at a concentration of 1 mg/mL. The suspension was then
sonication for 4 h and subsequently allowed to cool. 20 mL of
suspension was vacuum filtered over PTFE (0.5μm) membrane filter.
An ethanol solution followed by deionized water was then filtered
through the filters to remove residual DMSO. The digital image of
deposition of carbon nanotube/iron oxide magnetic nanocomposites on
PTFE filter was shown in Figure 6.1.
Adsorptive filtration experiments were performed by full filtration
test using stirred ultrafiltration cell (Model 8050, Millipore). The
schematic diagram of full filtraion experiment was shown in Figure 6.2.
Prior to experiment, 500 mL of deionized water filtered through the cell
at a pressure of 40 psi for nanocomposites attached well to ths PTFE
surface. Then, 50 mL of desired concentration of As(V) solution (1, 5,
10 mg/L) was introduced to cell at various pressures (25, 30, 35 psi).
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Figure 6.1 Digital image of filter type of carbon nanotube/iron oxide
magnetic nanocomposites.
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Figure 6.2 Schematic diagram of full filtraion experiment.
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6.2. Results and Discussion
6.2.1. Characteristics of arsenic sorption
The effect of reaction time (initial concentration = 10 mg/L) on the
removal of arsenite and arsenate solution by carbon nanotube/iron
oxide magnetic nanocomposites or oxidized carbon nanotube were
presented in Figure 6.3 (a) As(III) and (b) As(V), respectively. In case
of magnetic nanocomposites, the sorption capacity increased gradually
with increasing reaction time until the equilibrium was reached. At
30°C, the sorption capacity of As(III) augmented to 4.84 mg/g at 30
min of reaction time and further increased to 7.10 mg/g at 240 min.
While the As(V) sorption capacity was 5.96 mg/g at 30 min and
increased to 9.55 mg/g at 240 min. The sorption capacity of oxidized
carbon nanotube was negligible (under 0.22 mg/g at all time).
The arsenic removal by the carbon nanotube/iron oxide magnetic
nanocomposites as a function of initial concentrations (reaction time =
6 h, solution pH = 7.0 for As(III) and 3.0 for As(V)) were provided in
Figure 6.3 (c). Arsenic removal was more sensitive at lower
concentration than higher concentration. At the lowest concentration of
4.98 mg/L, the sorption capacity of As(III) was 4.32 mg/g. The sorption
capacity increased to 11.71 mg/g at the As(III) concentration of 38.39
mg/L and further increased to 16.52 mg/g at the highest concentration
of 98.21 mg/L. Meanwhile, the sorption capacity of As(V) increased
from 5.19 to 19.54 mg/g with increasing As(V) concentrations from
5.19 to 104..20 mg/L. At lower concentrations, the arsenic ions
available in the solution are fewer in number than the sorption sites on
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the magnetic nanocomposites, but there are fewer sorption sites at
higher arsenic concentrations.
The effect of solution pH (arsenic concentration = 10 mg/L,
reaction time = 6 h) on the removal capacity of As(III) and As(V) by
carbon nanotube/iron oxide magnetic nanocomposites were presented
in Figure 6.3 (d). Arsenic removal by magnetic nanocomposites was
clearly affected by the solution pH. In the adsorption of As(V) to
magnetic nanocomposites, the removal capacity remained relatively
constant, above 9.0 mg/g for 1.70-2.78 and then dropped gradually to
3.69 mg/g at pH 7.88. In the adsorption of As(III) to magnetic
nanocomposites, the removal capacity increased gradually from 4.25
mg/g to 6.95 mg/g between pH 1.55 and 6.84. The removal capacity of
As(V) was higher than As(III) at acidic conditions, whereas the
removal capacity of As(III) was higher at basic conditions. Similar
results were revealed in the literature. Brechbuhl et al. (2012) showed
that the sorption of As(III) was increased with pH increased, while the
sorption of As(V) was decreased with pH increased in hematite. Same
results were observed in synthetic pyrite (FeS2) (Han et al., (2013)).
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Figure 6.3 Arsenic adsorption to magnetic nanocomposites: (a) effect of
reaction time for As(III); (b) effect of reaction time for As(V); (c) effect
of initial selenium concentration; (d) effect of solution pH.
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6.2.2. Adsorption kinetic, isotherm and thermodynamic
analysis
The kinetic model analysis were presented in Figure 6.4. The
kinetic model parameters for the pseudo first-order, pseudo secondorder, and Elovich models were provided in Table 6.1. The coefficient
of determination (R2) and the value of Chi-square (χ2) indicates that
both the pseudo second-order model and the Elovich model were more
suitable at describing the kinetic data then the pseudo first-order model.
This indicates that chemisorption is involved in the adsorption of
arsenic to carbon nanotube/iron oxide magnetic nanocomposites.
The intra-particle diffusion model applied to the data is shown in
Figure 6.5, indicating that the plots were composed of two line
segments. The first line in the plot indicates boundary layer adsorption,
while the second line describes the intra-particle diffusion (Bajpai and
Armo, 2009). The Intra-particle diffusion model parameters are
provided in Table 6.2.
The equilibrium isotherms of arsenic in the carbon nanotube/iron
oxide magnetic nanocomposites were illustrated in Figure 6.6.
Equilibrium isotherm constants were summarized in Table 6.3. The
correlation coefficients (R2) and the value of Chi-square (χ2) indicated
that both the Freundlich isotherms and the Redlich–Peterson isotherms
were more suitable at describing the equilibrium data than Langmuir
isotherms. The adsorption capacity of Freundlich model (qm) were
9.218 mg/g for As(III) and 14.595 mg/g for As(V), while the value of
KR/aR were 5.259 mg/g for As(III) and 10.325 mg/g for As(V).
The thermodynamic analysis for arsenic sorption to magnetic
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nanocomposites was presented in Figure 6.7. The thermodynamic
parameters were provided in Table 6.4. The thermodynamic behavior of
As(III) and As (V) was different. The positive value of ΔH0 (56.930
kJ/mol) and ΔS0 (204.511 J/K mol) for As(III) indicates the
endothermic and randomness increased at the interface between solid
and solution during the sorption process. The negative value of ΔH0
(−78.501 kJ/mol) and ΔS0 (−238.210 J/K mol) for As(V) indicates the
exothermic and randomness decreased at the interface between solid
and solution during the sorption process. The negative values of ΔG0
(−2.000 ∼ −9.861 kJ/mol) indicate that the arsenic sorption process
was spontaneous.
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Figure 6.4 Kinetic model fits for arsenate and arsenite removal in the
magnetic nanocomposites at various temperatures: (a) 15°C; (b) 30°C;
(c) 45°C.
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Table 6.1 Kinetic model parameters obtained from model fitting to
experimental data
Pseudo
first-order
model

As(V)

Elovich
kinetic
model

As(III)

As(V)

4.347

0.758

0.185

6.592

4.676

0.729

0.175

45

9.350

3.817

0.856

0.191

15

7.764

3.692

0.772

0.288

30

8.927

3.781

0.816

0.243

45

6.659

4.159

0.790

0.173

R2

χ2

k1

(°C)

(mg/g)

(/h)

15

6.702

30

As(V)

As(III)

χ2

qe

As(III)

Pseudo
secondorder model

R2

Temp.

Temp.

qe

k2

h

(°C)

(mg/g)

(g/mg/h)

(mg/g/h)

15

7.275

0.953

50.438

0.964

0.027

30

7.127

1.075

54.604

0.956

0.028

45

10.212

0.576

60.068

0.991

0.012

15

8.519

0.646

46.882

0.958

0.054

30

9.770

0.587

56.031

0.978

0.028

45

7.245

0.903

47.398

0.973

0.022

R2

χ2

Temp.

α

β

(°C)

(mg/g)

(g/mg)

15

9.04E+02

1.135

0.992

0.006

30

1.42E+03

1.230

0.993

0.005

45

3.74E+05

1.567

0.967

0.383

15

9.42E+07

2.756

0.991

0.581

30

3.99E+11

3.433

0.983

0.774

45

1.09E+07

2.819

0.988

0.302
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Figure 6.5 Intra-particle diffusion model for arsenate and arsenite
removal in the magnetic nanocomposites.
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Table 6.2 Intra-particle diffusion model parameters obtained from
model fitting to experimental data
ki,1

R2

I

ki,2

I

R2

Temperature
(mg/g/h0.5)

As(III)

As(V)

(mg/g/h0.5)

15°C

2.874

3.405

0.991

0.906

5.447

0.992

30°C

2.487

3.689

0.961

0.781

5.566

0.956

45°C

4.732

3.992

0.971

0.646

8.597

0.965

15°C

3.574

3.457

0.990

0.924

6.546

0.975

30°C

4.213

3.982

0.972

0.802

7.940

0.995

45°C

3.019

3.211

0.978

0.910

5.379

0.998
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Figure 6.6 Equilibrium isotherm model fits for arsenate and arsenite
removal in the magnetic nanocomposites.
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Table 6.3 Equilibrium isotherm model parameters obtained from
model fitting to experimental data
KF

1/n

qm

R2

χ2

Freundlich
(L/g)

(mg/g)

As(III)

5.019

0.264

9.218

0.995

0.055

As(V)

10.285

0.152

14.595

0.992

0.083

R2

χ2

0.462

0.836

1.736

41.212

0.602

4.620

g

R2

χ2

0.748

0.994

0.050

0.992

0.086

Qm

KL

(mg/g)

(L/mg)

As(III)

14.263

As(V)

16.847

Langmuir

KR

aR

KR/aR

(L/g)

(L/mg)

(mg/g)

As(III)

92.774

17.640

5.259

As(V)

35433.87

3431.78

10.325

RedlichPeterson
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0.849

Figure 6.7 Thermodynamic analyses for arsenate and arsenite removal
in the magnetic nanocomposites.
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Table 6.4 Thermodynamic parameters for selenium adsorption to
carbon nanotube/iron oxide magnetic nanocomposites

As(III)

Temperature

∆H°

∆S°

∆G°

(°C)

(kJ/mol)

(J/K mol)

(kJ/mol)

15

56.930

204.511

-2.000

30

-5.067

45

-8.135

15
As(V)

-78.501

-238.210

-9.861

30

-6.288

45

-2.715
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6.2.3. Filtration study
The surface morphology of filter type magnetic nanocomposites
was characterized by scanning electron micrographs (SEM) in Figure
6.8. and transmission electron micrographs (TEM). Figure 3.2 showed
the SEM images of (a) oxidized carbon nanotube and (b) carbon
nanotube/iron oxide magnetic nanocomposites. In contrast to the
aligned

type

of

oxidized

carbon

nanotube,

the

magnetic

nanocomposites depicts the entangled with iron oxide nanoparticles.
More detail microstructure of the multi-wall of carbon nanotube was
revealed by the TEM image in Figure 3.3. Aerial view (Figure 3.3 (a))
confirmed the nanocomposites entire covered the filter surface. From
cross section view (Figure 3.3 (b)), the thickness of the nanocomposites
filter was about 62.45 μm. Color mapping was performed using energy
dispersive X-ray spectrum (EDS) to visualize the spatial distribution of
carbon, oxygen, and iron (Figure 6.9). The mapping image was shown
all components well dispersed on filter surface.
The effect of pressure on the capacity of As(V) by carbon
nanotube/iron oxide magnetic nanocomposites filter were presented in
Figure 6.10 (a). The sorption capacity remained relatively constant,
above 9.8 mg/g at 25 and 30 psi. But, the sorption capacity dropped to
7.24 mg/g at 35 psi. The effect of initial concentration of As(V) were
shown in Figure 6.10 (b). The sorption capacity was increased with
initial concentration.
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Figure 6.8 SEM image of filter type magnetic nanocomposites: (a)
aerial view; (b) cross section view.
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Figure 6.9 Color mapping of filter type magnetic nanocomposites: (a)
SEM image of mapping point; (b) carbon (C) and iron (Fe) map; (c)
carbon map; (d) iron map.
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Figure 6.10 As(V) removal by filter type of carbon nanotube/iron oxide
magnetic nanocomposites: (a) different pressure (As(V) concentration
= 10ppm); (b) different initial As(V) concentration (pressure = 30 psi).
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Chapter 7 Magnetic Alginate-Layered
Double Hydroxide Composites for
Phosphate Removal

Lee, CG; Kim, SB. 2013. Magnetic alginate-layered double hydroxide
composites for phosphate removal. Environmental Technology, 34:
2749-2756.
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The objective of this study was to investigate the phosphate
removal using magnetic alginate- layered double hydroxide (LDHs)
composites. The magnetic composites were prepared by entrapping
synthetic magnetic iron oxide and calcined Mg-Al LDHs in polymer
matrix (alginate). Results showed that the magnetic composites (2%
magnetic iron oxide and 6% calcined Mg-Al LDHs) were effective in
the removal of phosphate with the sorption capacity of 4.99 ± 0.06
mgP/g under given experimental conditions (adsorbent dose = 0.05 g in
30 ml solution; initial phosphate concentration = 10 mgP/l; reaction
time = 24 h). Both magnetic iron oxide and calcined Mg-Al LDHs have
the ability to adsorb phosphate with the latter having much higher
sorption capacity. In the magnetic composites, calcined Mg-Al LDHs
functions as a phosphate adsorbent while magnetic iron oxide provides
both magnetic and sorption properties. Results also demonstrated that
phosphate sorption to the magnetic composites reached equilibrium at
24 h. The maximum phosphate sorption capacity was determined to be
38.583 mgP/g. In addition, phosphate removal was not much sensitive
to initial solution pH between 4.1 and 10.2. Only 9% of the phosphate
sorption capacity was reduced as the solution pH increased from 4.1 to
10.2. This study demonstrated that magnetic alginate-LDHs composites
could be used for phosphate removal in combination with magnetic
separation.
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7.1. Materials and Methods
7.1.1 Phosphate removal experiments
Phosphate removal by the magnetic composites was conducted
under batch conditions. The desired phosphate solution was prepared
by diluting the stock solution (1000 mgP/l), which was made from
potassium dichromate (KH2PO4). All batch experiments were
performed in triplicate using 50 ml polypropylene conical tubes. Batch
experiments were conducted to examine phosphate removal in the
magnetic composites composed of different contents of magnetic iron
oxide and calcined Mg-Al LDHs (8%-0%, 6%-2%, 4%-4%, 2%-6%,
0%-8%). The experiments were conducted at an initial phosphate
concentration of 10 mgP/l with a composite dose of 0.05 g in 30 ml
solution. As a background electrolyte, 20 mM potassium nitrate
(KNO3) was used in the experiments. The tubes were shaken at 25oC
and 100 rpm using a shaking incubator (Daihan Science, Korea). Then,
the magnetic composites were separated from the solution using a
magnet (≈ 1.18 Tesla) 24 h-post reaction. The samples were collected
and filtered through a 0.45-m membrane filter. The phosphate was
analyzed by the ascorbic acid method (APHA, 1995). Phosphate
concentrations were measured at a wavelength of 880 nm using a UV–
vis spectrophotometer (Helios, Thermo Scientific, Waltham, MA, USA).
Batch experiments were also performed at different reaction times
(adsorbent dose = 0.05 g; initial phosphate concentration = 10 mgP/l).
In the experiments, samples were collected at 2, 4, 8, 12, 18, 24 and 36
h post-reaction. Further batch experiments were conducted at different
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concentrations of phosphate solution. The magnetic composites (0.05 g)
were added to 30 mL of phosphate solution (initial concentration =
5200 mgP/l). The samples were collected 24 h post-reaction. Batch
experiments were conducted for repeated use of the magnetic
composites for phosphate removal (adsorbent dose = 0.05 g; initial
phosphate concentration = 10 mgP/l). Through magnetic separation, the
magnetic composites were used repeatedly for phosphate removal. For
each round of the test, the magnetic composites were removed from the
solution at 24-h post reaction using a magnet, moved to deionized
water for a 4-h stay, and then applied to new phosphate solution
(concentration = 10 mgP/l). In the pH experiments, 0.1 M NaOH and
0.1 M HCl solutions were used to adjust the pH from 4.1 to 10.2. The
pH was measured with a pH probe (9107BN, Thermo Scientific, USA).
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7.2. Results and Discussion
7.2.1. Characteristics of phosphate sorption
Phosphate removal at various contents of magnetic iron oxide and
calcined Mg-Al LDHs in the magnetic composites is presented in
Figure 7.1. For experiments with no LDHs (8% magnetic iron oxide 
0% calcined LDHs), the sorption capacity of the magnetic composites
was 3.71  0.04 mgP/g. As the calcined LDHs content increased from
2% (6% magnetic iron oxide  2% calcined LDHs) to 6% (2%
magnetic iron oxide  6% calcined LDHs), the sorption capacity was
increased from 4.51  0.06 to 4.99  0.06 mgP/g. For experiments with
calcined LDHs only (0% magnetic iron oxide  8% calcined LDHs),
the sorption capacity was 5.10  0.02 mgP/g. Results indicate that both
magnetic iron oxide and calcined Mg-Al LDHs have the ability to
adsorb phosphate with the latter having much higher capacity. For
further experiments, the magnetic composites with 2% magnetic iron
oxide and 6% calcined LDHs was used. In the magnetic composites,
calcined LDHs functions as a phosphate adsorbent while magnetic iron
oxide provides both magnetic and sorption properties. During the
experiments, phosphate ions in aqueous solution could diffuse into the
magnetic composites through the pores of the composites. Then,
phosphate ions could come in contact with the magnetic iron oxide and
calcined LDHs particles and subsequently be removed from the
aqueous phase to the solid phase.
The phosphate removal by the magnetic composite as a function of
reaction time is provided in Figure 7.2. The phosphate concentrations
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decreased gradually with increasing reaction time until the equilibrium
was reached. At 2 h of reaction time, the phosphate concentration
dropped to 6.84 mgP/L (initial concentration =10 mgP/L), and further
decreased to 3.1 mgP/L at 12 h. The phosphate sorption reached
equilibrium at 24 h of reaction time with phosphate concentration of
1.7 mgP/L. Meanwhile, the percent removal increased from 31.5% to
83.1% with increasing reaction time from 2 h to 24 h.
The phosphate removal by the magnetic composites as a function of
initial phosphate concentration is provided in Figure 7.3. Phosphate
removal was highly concentration dependent. At the lowest
concentration of 5 mgP/L, the percent removal was 90%. The percent
removal decreased to 40% at the phosphate concentration of 50 mgP/L
and further decreased to 31% at the highest concentration of 200 mgP/L.
Meanwhile, the sorption capacity increased from 2.71 to 34.51 mgP/g
with increasing phosphate concentrations from 5 to 200 mgP/L. At
lower concentrations, the phosphate ions available in the solution are
fewer in number than the sorption sites on the magnetic composites, but
there are fewer sorption sites at higher phosphate concentrations.
Phosphate removal upon repeated use of the magnetic composites is
presented in Figure 7.4. In the first use, the sorption capacity was
determined to be 4.70 mgP/g. In the second round, the sorption
capacity was reduced to 2.54 mgP/g. The sorption capacity was reduced
to 1.55 and 0.55 mgP/g in the third and fourth rounds, respectively.
The effect of initial solution pH on phosphate removal by the
magnetic composites is presented in Table 7.1. The percent removal at
pH 4.1 was 84.97  0.32% and decreased slightly to 82.48  1.01% at

167

pH 7.0. As the pH approached to 10.2, the percent removal reached at
77.24  0.58%. As the solution pH increased from 4.1 to 10.2, the
percent removal decreased only 7.7%. The sorption capacity at pH 4.1
was 5.10  0.02 mgP/g and decreased to 4.95  0.06 mgP/g at pH 7.0.
The sorption capacity further decreased to 4.63  0.04 mgP/g at pH
10.2. Only 9% of the phosphate sorption capacity was reduced as the
solution pH changed from 4.1 to 10.2. These results demonstrated that
phosphate removal in the magnetic composites was not drastically
changed between pH 4.1 and pH 10.2. This result could be related to
the fact that the final (equilibrium) pH converged to 7.98.0 during the
sorption experiments (see Table 7.1). Our results were similar with the
report of Han et al. (2011) showing that the removal of phosphate in the
alginate beads containing calcined Mg-Al LDHs was not sensitive to
solution pH. They demonstrated that the percent removal of phosphate
decreased slightly from 98.6% to 95.5% as solution pH increased from
4.9 to 8.9. However, Das et al. (2006) reported that phosphate removal
in Mg-Al LDHs decreased sharply from 91.7% to 39.0% with
increasing pH from 5.0 to 10.0. Ookubo et al. (1993) showed that
phosphate removal in Mg-Al LDHs had an increasing tendency
between 5.5 and 7.0 but a decreasing one between 7.0 and 9.5.
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Figure 7.1 Phosphate removal at various contents of magnetic iron
oxide-calcined Mg-Al LDHs in the magnetic composites (adsorbent
dose = 0.05 g in 30 mL solution; initial phosphate concentration = 10
mgP/L)
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Figure 7.2 Phosphate removal by the magnetic composites as a function
of reaction time (adsorbent dose = 0.05 g in 30 mL solution; initial
phosphate concentration = 10 mg/l).
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Figure 7.3 Phosphate removal by the magnetic composites as a function
of initial phosphate concentration (adsorbent dose = 0.05 g in 30 mL
solution; reaction time = 24 h).

171

Figure 7.4 Phosphate removal upon repeated use of the magnetic
composites (adsorbent dose = 0.05 g in 30 mL solution; initial
phosphate concentration = 10 mgP/l).
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Table 7.1 Phosphate removal by the magnetic composites at different
initial solution pH (adsorbent dose = 0.05 g in 30 ml solution; initial
phosphate concentration = 10 mg P /l)
Initial pH

Percent
removal
(%)

Sorption
capacity
(mgP/g)

Final pH

4.1

4.9

5.9

7.0

7.7

9.0

10.2

84.97 

82.92 

82.01 

82.48 

80.79 

80.04 

77.24 

0.32

3.09

1.88

1.01

0.38

0.75

0.58

5.10 

4.98 

4.92 

4.95 

4.85 

4.80 

4.63 

0.02

0.19

0.11

0.06

0.02

0.05

0.04

7.9

7.9

7.9

8.0

8.0

8.0

8.0
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7.2.2. Adsorption kinetics and equilibrium isotherms

The kinetics of phosphate sorption in the magnetic composites is
provided in Figure 7.5. The model parameters for the pseudo first-order,
pseudo second-order, and Elovich models are presented in Table 7.2. In
the pseudo first-order model, the value of qe was 4.759 mgP/g while the
value of k1 was 0.218 1/h. In the pseudo second-order model, the value
of qe was 5.607 mgP/g while the value of k2 was 0.044 g/mgP/h. The
value of qe from the pseudo second-order model was greater than that
from the pseudo first-order model. The initial adsorption rate of second
order process (h) was 1.372 mgP/g/h while the value of α (initial
adsorption rate of Elovich model) was 3.115 mgP/g/h. The correlation
coefficients (R2) and the value of Chi-square (χ2) indicated that the
pseudo second-order model (R2 = 0.990 and χ2 = 0.021) was most
suitable at describing the kinetic data. This finding indicates that
chemisorption is involved in the adsortion of phosphate to magnetic
alginate-layered double hydroxide composites.
The intra-particle diffusion model applied to the data is shown in
Figure 7.6, indicating that the plots were composed of two line
segments. The first line in the plot indicates boundary layer adsorption,
while the second line describes the intra-particle diffusion (Bajpai and
Armo, 2009). The Intra-particle diffusion model parameters are
provided in Table 7.3. The diffusion rate constant of the first line (ki,1)
was 1.048 mgP/g/h0.5 with the intercept value (I) of 0.537. The value of
ki,2 was 0.328 mgP/g/h0.5 with I = 3.150. The diffusion model was well
fitted to the data, with coefficients of determination (R2) of 0.982 (first
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line) and 0.807 (second line).
The equilibrium isotherm of phosphate in the magnetic composites
is illustrated in Figure 7.7. Equilibrium isotherm constants are
summarized in Table 7.4. The correlation coefficients (R2) and the
value of Chi-square (χ2) indicated that both the Freundlich and
Redlich–Peterson

isotherms

were

suitable

for

describing

the

equilibrium data. In Figure 7.7, the Redlich–Peterson model fit was
superimposed on the Freundlich fit. The Redlich–Peterson model can
be reduced to the Freundlich model when the first term in the
denominator(=1) was negligible except for small valuse of aRCeg. In the
Freundlich model parameters (Table 7.4), the value of KF was 3.118 L/g,
which corresponded well to the value of KR/aR in the Redlich–Peterson
model. The value of 1/n is equivalent to the value of (1–g). The
adsorption capacity of Freundlich model (qm) was 38.583 mgP/g while
the maximum adsorption capacity of Langmuir model was 29.017
mgP/g. The maximum adsorption capacity determined from our
experiments was in the range of the phosphate removal capacity of
zirconium mesostructures immobilized in alginate beads (26.9551.74
mgP/g) reported by Yeon et al. (2008).
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Figure 7.5 Kinetic model fits for phosphate removal in the magnetic
composites.
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Table 7.2 Kinetic model parameters obtained from model fitting to
phosphate experimental data
Pseudo first-order model
qe
(mg/g)

k1
(1/h)

R2

χ2

4.759

0.218

0.953

0.111

Pseudo second-order model
qe
(mg/g)

k2
(g/mg/h)

h
(mg/g/h)

R2

χ2

5.607

0.044

1.372

0.990

0.021

Elovich kinetic model
α
(mg/g/h)

β
(g/mg)

R2

χ2

3.115

0.863

0.981

0.034
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Figure 7.6 Intra-particle diffusion model for phosphate removal in the
magnetic composites.
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Table 7.3 Intra-particle diffusion model parameters obtained from
model fitting to phosphate experimental data
ki,1
0.5

(mg/g/h )
1.048

I

R2

0.537

0.982

ki,2
(mg/g/h0.5)
0.328
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I

R2

3.150

0.807

Figure 7.7 Equilibrium isotherm model fits for phosphate removal in
the magnetic composites.

180

Table 7.4 Equilibrium isotherm model parameters obtained from model
fitting to phosphate experimental data
Freundlich model
KF
(L/g)

1/n

qm
(mg/g)

R2

χ2

3.118

0.475

38.583

0.976

1.625

Langmuir model
Qm

KL

(mg/g)

(L/mg)

29.017

0.081

R2

χ2

0.771

12.846

Redlich-Peterson model
KR
(L/g)

aR
(L/mg)

KR/aR
(mg/g)

g

R2

χ2

9868.13

3163.94

3.119

0.525

0.976

1.625
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Chapter 8 Removal of Chromate from
Aqueous Solution Using Magnetic
Alginate-Layered Double Hydroxide
Composites

Lee, CG; Park, JA; Lee, I; Kang, JK; Yoon, SY; Kim, SB. 2013.
Preparation of magnetic alginate–layered double hydroxide composite
adsorbents and removal of Cr(VI) from aqueous solution. Water
Science & Technology: Water Supply, 13: 846-853.
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The aim of this study was to investigate the removal of Cr(VI) from
aqueous solution using magnetic alginate-layered double hydroxide
(LDHs) composites. Magnetic iron oxide and calcined Mg-Al LDHs
powders were synthesized in the laboratory. The magnetic composites
were prepared through immobilization of synthetic magnetic iron oxide
and calcined Mg-Al LDHs powders into alginate matrix. The magnetic
composites had a particle size of 1.5±0.1 mm and showed magnetic
properties under an external magnetic field. Results demonstrated that
the magnetic composites were effective in the removal of Cr(VI). In the
magnetic composites, calcined LDHs played a major role in the
sorption of Cr(VI), whereas magnetic iron oxide provided the magnetic
property along with a minor role in Cr(VI) sorption. Kinetic tests
showed that Cr(VI) sorption to the magnetic composites reached
equilibrium at 24 h. The maximum Cr(VI) removal capacity was 11.2
mg/g. Results also indicated that Cr(VI) removal was not sensitive to
solution pH between 4.1 and 9.5. This study demonstrated the potential
applications of magnetic alginate-LDHs composites for chromate
removal from aqueous solution in combination with magnetic
separation.

8.1. Materials and Methods
8.1.1 Chromate removal experiments

The desired Cr(VI) solution was prepared by diluting the stock
Cr(VI) solution (1000 mg/L), which was made from potassium
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dichromate (K2Cr2O7). All batch experiments were performed in 50 mL
polypropylene conical tubes. Batch experiments were conducted to
examine Cr(VI) removal by the magnetic composites composed of
different contents of calcined LDHs and magnetic iron oxide (8%0%,
6%2%, 4%4%, 2%6%). The experiments were conducted at an
initial Cr(VI) concentration of 10 mg/L with a composite dose of 0.05 g
in 30 mL solution. As a background electrolyte, 20 mM potassium
nitrate (KNO3) was used in the experiments. The tubes were shaken at
25℃ and 100 rpm using a shaking incubator (Daihan Science, Korea).
Then, the magnetic composites were separated from the solution using
a magnet (≈ 1.18 Tesla) 24 h-post reaction. The Cr(VI) concentration
was measured using the diphenylcarbazide method.
Next, kinetic batch experiments were performed at the initial
Cr(VI) concentration of 10 mg/L and a composite dose of 0.05 g in 30
mL solution. In the experiments, samples were collected at 2, 4, 8, 12,
24, 36 and 48 h post-reaction. Equilibrium batch experiments were
conducted with different concentrations of Cr(VI) solution. Magnetic
composite (0.05 g) was added to 30 mL of a chromate solution (initial
concentration = 5200 mg/L). The samples were collected 24 h postreaction. In the pH experiments, 0.1 M NaOH and 0.1 M HCl solutions
were used to adjust pH from 4.1 to 9.5. The pH was measured with a
pH probe (9107BN, Thermo Scientific, USA). All experiments were
performed in triplicate.
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8.2. Results and Discussion
8.2.1. Characteristics of chromate sorption
Cr(VI) removal at various contents of calcined LDHs-magnetic iron
oxide in the magnetic composites is shown in Figure 8.1. For
experiments with no added iron oxide (8% calcined LDHs  0%
magnetic iron oxide, MC-80), the adsorption capacity of the composites
(MC-80) was 2.17 mg/g. At an iron oxide content of 2% (6% calcined
LDHs  2% magnetic iron oxide, MC-62), the capacity of MC-62 was
reduced to 1.50 mg/g. When the iron oxide content increased from 2 to
4% (4% calcined LDHs  4% magnetic iron oxide, MC-44), the
capacity of MC-44 decreased further to 1.31 mg/g. Another 2%
increase in the iron oxide content from 4 to 6% (2% calcined LDHs 
6% magnetic iron oxide, MC-26) resulted in a decrease of the
adsorption capacity of MC-26 to 0.98 mg/g. Results demonstrated that
the Cr(VI) sorption capacity of the composites decreased with
decreasing calcined LDHs (increasing magnetic iron oxide) content in
the composites. Note that the sorption capacity of MC-26 was only
66% of the MC-62 capacity in given experimental conditions. This
indicated that calcined LDHs played a major role in the sorption of
Cr(VI), whereas magnetic iron oxide provided the magnetic property
along with a minor role in Cr(VI) sorption. For further experiments, the
composites with 6% calcined LDHs and 2% magnetic iron oxide were
used.
Cr(VI) removal upon repeated use of the magnetic composites
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(adsorbent dose = 0.05 g; initial Cr(VI) concentration = 10 mg/L) is
presented in Figure 8.2. Through magnetic separation, the composites
were used repeatedly for Cr(VI) removal. For each round of the test,
the composites were removed from the solution at 24-h post reaction
using a magnet, moved to deionized water for a 4-h stay, and then
applied to a new Cr(VI) solution (concentration = 10 mg/L). In the first
use, the Cr(VI) adsorption capacity was determined to be 1.61 mg/g. In
the second round, the adsorption capacity was reduced to 0.61 mg/g.
The adsorption capacity was reduced to 0.42 mg/g in the third round,
and was absent in the fourth round.
In our experiments, chromate ions (HCrO4−, Cr2O72−) in aqueous
solution could diffuse into the magnetic composites through the pores
of the composites. Then, chromate ions could come in contact with the
entrapped particles and subsequently be removed from the aqueous
phase to the solid phase. In surface adsorption, the negatively-charged
chromate could adsorb to the positively-charged brucite-like layer
(Prasanna et al., 2006). Chromate ions could replace the charge
balancing anion (carbonate) in the interlayer region of LDHs via an
anion exchange process (Goswamee et al., 1998). Furthermore,
chromate

could

intercalate

into

the

interlayer

during

the

reconstruction/rehydration of the calcined LDHs in an aqueous medium
(Rhee et al., 1997). In addition, a part of chromate ions could adsorb to
magnetic iron oxide particles through electrostatic interaction and anion
exchange (Hu et al., 2005).
The Cr(VI) removal by the magnetic composite as a function of
reaction time is provided in Figure 8.3. The Cr(VI) concentrations
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decreased gradually with increasing reaction time until the equilibrium
was reached. At 2 h of reaction time, the Cr(VI) concentration dropped
to 8.8 mg/L (initial concentration =10 mg/L), and further decreased to
7.6 mg/L at 12 h. The chromate sorption reached equilibrium at 24 h of
reaction time with Cr(VI) concentration of 7.5 mg/L. Meanwhile, the
percent removal increased from 12.1% to 25.1% with increasing
reaction time from 2 h to 24 h.
The Cr(VI)
initial Cr(VI)

removal by the magnetic composites as a function of
concentration is provided in Figure 8.4. Cr(VI) removal

was highly concentration dependent. At the lowest concentration of 5
mg/L, the percent removal was 37%. The percent removal decreased to
10% at the Cr(VI) concentration of 50 mg/L and further decreased to
6% at the highest concentration of 200 mg/L. Meanwhile, the sorption
capacity increased from 1.11 to 7.33 mg/g with increasing Cr(VI)
concentrations from 5 to 200 mg/L. At lower concentrations, the
chromate ions available in the solution are fewer in number than the
sorption sites on the magnetic composites, but there are fewer sorption
sites at higher chromate concentrations.
The effect of initial solution pH on Cr(VI) removal by the
composites is presented in Figure 8.5. Adsorption capacity was 1.65
mg/g at pH 4.1 and increased slightly to 1.82 mg/g at pH 5.8. As the
solution pH further increased, the adsorption capacity decreased
slightly and arrived at 1.56 mg/g at pH 9.5. These results demonstrated
that Cr(VI) removal in the composites was not drastically changed in
the pH range of 4.19.5. This could be related to the fact that the final
(equilibrium) pH converged to 8.28.3 in the experiments. The effect of
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initial solution pH was minimized due to a change of solution pH, and
so the adsorption capacities of the composite at pH 4.19.5 were not
significantly different. Our results were similar with those of a previous
report (Rocher et al., 2008) showing that the removal of organic dyes in
magnetic alginate beads containing activated carbon was not affected
by solution pH between 3 and 10. It was also reported that LDHsalginate beads were not sensitive to pH 4.98.9 in the removal of
phosphate (Han et al., 2011).
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Figure 8.1 Chromate removal at various contents of calcined Mg-Al
LDHs-magnetic iron oxide in the magnetic composites (adsorbent dose
= 0.05 g in 30 mL solution; initial Cr(VI) concentration = 10 mg/L).

191

Figure 8.2 Chromate removal upon repeated use of the magnetic
composites (adsorbent dose = 0.05 g; initial Cr(VI) concentration = 10
mg/L).
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Figure 8.3 Chromate removal by the magnetic composites as a function
of reaction time (adsorbent dose = 0.05 g in 30 mL solution; initial
Cr(VI) concentration = 10 mg/L).
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Figure 8.4 Chromate removal by the magnetic composites as a function
of initial Cr(VI) concentration (adsorbent dose = 0.05 g in 30 mL
solution; reaction time = 24 h).
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Figure 8.5 Effect of initial solution pH on chromate removal by the
magnetic composites (adsorbent dose = 0.05 g; initial Cr(VI)
concentration = 10 mg/L). The number in the parenthesis is final
(equilibrium) pH.
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8.2.2. Adsorption kinetics and equilibrium isotherms
The kinetics of Cr(VI) adsorption by the magnetic composites is
provided in Figure 8.6. The model parameters for the pseudo first-order,
pseudo second-order, and Elovich models are presented in Table 8.1. In
the pseudo first-order model, the value of qe was 1.503 mg/g while the
value of k1 was 0.311 1/h. In the pseudo second-order model, the value
of qe was 1.656 mg/g while the value of k2 was 0.258 g/mgP/h. The
initial adsorption rate of second order process (h) was 0.709 mgP/g/h
while the value of α (initial adsorption rate of Elovich model) was
3.336 mgP/g/h. The correlation coefficients (R2) and the value of Chisquare (χ2) indicated that the pseudo first-order model (R2 = 0.991 and
χ2 = 0.004) was most suitable at describing the kinetic data.
An intra-particle diffusion model applied to the kinetic sorption
data is shown in Figure 8.7, indicating that the plots were composed of
two line segments. The diffusion model was well fitted to the data, with
coefficients of determination (R2) of 0.99 (first line) and 0.51 (second
line). Values of ki for the first and second lines were 0.46 and 0.02
mg/g/h1/2, respectively (Table 8.2). The first line in the plot indicates
boundary layer adsorption, while the second line describes the intraparticle diffusion (Bajpai and Armo, 2009).
The equilibrium isotherm of Cr(VI) sorption by the composites is
illustrated in Figure 8.8. Equilibrium isotherm constants are
summarized in Table 8.3. In the Freundlich model, the distribution
coefficient (KF) was 0.519 L/g while the Freundlich constant (1/n) was
0.490. The adsorption capacity of Freundlich model (qm) was 6.962
mg/g. In the Langmuir model, the Langmuir constant (KL) was 0.030
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L/mg while the maximum removal capacity (Qm) was 6.939 mg/g. The
maximum adsorption capacity determined from our experiments was in
the range of the chromate removal capacity for LDHs (9160 mg/g)
reported in the literature (Goh et al., 2008). In Figure 8.8, the Redlich–
Peterson model fit was superimposed on the Freundlich fit. The
Redlich–Peterson model can be reduced to the Freundlich model when
the first term in the denominator(=1) was negligible except for small
valuse of aRCeg. In the Redlich–Peterson model parameters (Table 8.3),
the value of KR/aR was 0.519 mg/g, which corresponded well to the
value of KF in the Freundlich model. The value of g is equivalent to the
value of (1–1/n). The correlation coefficients (R2) and the value of Chisquare (χ2) indicated that both the Freundlich and Redlich–Peterson
isotherms were suitable for describing the equilibrium data.
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Figure 8.6 Kinetic model fits for chromate removal in the magnetic
composites.
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Table 8.1 Kinetic model parameters obtained from model fitting to
phosphate experimental data
Pseudo first-order model
qe
(mg/g)

k1
(1/h)

R2

χ2

1.503

0.311

0.991

0.004

Pseudo second-order model
qe
(mg/g)

k2
(g/mg/h)

h
(mg/g/h)

R2

χ2

1.656

0.258

0.709

0.966

0.015

Elovich kinetic model
α
(mg/g/h)

β
(g/mg)

R2

χ2

3.336

3.839

0.844

0.072
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Figure 8.7 Intra-particle diffusion model for chromate removal in the
magnetic composites.
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Table 8.2 Intra-particle diffusion model parameters obtained from
model fitting to phosphate experimental data
ki,1
0.5

(mg/g/h )
0.457

I

R2

0.094

0.994

ki,2
(mg/g/h0.5)
0.023
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I

R2

1.374

0.509

Figure 8.8 Equilibrium isotherm model fits for phosphate removal in
the magnetic composites.
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Table 8.3 Equilibrium isotherm model parameters obtained from model
fitting to phosphate experimental data
Freundlich model
KF

qm

1/n

(L/g)
0.519

(mg/g)

0.490

6.962

R2

χ2

0.981

0.187

Langmuir model
Qm

KL

(mg/g)

(L/mg)

6.939

0.030

R2

χ2

0.853

1.434

Redlich-Peterson model
KR

aR

KR/aR

(L/g)

(L/mg)

(mg/g)

3487.49

6725.81

0.519
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g

R2

χ2

0.510

0.981

0.187
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Chapter 9 General Conclusions and
Recommendations
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9.1 General conclusions
This thesis was performed with two types of adsorbents in batch
reactor systems. One was for selenium, chromium, and arsenic removal
from solution using synthesized carbon nanotube / iron oxide magnetic
nanocomposites and the other one was for removal of chromium and
phosphorous using and magnetic alginate-layered double hydroxide
composites. The synthesized adsorbents were characterized by
analytical techniques such as SEM, TEM, nitrogen sorption, FTIR,
pHPZC, EDS, XRD, XRF, XPS, and VSM. Batch experiments were
performed at different reaction time, initial concentration, solution pH,
and temperature. Data were analyzed by kinetic adsorption model,
kinetic diffusion model, isotherm model, and thermodynamic analysis.

1. In chapter 3, Carbon nanotube/ iron oxide magnetic
nanocomposites were prepared using chemical co-precipitation
of iron oxide nanoparticle on surface of carbon nanotube after
oxidation. These analyses indicated that nano-sized iron oxide
particles grown on the surface of oxidized carbon nanotube has
diameters ranging from 6 to 17 nm, regularly. Specific surface
area of magnetic nanocomposites was 119.09 m2/g with 0.4748
cm3/g of total pore volume and 5.1 of point of zero charge.
XRD peaks showed that iron oxide nanoparticles were
classified as a cubic iron oxide phase, i.e., maghemite and
goethite. The magnetic nanocomposites can be easily separated
from the aqueous solution within few seconds by permanent
magnet.

Magnetic

alginate–layered
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double

hydroxide

composites were prepared by entrapping powdered forms of
both calcined Mg-Al LDHs and magnetic iron oxide in an
alginate hydrogel. The magnetic composites had a particle size
of 1.5±0.1 mm and showed magnetic properties under an
external magnetic field.

2. In chapter 4, the sorption capacity for selenite and selenate were
8.12 mg/g and 3.82 mg/g under given experimental conditions
(initial concentration = 10 mg/L, reaction time = 240 min,
temperature = 30°C), respectively. Se(IV) removal capacity
remained relatively constant between pH 1.81 and 4.01 and then
dropped gradually as pH increased. In case of Se(VI) was
dropped gradually between pH 1.88 and 7.01. Pseudo secondorder kinetic model and Redlich–Peterson isotherms were most
suitable for describing the experimental data. Thermodynamic
analysis indicates that the selenite sorption process was
unfavorable and less feasible but selenate was spontaneous.
XPS analysis revealed that selenite and selenate were reduced
on the surface of magnetic nanocomposites, accompanied with
iron oxidation.
3. In chapter 5, the sorption of chromate to the nanocomposites
depended strongly on solution pH. The sorption capacity
dropped gradually from 5.07 mg/g to 2.13 mg/g as pH increased
3.77 and 7.28. Pseudo second-order kinetic model and Redlich–
Peterson isotherms were most suitable for describing the kinetic
and equilibrium sorption, respectively. ΔG0 for Cr(VI) sorption
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was negative, indicating that the Cr(VI) sorption process was
spontaneous. Sequencing extraction experiments showed that
57.8% of Cr(VI) was present in fraction of iron oxides (F3).
4. In chapter 6, the maximum sorption capacity for arsenite and
arsenate were 16.52 mg/g and 20.16 mg/g, respectively. pH
increases, the adsorption amount of selenite has increased but
selenate has decreased. Pseudo second-order kinetic model and
Freundlich isotherms were most suitable at describing the data.
The sorption of As(III) was endothermic but As(V) was
exothermic sorption. Arsenate was removed by magnetic
nanocomposites in the adsorptive filtration process, effectively.

5. In chapter 7, the magnetic alginate-LDHs composites were
effective in the removal of phosphate. Both magnetic iron oxide
and calcined Mg-Al LDHs have the ability to adsorb phosphate
with the latter having much higher sorption capacity for
phosphate. Results also demonstrated that phosphate sorption to
the magnetic composites reached equilibrium at 24 h. The
maximum phosphate sorption capacity was determined to be
39.063 mgP/g. In addition, phosphate removal was not much
sensitive to initial solution pH between 4.1 and 10.2. This study
demonstrated that magnetic alginate-LDHs composites could be
used for phosphate removal in combination with magnetic
separation.

6. In chapter 8, the magnetic alginate-LDHs composites were
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effective in the removal of Cr(VI). In the composites, calcined
LDHs played a major role in the sorption of Cr(VI), whereas
magnetic iron oxide provided the magnetic property along with
a minor role in Cr(VI) sorption. Kinetic tests showed that
Cr(VI) sorption to the composites reached equilibrium at 24 h.
The maximum Cr(VI) removal capacity was determined to be
11.2 mg/g. Results also indicated that Cr(VI) removal was not
sensitive to initial solution pH between 4.1 and 9.5. This study
demonstrated potential applications of magnetic alginate-LDHs
composites for chromate removal from aqueous solution in
combination with magnetic separation.

The results of this dissertation provide the information about the
synthetic method and the characteristic of the synthesized magnetic
composites. It also helps to enhance the knowledge of application of
the magnetic composites for water treatment especially for removal of
selenium, chromium, arsenic, and phosphorous from aqueous solutions.
The results attained from this study will contribute to the development
of compatible water treatment technology for removing anionic
contaminants. Water filtration with the carbon nanotube/iron oxide
magnetic nanocomposites is cost effective, consumes low energy and
causes no side effect. Point-of-use (POU) water treatment adapting this
filtration system could be affordable for water treatment in rural
communities where centralized water treatment and distribution system
cannot be implemented. Magnetic separation technique of magnetic
composites is easy and rapid, requiring simple device, and possible to
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the automation. These techniques might be utilized for resource
recovery from aqueous solution and/or waste water, valuable metals or
nutrients that are recovered can be used as industrial raw material or
agricultural fertilizer.
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9.2. Recommendations
The following recommendations are made for the future researches
on magnetic composites as adsorbents for water purification:

1. Dispersion of nanoparticles in synthesize of nanocomposite
material is the key factors influencing on its efficiency for
contaminant removal. Additional studies on the development
of methods and machineries for nanoparticles dispersion
such as dispersing agent and ultrasonic processor are
required.

2. Combined with iron oxide nanoparticles, dispersivity of
CNTs was improved and CNTs were easily fabricated as
filter type. The efficiency of particulate removal by iron
oxide nanoparticles doped CNTs can be enhanced. Further
studies are necessary to truly understand the advantage of
CNTs/iron oxide nanocomposites as compared to pristine
carbon nanotube for water filtration at electromagnetic field.

3. Carbon nanotubes have superior physical strength as well as
high removal capacity for various contaminants. CNTs can
be affordable for water treatment system operated under high
pressure and frequent chemical cleaning. Due to the
regeneration of composites by chemical cleaning, the
removal efficiency for long time operation should also be
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investigated.

4. Currently, there are limited understanding of the human
health and safety risks associated with nanomaterials.
Dynamic light scattering (DLS) method is a physical
technique for measuring the degree of light scattering as
function of time that can be used to the size distribution of
particles in solution. Intensive research for preventing
outflow of nanomaterials using this technology is necessary.
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NOMENCLATURE
BE
BET
BJH
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CNTs
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benzene toluene ethylbenzene xylene
carbon nanotubes
dynamic light scattering
dimethyl sulfoxide
energy dispersive x-ray spectrometry
electron spectroscopy for chemical analysis
fourier transform infrared
full width at half maximum
high-gradient magnetic separation
Horvath-Kawazoe
inductively coupled plasma-atomic emission spectroscopy
joint committee on powder diffraction standards
layered double hydroxides
korean ministry of environment
multi-walled carbon nanotubes
nanofiltration
national nanotechnology initiative
point-of-use
polytetrafluoroethylene
reverse osmosis
royal society of chemistry
scanning electron microscopy
single-walled carbon nanotubes
transmission electron microscopy
united states environmental protection agency
vibrating sample magnetometer
world health organization
x-ray photoelectron spectroscopy
x-ray diffractometer
x-ray fluorescence spectrometer
zero valence iron
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국 문 초 록
본 논문에서는 자성 복합체를 합성하여 특성을 분석해 보았으며,
흡착제로써 수중 셀레늄, 크롬, 비소 및 인 제거에 적용해 보았다.
본 연구에서 제시하는 자성 복합체에는 탄소 나노튜브/산화철 자성
나노복합체와 자성 알긴산-층상이중수산화물 복합체를 포함한다.
탄소 나노튜브/산화철 자성 나노복합체는 탄소 나노튜브 표면에
산화철 나노입자를 화학적으로 공침하여 제조하였다. 합성된 자성
나노 복합체를 주사전자현미경(SEM), 투과전자현미경(TEM), 질소
흡·탈착, 푸리에 변환 적외선분광기(FTIR), 영전위점(pHPZC), 에
너지 분산형 X-선 분광기(EDS), X-선 회절 분석기(XRD), X-선
광전자 분석기(XPS), 그리고 진동 시료 자력계(VSM)와 같은 다양
한 분석 기술을 통해 분석해 보았다. 나노 복합체에 의한 오염물질
제거는 회분 실험과 전량 여과 실험을 통해 확인하였다. 흡착 특성
은 동역학 모델과 평형 모델, 그리고 열역학적 분석을 이용하여 분
석하고 정량화 하였다.
분석 결과 산화된 탄소 나노튜브 표면에 나노 크기의 산화철 입
자가 6에서 17 nm 범위로 균일하게 성장해 있는 것으로 나타났다.
XRD 피크는 산화철 나노입자가 입방형 산화철 형태인 자적철과 침
철석임을 나타냈다. 자성 나노복합체는 38.37 emu/g의 포화 자력과
15.66 Oe의 보자력을 가지고 있으며, 영구 자석에 의해 쉽게 분리
될 수 있다.
주어진 실험 조건(함유량 = 1g/L, 초기 농도 = 10 mg/L, 반응
시간 = 4 h, 온도 = 30°C)에서 탄소 나노뷰트/산화철 자성 나노
복합체의 흡착 용량은 비산염 9.55 mg/g, 아셀렌산염 8.12 mg/g,
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아비산염 7.10 mg/g, 크롬산염 5.93 mg/g, 그리고 셀렌산염 3.82
mg/g 순으로 감소했다. 분석 결과 유사 2차 모델이 동역학 실험 설
명에 최적인 것으로 나타났다. 평형 실험의 경우, 프로인드리히 등
온식과 레들리히-피터슨 등온식이 잘 맞았다. XPS 분석 결과 셀렌
산염과 아셀렌산염은 자성 복합체 표면에서 철의 산화와 함께 환원
되는 것으로 나타났다. 연속 추출 실험은 57.8%의 크롬(VI)이 철
산화물 부분(F3)에 존재함을 보였다. 비산염은 흡착 여과 공정에서
자성 복합체에 의해 효과적으로 제거 되었다.
자성 알기산-층상이중수산화물 복합체는 분말 형태의 하소된 마
그네슘-알루미늄 층상이중수산화물(LDH)과 자성 산화철을 알긴산
하이드로겔로 포획하여 제조하였다. 자성 복합체는 1.5±0.1 mm의
입자 크기를 가지며 외부 자기장에 따라 자성 특성을 나타내었다.
자성 복합체(2% 자성 산화철과 6% 하소 마그네슘-알루미늄 층상
이중수산화물)의 흡착 용량은 주어진 조건(흡착제 함유량 = 3 0mL
용액에 0.05 g, 초기 농도 = 10 mg/L, 반응 시간 = 24 h)에서 인
산염에 대해 4.99 mg/g 그리고 크롬산염에 대해 1.61 mg/g이었다.
자성 복합체는 자력 분리에 의해 재사용 될 수 있다.
본 연구를 통해 자성 복합체가 수중 셀레늄, 크롬, 비소, 그리고
인 제거에 효과적인 것으로 밝혀졌다. 이러한 결과로부터 본 연구에
서 개발된 자성 복합체가 첨단 수처리 시스템에 적용될 수 있을 것
으로 보여진다.
주요어 : 흡착제, 비소 제거, 탄소 나노튜브, 크롬 제거, 산화철 나노
입자, 층상 이중 수산화물, 자성 복합체, 인 제거, 셀레늄 제거
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