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Chapter 1 General Introduction



1.1 Background

With the rapid development of industry, the water pollution is becoming more
and more serious in the world. Based on the type of mining, the kinds and the
concentrations of metal ions are many and varied. Thus the minimization and
recovery of harmful pollutants, such as heavy metals in natural environment is very
significant as well as monitoring and determination of the pollutants from the
viewpoint of environmental protection [1, 2]. On the other hand, the demand of
metallic elements in modern society has increased remarkably over the past years.
However, the shortage of metals including REEs has been concerned in recent years,
and the establishment of the new recovery method for the rare metals is important
from the viewpoint of resources recovery [3].

There are many processes for the treatment of metal-contaminated wastewaters,
including chemical precipitation, membrane filtration, reverse osmosis, ion exchange,
and adsorption [4-8]. However these technologies become expensive or inefficient for
the treatment of metal ions with high concentrations. Then, it is important to develop
new methods for the removal and recovery of metals from such effluents, and thus
reduce the concentration of these metal ions to low levels. Adsorption has been
proved as one of the most efficient methods for the removal of heavy metals from
aqueous media [9-13].

The most problematic contaminants include heavy metals, pesticides and other
organic compounds which can be toxic to wildlife and humans in small concentration.

Recently, an extensive body of research has found that a wide variety of commonly



discarded waste including chitosan [14], eggshells [15, 16], seaweed [17, 18], yeast
[19] and carrot peels [20] can efficiently remove toxic heavy metal ions from
contaminated water. In addition, adsorbing biomass, or biosorbents can also remove
other harmful metals like: arsenic [21, 22], lead, cadmium [16, 23], cobalt [24],
chromium [25] and uranium[26]. Adsorbent based on biological materials may be

used as an environmentally friendly filtering technique.

1.2 Heavy Metals

A toxic heavy metal is any relatively dense metal or metalloid that is noted for its
potential toxicity, especially in environmental. The term has particular application to
cadmium, mercury, lead and arsenic, all of which appear in the World Health
Organisation's list of 10 chemicals of major public concern [27, 28]. Other examples
include manganese, chromium, cobalt, nickel, copper, zinc, selenium, silver, antimony
and thallium.

Heavy metals are found naturally in the earth, and become concentrated as a result
of human caused activities. Common sources are from mining and industrial wastes;
vehicle emissions; lead-acid batteries; fertilisers; paints; treated woods; aging water
supply infrastructure; and microplastics floating in the world's oceans [29]. Arsenic,
cadmium and lead may be present in children's toys at levels that exceed regulatory
standards [21, 23]. Lead can be used in toys as a stabilizer, color enhancer, or
anti-corrosive agent. Cadmium is sometimes employed as a stabilizer, or to increase
the mass and luster of toy jewelry. Regular imbibers of illegally distilled alcohol may
be exposed to arsenic or lead poisoning the source of which is arsenic-contaminated

lead used to solder the distilling apparatus. Rat poison used in grain and mash stores



may be another source of the arsenic.
Lead (Pb)

Lead is a chemical element in the carbon group and atomic number 82. It is used in
building construction, lead-acid batteries, bullets and shot, weights, as part of solders,
pewters, fusible alloys, and as a radiation shield. If ingested or inhaled, lead and its
compounds are poisonous to animals and humans. Lead is a neurotoxin that
accumulates both in soft tissues and the bones, intestines, kidneys, damaging the
nervous system and causing brain disorders. It interferes with the development of the
nervous system and is therefore particularly toxic to children, causing potentially
permanent learning and behavior disorders [30].

Studies have shown that lead does not readily accumulate in the fruiting parts of
vegetable and fruit crops (e.g., corn, beans, squash, tomatoes, strawberries, and
apples). Higher concentrations are more likely to be found in leafy vegetables (e.g.,
lettuce) and on the surface of root crops (e.g., carrots). Generally, the risk of lead
poisoning through the food chain increases as the lead level in soil rises above 300
ppm [31, 32]. Then it is necessary to removal the contaminated water or soil by lead.
Chromium (Cr)

Chromium (Cr) is the first element in transition metal of group VIB in the periodic
table. It is the seventh most abundant element on earth and is found in rocks, animals,
plants, and soils. Cr consists of two stable oxidation states such as trivalent state
Cr(IIT) and hexavalent state Cr(VI) in natural aqueous environment. It is well known
that, Cr(IIl) is essential materials for living organisms, is the other main form of
chromium, and is essential for living organisms. Both can transform each other under
certain conditions. whereas, Cr(VI) is more toxic, carcinogenic and mutagenic [33-37].

After chromium (VI) enters the body then reaches the blood stream, it damages the



kidneys, the liver and blood cells through oxidation reactions. Among the toxic metals,
hexavalent chromium (Cr(VI)) containing wastes are considered as severe pollutants
due to high water-solubility and toxicity [38]. The maximum levels permitted in
wastewater are 5 mg-dm™ for trivalent and 0.05 mg-dm™ for hexavalent chromium
[39]. Cr(VI) may be present in the form of CrO4>~ or HCrO4~, whereas, Cr(III) tends
to form [Cr(H.0)6]*", Cr(H.0)s(OH)**, Cr(H,0)4(OH),", or Cr(III) organic complexes
[36, 40].

As chromium compounds were used in dyes and paints, these compounds are often
found in soil and groundwater at abandoned industrial sites, so it is necessary and
urge to cleanup and remediate the land. From above-mentioned, the minimization and
recovery of harmful pollutants such as Cr(VI) in natural environment is very
significant.

Rare earth elements (REEs)

In particular, water pollution due to heavy metal has become one of the largest
problems in recent years. On the other hand, the demand of rare earth elements (REEs;
Scandium (Sc), Yttrium (Y) and fifteen lanthanides) in modern technology has
increased remarkably over the past years. However, the shortage of trace metals
including REEs (and the problem of stable supply for these metals) has been
concerned in recent years. Therefore, the establishment of the removal or recovery
method for the trace metals is important from the viewpoint of resources recovery as
well as environmental protection.

In recent decades, geochemical processes controlling metal migration and
deposition in the earth's surface environment has been intensively and increasingly
attracting much interests of scientists [41-43]. The lanthanide elements traditionally

have been divided into two groups, the light rare earth elements (LREEs) are



lanthanum through europium (Z = 57 through 63), and the heavy rare earth elements
(HREEs) are gadolinium through lutetium (Z = 64 through 71). Although yttrium (Y)
is the lightest REE, it is usually grouped to the HREEs because of chemically and
physically similar properties[44, 45].

Mining, refining, and recycling of rare earths have serious environmental
consequences if not properly managed. At the same time, the REEs are often found
together, and are difficult to extract and separate each other. Commercial market
remands for REEs have arisen due to widely application in industry and agriculture
such as catalysis of engine, permanent magnet, phosphor of illumination and so on in
recent years [46, 47], so the shortage of trace metals including REEs (and the
problem of stable supply for these metals) has been concerned. Therefore, it is require
us to remove these REEs within the scope of permissible concentration before
discharge into subsurface environments. Considering the technical, economical and
health-related points, the adsorption process seems to be a more appropriate

technology for the removal of REEs from pollutants.

1.3 Adsorbents

There are many processes for the treatment of metalcontaminated wastewaters
including chemical precipitation, membrane filtration, reverse osmosis, ion exchange,
and adsorption. However, their use is limited due to various disadvantages. Among
environmentally friendly technologies for the removal of heavy metals from aquatic
effluent, biosorption has attracted increasing research interest recently [48-50]. The

major advantages of biosorption are its high effectiveness in reducing the heavy



metals and the use of inexpensive biosorbents [50]. Biosorption studies using various
low cost biomass as adsorbents have been currently performed widely for the removal

of heavy metals from aquatic effluent [51-58].

Activated carbon

Activated carbon, also called activated charcoal, or activated coal, is a form of
carbon processed to have small, low-volume pores that increase the surface area
available for adsorption or chemical reactions [59]. Carbon adsorption has numerous
applications in removing pollutants from air or water streams both in the field and in
industrial processes such as: spill cleanup, groundwater remediation, drinking water
filtration, air purification [3, 8, 37].

Activated carbon has shown great potential for the removal of various inorganic
and organic pollutants and radionuclides due to properties such as large surface area,
microporous structure, and high adsorption capacity [59, 60]. As a promising material
among nanostructured carbon materials, powdered activated charcoal (AC) continues
to attract tremendous attention due to its unique physical and chemical properties [10,
13]. In particular, the chemical functionalization of AC can modify its physical and
chemical properties, leading to an improved performance in various applications [59,
61].

Zeolite
Zeolites are microporous, aluminosilicate minerals commonly used as

commercial adsorbents and catalysts [ 62 ]. Zeolites have uses in advanced



reprocessing methods, where their micro-porous ability to capture some ions while
allowing others to pass freely, allowing many fission products to be efficiently
removed from nuclear waste and permanently trapped. Zeolites are also used in the
management of leaks of radioactive materials. For example, in the aftermath of the
Fukushima Daiichi nuclear disaster, sandbags of zeolite were dropped into the
seawater near the power plant to adsorb radioactive caesium which was present in
high levels [63]. Natural zeolites have been used as cationic exchange materials for
the remediation of heavy metals and other contaminants due to their excellent
properties as adsorbents [64, 65]. They also have the advantages of being very
abundant in nature and possessing high chemical stability.

During the last decade, alternative and novel modifications have been exploited
to give zeolites new properties that can increase their applications. In fact,
modifications with cationic surfactants, such as high molecular-weight quaternary
ammonium salts, have rapidly become important because they provide zeolites with
the potential to behave as anionic exchangers [64, 66].

Chitosan

Chitosan is a linear polysaccharide composed of randomly distributed
B-(1-4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine
(acetylated unit). It is made by treating shrimp and other crustacean shells with the
alkali, sodium hydroxide [67]. Chitosan is a naturally occurring substance that is
chemically similar to the plant fibre called cellulose. Unlike plant fibre, Chitosan

possesses a positive ionic charge that can achieve remarkable results — the ability to



attract digested fat, heavy metal and toxic substances which are negatively charged
into a large mass. Chitosan is a safe ingredient that is biodegradable [68] and
environmentally biocompatible [69]. It has been safely used in many fields.

Among many biosorbents, chitosan can be an excellent biosorbent for metals
because its amine (-NH») and hydroxyl (-OH) groups may serve as coordination sites
to form complexes with various heavy metal ions [70, 71]. Uses of chitosan on the

removal of various pollutants have been adequately reviewed.

1.4 Theory

Adsorption isotherms

Adsorption 1s usually described through isotherms, that is, the amount of
adsorbate on the adsorbent as a function of its pressure (if gas) or concentration (if
liquid) at constant temperature. The quantity adsorbed is nearly always normalized by
the mass of the adsorbent to allow comparison of different materials [20, 28, 72].
Two common adsorption model, Langmuir and Freundlich isotherm model was

applied to evaluate the adsorption data obtained in this study.

Langmuir model assumes monolayer sorption onto a surface and is given by

)

where C. is the concentration of Cr(III) in a batch system at equilibrium (mg-L™), g.
is the amount of adsorption of Cr(IIl) at equilibrium (mg-g"), gmax is the maximum
adsorption capacity on the surface of activated carbon (mg-g"), K, is the equilibrium

adsorption constant (L-mg™). A plot of C./qg. versus C. gives a straight line with slope



of 1/gmax, and intercept is 1/ (Kz gmax), K1 can be related to the adsorption free energy

AGags (J-mol ™), by the following equation:
nAGass= -RT InK (3)

where R is the gas constant (8.314 J.K'mol'), T is the absolute temperature at
equilibrium (K), and K is the equilibrium constant at temperature 7.
The equilibrium constant, b can be calculated from:
Ki=q./ C. (4)
Where C. and g. were same as mentioned above in Eq.(2).
The equilibrium adsorption constant [73, 74] (K;) can be used to determine the
suitability of the adsorbent to adsorbate by using dimensionless parameter, Hall

separation factor [75] (R.), which is defined as

1
- 5
R, (1 +KLC0) %)

where C, (mg-L™") is the initial concentration.
The linearized Freundlich model isotherm is represented by the following equation:
logioge = logioKr + (1/n) logioCe (7)
The plots of g. versus C. in log scale can be plotted to determine values of //n and Kr

from power equation depicting the constants of Freundlich model.
Kinetic Model

The rate equation for a chemical reaction is an equation that links the reaction rate
with concentrations or pressures of reactants and constant parameters (normally rate
coefficients and partial reaction orders) . For many reactions the rate is given by a

power law such [76] as

r=k[AJ[B} (®)
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where [A] and [B] express the concentration of the species A and B, respectively
(usually in moles per liter (molarity, M)). The exponents x and y are the partial
reaction orders and must be determined experimentally; they are often not equal to the
stoichiometric coefficients. The constant k is the rate coefficient or rate constant of the
reaction. The value of this coefficient k may depend on conditions such as
temperature, ionic strength, surface area of an adsorbent or light irradiation.

Kinetic models have been proposed to determine the mechanism of the adsorption
process which provide useful data to improve the efficiency of the adsorption and
feasibility of process scale-up [18, 77]. In the present investigation, the mechanism of
the adsorption process was studied by fitting pseudo first-order and second-order
reactions to the experimental data.

The pseudo first-order model is given by the following equation:

In(g, —q,) =In(q ) -kt )
where g. and ¢, are the adsorption capacities of Cr(IIl) and Cr(VI) using chitosan at
equilibrium and time ¢, respectively (mol-g"'), and k; is the rate constant of the
pseudo-first-order adsorption (h™).

The linear form of the pseudo second-order rate equation is given as follows:

t_ 1t (10)

a9, kq q,
where ¢g. and ¢; are the adsorption capacities of Cr(III) and Cr(VI) using chitosan at
equilibrium and time ¢, respectively (mol-g™'), and k is the rate constant of the

pseudo-second-order adsorption (g-mol'-h™).

-11-



1.5 The Purpose and Outline of the Thesis

In this thesis, the objective elements are mainly lead (Pb), chromium (Cr), REEs
(lanthanides, as well as scandium (Sc) and yttrium (Y)) and the objective material for
adsorption using activated carbon modified with KMnOQOs.

The purpose of present study is to investigate the recovery and/or eliminate
method of Pb, Cr, and REEs by shell biomass. The adsorption agent can be applied to
the fields of treatment of the heavy metal waste water, restoration of heavy metal
polluted water bodies, and the like. The ultimate aim in this study is to investigate the
efficiency of the charcoal as adsorbent for heavy metals and REEs for more practical
use in future.

In this paper, there are 4 chapters.

In Chapter 1, the general introduction was stated.

In Chapter 2, adsorption of heavy metal and REEs onto activated carbon modified
with Potassium permanganate. This study investigated the adsorption of Pb, Cr, and
REEs by activated carbon modified with potassium permanganate. Adsorption
experiments from aqueous solutions containing known amounts of Pb, Cr, and REEs
were explored in a batch system. The amount of Pb, Cr, and REEs adsorbed at
different pH values, initial concentrations, sorbent dosages, contact times, and
temperature were determined by ICP-AES or ICP-MS in order to determine the
optimum conditions for Pb, Cr, and REEs adsorption. The metals adsorption on
modified and unmodified activated carbon conformed to the Langmuir isothermal
adsorption equation. Overall the modified activated carbon exhibited a higher
adsorption capacity and stronger chemical affinity than pristine activated carbon. The
rates of adsorption were found to conform to pseudo-second order Kkinetics.
Furthermore, to evaluate the characteristics of the sample used in this work, the

-12-



surface morphology of the carbon (both modified and pristine carbon) was determined
by N>-BET, SEM and FT-IR.

In Chapter 3, adsorption of heavy metals and REEs by zeolite/zhitosan hybrid
composite (ZCHC). This study investigated the adsorption ability of ZCHC as
adsorbent for aqueous Pb, Cr, and REEs, ZCHC was prepared with sol-gel method by
mixing zeolite and chitosan, and the surface morphology of the zeolite, chitosan and
ZCHC was determined by N>-BET, SEM and FT-IR. Adsorption experiments as
above chapter 1.

In Chapter 4, the conclusions of the thesis are presented.

-13-



Table 1-1 REEs, atomic numbers, abundances and applications [45, 78]

Atomic  Element Upper Crust
Applications
Number (Symbol) Abundance /ppm
Light aluminium-scandium alloy for aerospace
21 Scandium(Sc) 5.0
components, additive in Mercury-vapor lamps
Yttrium-aluminium garnet (YAG) laser, yttrium vanadate
(YVO4) as host for europium in TV red phosphor, YBCO
39 Yittrium(Y) 22
high-temperature superconductors, yttrium iron garnet
(YIG) microwave filters, energy-efficient light bulbs
High refractive index glass, flint, hydrogen storage,
57 Lanthanum(La) 30 battery-electrodes, camera lenses, fluid catalytic cracking
catalyst for oil refineries
Chemical oxidizing agent, polishing powder, yellow
colors in glass and ceramics, catalyst for self-cleaning
58 Cerium(Ce) 64
ovens, fluid catalytic cracking catalyst for oil refineries,
ferrocerium flints for lighters
Rare-carth magnets, lasers, core material for carbon arc
lighting, colorant in glasses and enamels, additive in
59 Praseodymium(Pr) 7.1
didymium glass used in welding goggles, ferrocerium
firesteel (flint) products.
Rare-earth magnets, lasers, violet colors in glass and
60 Neodymium(Nd) 26
ceramics, ceramic capacitors
61 Promethium(Pm) - Nuclear batteries
62 Samarium(Sm) 4.5 Rare-earth magnets, lasers, neutron capture, masers
Red and blue phosphors, lasers, mercury-vapor lamps,
63 Europium(Eu) 0.88
NMR relaxation agent
Rare-earth magnets, high refractive index glass or garnets,
64 Gadolinium(Gd) 3.8 lasers, X-ray tubes, computer memories, neutron capture,
MRI contrast agent, NMR relaxation agent
65 Terbium(Tb) 0.64 Green phosphors, lasers, fluorescent lamps
66 Dysprosium(Dy) 3.5 Rare-earth magnets, lasers
67 Holmium(Ho) 0.80 Lasers
68 Erbium(Er) 2.3 Lasers, vanadium steel
69 Thulium(Tm) 0.33 Portable X-ray machines
70 Ytterbium(Yb) 2.2 Infrared lasers, chemical reducing agent
71 Lutetium(Lu) 0.32 PET Scan detectors, high refractive index glass

-14 -



Chapter 2 Adsorption of heavy metal and
REEs onto activated carbon modified with

potassium permanganate
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2.1 Introduction

The amount of heavy metal ions released into the environment has been
increased due to industrial activities and technological development. Furthermore,
indiscriminate disposal has caused worldwide concern for many years because of the
toxicity, accumulation in the food chain, persistence in nature, and concentration by
organisms [9, 10,79]. Heavy metals are not biodegradable and tend to accumulate in
living organisms, causing various diseases and disorders [78, 80]. It is, therefore,
important to reduce the levels of toxic metals or to completely remove them from
wastewaters before being discharged into the environment [7]. Then, the minimization
and assessment of harmful pollutants such as lead (Pb) and uranium (U) in the
environment are very significant from the viewpoint of environmental protection.

Recently, adsorption based on carbonaceous materials including activated carbon
(AC)[81], biochar [26], and carbon nanotubes [82] has been gradually applied to this
area. Activated carbon has shown great potential for the removal of various inorganic
and organic pollutants and radionuclides due to properties such as large surface area,
microporous structure, and high adsorption capacity. The mechanisms of heavy metal
ion adsorption on ACs are very complicated and appear attributable to physical
adsorption, electrostatic attraction, precipitation and chemical interaction between the
heavy metal ions and the surface functional groups of ACs. Among these, chemical
interaction between the heavy metal ions and the surface functional groups of ACs is

the major adsorption mechanism (see Fig. 2-1) [8, 83, 84]. The activation of AC is
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known to play a key role.

Surface functional group density, rather than total surface area, becomes the
primary determinant of inorganic pollutant adsorption capacity. Activation of ACs
plays an important role in enhancing the maximum adsorption capacity because of the
modification in the surface morphology and surface functional groups. Activation of
ACs under oxidizing conditions with chemicals such as KMnO4, HNO3, H,0,, NaClO,
H,>S0O4, KOH, and NaOH have been widely reported [85, 86].

Considering the above discussion, uptake experiments for the adsorption of Pb**
from aqueous solutions by activated carbon modified with potassium permanganate
(KMnO4) was carried out in this work. Two concentrations of KMnO4 (0.01 mol/L
and 0.03 mol/L) were used. Furthermore, to evaluate the characteristics of the
activated carbon modified with KMnOQs, the surface morphology, specific surface area,
and functional groups of the material were determined by scanning electron

microscope (SEM), Brunaecur—Emmet—Teller (BET) method, and FT-IR, respectively.

2.2 Experimental Section

2.2.1 Materials

Activated carbon used in the study was purchased from the Sigma-Aldrich, Inc.,
USA. This product is an untreated, granular carbon with a particle size of less than 75
microns (80%-90%) (100-400 mesh). The carbon is prepared from wood which has
been chemically activated. Solutions containing competitive ions (Na®, K*, Ca*", or

Mg?") were individually prepared using nitrate salts: NaNO;, KNOs;, Ca(NOs),, and

-17-



Mg(NO3),. Chemical reagents including KMnOs were purchased from Kanto
Chemical Co., Inc. (Japan). For all experiments, each stock solution was suitably
diluted with deionized water for use. All reagents used were of analytical grade, and
water (> 18.2 MQ) which was treated by an ultrapure water system (Advantec
aquarius: RFU 424TA) was employed throughout the work. The pH meter (HORIBA
F-72) was used for measurement of pH while adjusting the pH of the solutions using

0.1 mol/L NH4OH aqueous/0.1 mol/L HNO:3.

2.2.2 Apparatus

The concentration of Pb and Cr/or REEs in the filtrate was determined with an
atomic absorption spectrophotometer (AAS) and inductively coupled plasma-atomic
emission spectrometry (ICP-AES), respectively. The operating condition of ICP-AES
is shown in Table 2-1. Characterization of the structure of the chitosan was carried
out by N> adsorption/desorption tests (Micromeritics TriStar 3020). The Brunaeur,
Emmet and Teller (BET) method was applied to determine the surface area. The pore
volume was calculated from the amount of N> adsorbed at the relative pressure of
0.99. The surface morphology of chitosan was surveyed using a scanning electron
microscope (SEM) from (JEOL (Japan Electron Optics Laboratory), JSM-5800,
Japan). The ACs were characterized bands of graphite structure using Fourier
transform infrared (FT-IR) spectroscopy (FTIR-4200, Jasco, Japan) in pressed KBr
pellets. The measurement of pH in solution was carried out using a pH meter

(HORIBA, F-21, Japan).

-18-



2.2.3 Modification of Activated Carbon with KMnQy4

The AC was washed by deionized water (at 80 °C) to remove fine powder and
contaminants, and then dried at 110 °C for 2 h before use. 5 g of the activated carbon
were placed in a 200 mL conical flask which containing 50 mL KMnOj solution (0.01
or 0.03 mol/L). Adjusting the temperature to 25 °C and stirring for 12 h, the resulting
solution was filtrated through 0.45 um membrane filter. Then, the filtrate was washed
with deionized water until the pH (of the filtrate) is constant. The activated carbon
was dried at 70 °C for 6 h. The pristine and modified (i.e., modified with 0.01 mol/L
and 0.03 mol/L KMnO4 solution) activated carbons were described as AC0O, ACk; and

ACks, respectively.

2.2.4 Characterization of ACs (Activated Carbons)

Various characterization methods have been used to determine physicochemical
properties of pristine and modified activated carbons. The surface morphologies of
these ACs were surveyed by using a SEM (Hitachi S-4300). Surface areas and pore
volumes of these ACs before and after Cr (VI) adsorption was carried out by N»
adsorption/ desorption tests (Micromeritics TriStar 3020). Surface functional groups

were identified by FT-IR spectrometer (FTIR-4200, Jasco, Japan).

2.2.5 Adsorption experiments of heavy metal ions and REEs using

modified activated carbon

For investigating the effects of pH, contact time, sorbent dose and initial

-19-



concentration on the adsorption of Pb**, Cr (VI), REEs, the following adsorption
experiments were performed using modified activated carbons. Activated carbons
were thoroughly mixed with 50 mL of containing known amount of Pb**, Cr (VI),
REEs, in a 200 mL conical flask, and the suspensions were shaken in a water bath at
room temperature (25+2 [1), respectively. Adsorption experiments were conducted in
the pH range of 3—7, adsorbent dosage 0.1-1.5 g-L"!, contact time from 1h to 24h, and
initial concentration from 20 to 200 mg-L™'. The pH of each solution was adjusted by
using 0.1 mol-L"' NH3 aq/ 0.1 mol-L"! HNO;.

Following each adsorption experiment, the suspension containing carbon and the
above standard solution was filtered through a 0.45 ym membrane filter (Advantec
Mixed Cellulose Ester, 47 mm) to remove Pb?*, Cr (VI), REEs that have been
adsorbed into the activated carbon, and the concentration of Pb in the filtrate was
determined with an AAS or ICP-AES.

The metal uptake by the activated carbons was calculated using the following

equation:

,=C=C) )
m

where ¢ is the adsorption capacities of Pb*, Cr(VI), REEs using modified
activated carbon at equilibrium (mg - g'), C; and C. are the initial and equilibrium
concentrations of metal ions in a batch system respectively (mg - L"), V' is the volume

of the solution (L), and m is the weight of adsorbent (g).
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2.2.6 Effect of competitive cations on the adsorption of Pb**

The effect of competitive ion on the adsorption of Pb*" was studied as the following
experiment under the optimum conditions which was obtained from 2.2.5. The initial
Pb** concentration was taken as 100 mg-L™' based on preliminary experiments. In a
200 ml conical flask, each activated carbon sample (50 mg) was contacted with 50 mL
of Pb** solution under the different concentrations (i.e., 0, 10, 20, 50, 100, 200 and
500 mg-L") of sodium (Na), potassium (K), calcium (Ca) or magnesium (Mg) ion
separately and in combinations of all 4 ions (where the concentrations of each ion
were 0, 10, 20, 50, 100, 200 and 500 mg-L™"). Other experimental conditions and

methods were basically the same as that mentioned in section 2.2.5.

2.2.7 Effect of competitive anions on the adsorption of Cr (VI)

The effect of competitive metal ions (ie., Fe**, Co*', Ni**, Zn*') on the
adsorption of Pb** and Cr (VI) were studied as the following experiment. In this
experiment, the initial concentration of Pb*" and Cr (VI) was taken as 100 mg-dm™
based on preliminary experiments [32]. In a 200 ml conical flask, each ACs (0.1 g)
was contacted with 100 cm® of Pb*" and Cr (VI) solution under the presence of iron
(Fe*"), cobalt (Co?*") , nickel (Ni*") and zinc (Zn?") ion at different concentrations 10,
50 and 100 mg-dm™. Other experimental conditions and methods were basically the

same as that mentioned above in section 2.2.5.
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2.2.8 Effect of competitive metal ions on the adsorption of heavy

metals

The effect of competitive anions on the adsorption of Cr (VI) was studied as the
following experiment. In this experiment, the initial concentration of Cr (VI) was
taken as 100 mgxdm-3 based on preliminary experiments [32]. In a 200 ml conical
flask, each ACs (0.1 g) was contacted with 100 cm3 of Cr (VI) solution under the
presence of chloride (Cl-), nitric acid (NO3-) and sulfuric acid (SO42-) ion at
different concentrations 50, 100 and 200 mgxdm-3. Other experimental conditions

and methods were basically the same as that mentioned above in section 2.2.5.

2.2.9 Regeneration studies

From industrial and technological point of view, it is desirable to recover the
adsorbed material along with the adsorbent in wastewater treatment processes [76].
AC was exhausted with 100 mg-dm™ Pb** and 100 pg-dm>Cr (VI) and La(11I) at pH 3
before regeneration, respectively. In each desorption experiment, 50 mg of the spent
adsorbent was treated with 50ml of desorption agent, then filtered and finally Pb**, Cr
(VD) and La(IIT) content in the filtrate was determined. Adsorption—desorption studies
were continued during the five cycles by using 5%, 10% HCI, 5%, 10% HNO; and

5%, 10% NaOH at 907 for 4h as eluent, respectively.
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2.3 Results and Discussion

2.3.1 Characterization of the modified activated carbon

The FT-IR spectra of the pristine and modified activated carbon (i.e., ACo, ACk1 and
ACks3) are shown in Fig. 2-2. The pristine and modified activated carbon displayed the
characteristic bands of the graphite structure of carbon at 1615 cm™ [32, 60, 87].
Moreover, an OH stretching band, one of the typical peaks of activated carbon, was
found at 3300 to 3500 cm™. The peak at 3433 cm™ was related to the hydroxyl groups
(-OH) stretch from deprotonated pristine and modified activated carbon. The wide
peak at 1550 to 1750 cm™ shows the asymmetric stretch of the carboxylate (-COO-)
group [60].

The surface properties of the activated carbon were investigated by N> adsorption
(TriStar II 3020 Micromeritics), and the analytical results for the
adsorption/desorption isotherms are shown in Table2-2.

The pore volume was calculated from the amount of N> adsorbed at the relative
pressure of 0.99. The pore size was calculated from the adsorption average pore width
(4V/A by BET) in this work. From Table 2-2, it is found that the pore volume and
pore size as well as the specific surface area decreased significantly after modification
with KMnOs. The isotherm showed a type H1 isotherm with a clear hysteretic loop,
characteristic of disordered micro-porous materials.

The SEM micrographs of the activated carbon are shown in Fig. 2-3. The

modified AC (Fig. 2-3B and 2-3C) seemed to exhibit a more compact stacking
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morphology than the pristine AC (Fig. 2-3A), due to cohesive forces, which may be
generated from the introduction of oxygen containing functional groups. These results
are consistent with those of the N, adsorption-desorption experiment. The decrease of
the pore volume and pore size may be related to the increase of acidic groups on the

surface of activated carbon treated with KMnOg,

2.3.2 Adsorption of lead on modified activated carbon

Effect of pH

To investigate the effect of solution pH on Pb?" adsorption efficiency, the pH of
the solution was varied from 3 to 7, while the Pb*" concentration was kept constant at
100 mg-L". The experimental results are presented in Fig.2-4. The Pb*" adsorption
efficiency was at pH 5 regardless of the kind of adsorbent (Figure 3). The uptake of
Pb** increased from 50.8% at pH 3 to 90.0% at pH 5, and at higher pH value, it
remained almost constant (or decreased only slightly). Notably the adsorption
capacities decreased at low pH values due to the competition of protons with metal
ions for active binding. On the other hand, lead precipitated from the solution at
higher pH values as lead hydroxide. From the FT-IR spectra of AC (Fig. 2-2), it was
clear that, the hydroxyl groups (-OH) were introduced onto AC. We hypothesized that
the Pb** adsorption occurred predominantly by cation exchange reaction between the
H" of the hydroxyl groups on modified AC and cationic Pb** species. However, it is
possibile that Pb?" was removed to some extent via precipitation at higher pH values

rather than by adsorption on the modified AC. Hence, pH 5 was utilized for further

-24-



experiments.

Effect of contact time

The effect of contact time on Pb** adsorption efficiency using 1.0 g-L' ACks
(100 mg-L! of solution) was investigated at pH 5.

More than 80% Pb was removed within 1 h, and it gradually increased at 2 h.
Approximately 90% of Pb was removed from the solution at the contact time of 2 h.
After 2 h, there was no appreciable change. Therefore, 2 h was chosen as the

optimized contact time for the rest of the experimental work.

Effect of adsorbent dosage

Under the optimized pH conditions (i.e., pH 5) and contact time (i.e., 2 h), the
adsorption behavior of ACx; at different dosages (from 0.1 to 1.5 g-L") was studied in
100 mg-L= Pb*" solution.

More than 90 % of Pb** was removed with a dosage of 1.0 g-L"' (Fig. 2-5). The
removal increased remarkably with higher dosage rates, but no remarkable increase
was observed at dosages greater than 1.0 g-L™'. Therefore, 1.0 g-L"' was considered as
the optimum dosage for the remainder of the study.

Effect of temperature

Study was carried out by varying temperature from 20°C to 40°C for contact time
of 8h with a dosage of 50 mg at pH 5, concentration at 100 mg/L. The results are
shown in Fig. 2-6. The highest uptake was observed at 25°C, and there is no
appreciable change of the uptake of Pb** with increasing temperatures. Hence, 25°C

was selected for the rest of this study.
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Effect of competitive ions

Competitive experiments were conducted under the optimized pH conditions (i.e.,
pH 5), contact time (i.e., time 2 h), and sorbent dosage (i.e., 1 g/L) using different
concentrations of Na*, K*, Ca*", or Mg”* separately and combination of all 4 ions (i.e.,
0, 10, 20, 50, 100, 200, and 500 mg-L"). The percent removal of Pb** decreased in the
presence of Na*, K*, Ca?", or Mg®" with concentrations from 0 to 500 mg-L"' (Fig.
2-7). A remarkable decrease in the adsorption capacity of Pb?" was not observed, even
with common ions at concentrations of 100 mg-L"' (i.e., more than 80% Pb*" was
removed; Fig. 2-7). This implied that activated carbon was an efficient adsorbent for
Pb**, although further investigations are required for the realization of practical

application.

2.3.3 Adsorption of Cr (VI) on modified activated carbon

Effect of pH

The removal of metallic species from water by an adsorbent is highly dependent
on the pH of the solution, which affects the surface charge of the adsorbent, the
degree of ionization and the chemical speciation of the adsorbate species [88]. To
investigate the effect of solution pH on Cr(VI) adsorption efficiency, the pH of the
solution was varied from 3 to 7, while the Cr(VI) concentration was kept constant at
100 pg-L'. The experimental results are presented in Fig. 2-8. From Fig. 2-8, it is
obviously found that Cr(VI) adsorption was strongly pH dependent, and that Cr(VI)
adsorption was superior at low pH [75]. The distribution of Cr(VI) at different pH is

shown in Fig. 2-9. Cr(VI) exists as hydrogen chromate anions (HCrO4") between pH
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2.0 and pH 6.5 and it exists as chromate ions (CrO4*") at pH 8 according to the

following Egs. (1)-(3) [75]:

HCrOs«CrOs* + H' (6), pKa=15.9 (1)
H>CrO4—~HCrO4 + H" (7), pKa=4.1 (2)
Cr,07* + H,O0-2HCrOy4 (8), pKa = 2.2 3)

On the other hand, the possible reactions on carbon surface with increasing pH
can be expressed as follows [89]:
AC-OH,"<AC(OH)* + H' 4)
AC(OH)’«AC-O" + H' (5)
The protonated carbon surface shows great affinity to the anions because of the
electrostatic attraction. Therefore, it promotes the adsorption of the negatively
charged hydrogen chromate ions from the solution. Proton dissociation occurs with
increasing pH, and consequently, deprotonated surface repulses the hydrogen
chromate ions. Cr (VI) exists as chromate ion (CrOs*") at pH above 6.5. At pH 8, the
uptake capacities are very low. This could be explained as competitiveness between
chromate and hydroxyl ions.
Hence, pH 3 was taken for further experimental work.
Effect of Contact Time
The effect of contact time on Cr(VI) adsorption efficiency using 1.0 g-L' ACks
(100 mg-L! of solution) is investigated at pH 3.
The removal of Cr (VI) more than 85% was observed within 1h, and it gradually

increased up to the contact time of 2 h. Approximately 95% of Cr (VI) removal from
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the solution was observed at the contact time of 4 h, and after that there was no
appreciable change. Hence, 4 h was chosen as the optimized contact time for the rest
of the experimental work.
2.3.4 Adsorption of REEs on modified activated carbon

Strong surface complexation and/or chemisorption are considered as the main
adsorption mechanism of radionuclides such as Eu(Ill) [159] adsorption on ACs.
Radionuclide is bound to ACs in two forms at least, fast adsorption on the outer
surfaces of ACs and slow adsorption in the inner channel of ACs, the distribution of
which is time-dependent [90]. More and more radionuclide enters the inner channel of
ACs with increasing time and forms strong complexes in the central channel of ACs
(as shown in Fig. 2-10). The radionuclides in the inner channel of ACs are difficult to
be desorbed from ACs, whereas the adsorbed radionuclides on the outer surfaces of
ACs can be easily desorbed from ACs to aqueous solution in acidic solution.
Comparing to other adsorbents, the irreversible adsorption of radionuclides on ACs is
much more important for radionuclides disposal for long time. As for oxidized ACs, it
has been found that the lanthanide ions likely coordinate to these nanotubes through
the increased number of oxygen atoms, forming predominantly ionic bonding
arrangements.
Effect of pH

Aqueous solution pH can affect the surface charge of the adsorbent, the degree of
ionization and speciation of metal ions and surface metal binding sites [91, 92]. The

effect of initial pH on the adsorption was investigated over a pH range 2-8, the uptake
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of REEs on the ACs at the initial concentrations of 100 pg-L™', and the corresponding
data are contained also in Fig. 2-11. The pH was adjusted using diluted nitric acid and
sodium hydroxide (0.1 mol-L™!). At this concentration, the pH range was kept below
7.0 in order to avoid any bulk precipitation of REE hydroxides. It is seen that by
increasing the aqueous solution pH up to 3, the adsorption percentage increases, that
modified activated carbon showed the highest capacity, and beyond pH of 3.0 the
uptake more than 80%. This pH dependency can be described by considering a
decrease in the positive surface charges by aqueous solution pH [14, 93]. The results
allowed choosing initial pH 3 as the optimum value for continuing the extraction
experiments.
Effect of contact time

In order to optimize the time required for access to equilibrium condition, a
series of single component sorption experiments for removal of REEs (initial
concentration 100 pug-L") from aqueous solutions adjusted at pH 3 by using 50 mg of
ACs, respectively, by contacting the phases for 30 min to 12 h were performed (Fig.
2-12, take Sc for example). This investigation lets also verifying the kinetics of
process, which will be discussed later in section 2.3.5. The results reveal a relatively
fast adsorption process of both ions onto ACk; and ACk3 with respect to the kinetics
of the adsorption by ACy. Based on the obtained results, we used 8 h for adsorption of
the studied ions by ACs.
2.3.5 Adsorption Isotherms

Adsorption isotherms are commonly used to reflect the performance of
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adsorbents in adsorption processes. In this paper, Langmuir and Freundlich isotherms
were applied to the data obtained in this work. The linear plots of C./q.-C. and
lgq.-lgC. were presented for Langmuir (Fig. 2-13, Fig. 2-14, Fig. 2-16) and
Freundlich (Fig. 2-15) models, and the coefficient of both isotherms are shown in
Table 2-3-Table 2-5.

From Table 2-3, it is also found that R’ value for each adsorbent is
comparatively large. On average, the Langmuir model correlation coefficients were
found to be closer to unity with generally raise standard deviations compared to the
Freundlich isotherm model. However, due to the nature of the material, multiple
binding sites are available, thus the Langmuir isothermal is adopted. That is to say,
favorable adsorption for Pb**, Cr (VI), REEs by the activated carbon is presented. This
result suggests that the both physical and chemical adsorptions are existing in these
ACs, that the adsorption of heavy metals and REEs on zeolite, chitosan and ZCHC
mainly occurred by monolayer reaction.

2.3.6 Kinetic Studies

The linear plot of #/q; versus ¢ for metal adsorption system under the optimized
experimental conditions is shown in Fig. 2-17-Fig. 2-19. The pseudo-second-order
rate constant (k) and the amount of adsorbed lead (g.), obtained from the intercept and
slope of the plot of t/g; vs. ¢t are listed in Table 2-6-Table 2-8 along with the
regression coefficients (R?).

Considering the values of correlation coefficients, the pseudo secondorder

kinetic model provided an impressive and comparable correlation for the adsorption
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of ions. The comparison of the evaluated adsorption capacity considering the pseudo
second-order equation (qc) and that found experimentally (qexp) confirms also the
validity of the proposed model. It suggests that the rate determining step might be
chemical and the adsorption process involves the valency forces through sharing
electrons between the metal ions and adsorbent.

The suggests that for the most part, the adsorption takes place in two steps. The
first linear region represents the stage of film diffusion, which is the diffusion of Pb*",
Cr (VI), REEs from the bulk solution to the external surface of the ACs. The second
region can be attributed to intraparticle diffusion stage due to the rough surface and
voids within the ACs. The film diffusion stage is larger than the intraparticle diffusion
stage, which is represented by a larger slope (kp). The lower slope for the intraparticle
diffusion indicates a more gradual process, which is consistent with the parameters of
Weber’s intraparticle diffusion model [3]. Most of the plots do not pass through the
origin, indicating the intraparticle diffusion is not the rate limiting step[94]. The
intercept (Cip) reflects the boundary layer effect, that is, the larger the intercept, the

greater the contribution of the surface adsorption in the rate controlling steps[95].

2.3.7 Desorption performance of heavy metal from ACs

Adsorption—desorption studies were continued during the five cycles by using
5%, 10% HC, 5%, 10% HNO; and 5%, 10% NaOH at 90°C for 4h as eluen, the ACs
was filtered, the solution was analyzed by ICP-AES and the percent desorbed
determined. The percent adsorbed and desorbed for each cycle is shown in Fig. 2-20

Fig. 2-21 and Fig. 2-22. It is clear that the desorption performance depends upon the
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nature of the solution. The results are promising, showing 92% and 78% desorption
for all Pb**, Cr (VI) and La(III) tested using 10% HNO;.

Then, the repeated availability of ACks through five cycles of
adsorption/desorption was investigated by using 10% HNO; as desorbing reagent.
The results are shown in Fig. 2-20 Fig. 2-21 and Fig. 2-22. The adsorption capacity
of ACk; towards Pb**, Cr (VI) and La (IIT) decreases from 92%, 85% and 71% to 37%,
23% and 9% after four cycles, respectively. The results indicate that ACs still present
the high adsorption capacity (about 70% relative to original) towards Pb**, Cr (VI)

and La(IIT) through three cycles of adsorption/desorption behavior.

2.3.8 Adsorption of polymetallic mixture from ACs

Competitive experiment for Pb** and Cr (VI) was performed at optimized under
the presence of common ions (Pb**, Fe**, Co*", Ni**, Zn’") at concentrations 100
mgdm™. The adsorption capacity of Pb** and Cr (VI) was decreased obviously, along

with the increasing concentration of common metal ions.

2.4 Conclusions

Carbon based materials have been extensively examined and applied for
adsorption of aqueous heavy metals. In this study, the efficiency of activated carbon
modified by KMnOs as adsorbent for Pb*", Cr (VI), REEs was investigated by batch
techniques. The results show that Pb**, Cr (VI), REEs adsorption capacity of ACk:

and ACks were increased after the modification with KMnO4. Adsorption of heavy
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metals and REEs onto such materials can generally be attributed to ion exchange with
carboxylic and phenolic hydroxyl functional groups.

The ACs showed excellent adsorption capacity even if large amount of
competitive ions exist in system. Particularly, ACs modified with KMnOy still showed
highest adsorption capacity.

The adsorption isotherm of Pb**, Cr (VI), REEs by ACs was well interpreted by
Langmuir and Freundlich models. However, the experimental data of the adsorption
of the studied ions onto ACs was suitably described by Langmuir isotherm, which
suggests a monolayer chemical adsorption of Pb**, Cr (VI), REEs on ACs. The
comparison evaluated correlation coefficients based on the studied kinetic models
allowed considering the pseudo-second order model suitable for describing the
adsorption processes. This analysis revealed the rate determining step might be
chemical and the adsorption processes involved the valency forces through sharing
electron between the metal ions and adsorbents.

Desorption of Pb**, Cr (VI) and La (lanthanum (III)) from the adsorbent has been
found to depend upon the nature of the extracting solution, and ACs still present the
high adsorption capacity towards heavy metals through several cycles of
adsorption/desorption behavior. ACs could be an efficient adsorbent for heavy metals
and REEs.

From this work, it was quantitatively clarified to some extent ACs could be an
efficient adsorbent for heavy metal and REEs. It is very significant information from

the viewpoint of environmental protection, and can be used for treating industrial
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waste waters including pollutants.
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Tables

Table 2-1 Operating conditions of the ICP-AES

Parameters

Plasma conditions

Rf frequency (MHz) 27.12
Incident power (kW) 1.3
Gas conditions
Outer gas (Ar) flow rate (dm® min™") 17
Intermediate gas (Ar) flow rate (dm* min™") 0.55
Carrier gas (Ar) flow rate (dm® min™) 0.58
Sampling conditions
Observation height (mm) 10.3

3
Integration time (s) Cr: 206.15;

Detection wavelength (nm)

La: 379.48; Eu: 381.97;
Lu: 261.54; Yb: 328.94;
Y: 371.03; Sc: 361.38.

Table 2-2 Textural characteristics of activated carbon

BET surface area Pore volume Pore size
Adsorbent
[m*g'] [em’-g] [nm]
ACo 381 0.402 4.23
ACki 373 0.390 4.18
ACxs3 346 0.348 4.03
Table 2-3 Coefficient of Langmuir isotherm for Pb** using AC.
KL
adsorbent Gmax [Mg-g '] R
[L-mg']
ACo 25.1 0.0452 0.983
ACxi 80.0 0.435 0.998
ACk3 101 4.60 1.00
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Table 2-4 Coefficient of Langmuir and Freundlich isotherms for Cr(VI) using ACs

Langmuir isotherm Freundlich isotherm

Kr
Jmax K RZ
R (mg-g")- n

(dm-3,mg-])l/n)

(mg'g")  (dm’mg’)

AC 43.0 1.72E-02 0.998 3.44 1.68 0.975
ACxki 109 1.88E-01 0.910 38.9 1.73 0.994
ACxs3 134 4.42E-01 0.988 61.7 2.01 0.987

Table 2-5 Coefficient of Langmuir and Freundlich isotherms for REEs

Langmuir isotherm Freundlich isotherm
Kr
{'max K
R [(ngg) I/n R
[ug-g'] [L-ug'] o
(L-ug)™]
ACy 48.0 0.291 0.992 11.9 0.334 0.779
La ACk; 57.9 0.341 0.998 23.8 0.245 0.773
ACxs 71.0 1.11 0.999 28.2 0.252 0.763
ACy 53.1 0.250 0.996 15.3 0.282 0912
Yb ACki 70.8 0.418 0.999 21.0 0.304 0.844
ACx3 84.6 0.612 0.999 31.4 0.261 0.845
ACy 52.7 0.257 0.993 15.1 0.289 0.859
Lu ACxi 62.4 1.48 0.999 26.4 0.238 0.828
ACk3 75.9 1.78 1.00 31.0 0.247 0.820
ACy 38.4 0.378 0.996 18.2 0.282 0.957

Eu
ACxi 80.6 0.433 1.00 25.2 0.300 0.821
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ACk3 97.2 0.176 1.00 42.8 0.235 0.837
ACo 57.4 0.182 0.993 13.2 0.342 0.839
Y ACk; 71.2 0.559 0.999 23.0 0.286 0.873
ACks 89.5 0.601 0.999 33.5 0.256 0.882
ACo 69.3 0.330 0.996 26.7 0.367 0.974
Sc ACk; 93.0 0.797 1.00 43.0 0.301 0.985
ACxk3 121.5 1.22 1.00 58.1 0.288 0.982
Table 2-6 Kinetic coefficients for Pb** adsorption on ACs
ge k
Activated carbon R
[mgg] [g-mol-h™]
AC 26.4 2.87x107 0.999
ACxi 81.8 1.16x1072 0.999
ACk3 101 4.51x102 0.999
Table 2-7 Kinetic coefficient for Cr (VI) adsorption on activated carbon.
qe k
Activated carbon R
(mg-g) (g'mol!-h™)
ACo 39.5 1.29 x 104 0.998
ACx 93.2 1.15 x 107 0.999
ACk3 99.5 5.14 x 107 0.997
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Table 2-8 Kinetic coefficient for REEs adsorption on adsorbents

pseudo-first-order

pseudo-second-order

qe ki e qe k> e
(hggh (h) (hgg) (107 gpghh

ACo 46.6 0.394 0981 83.5 0.776 0.995

La  ACx 497 0.401 0.980 92.9 1.39 0.999
ACxs  69.7 0440  0.959 99.9 1.56 0.999
ACo 43.9 0377 0955 82.7 0.126 0.995

Yb  ACk 600 0390  0.979 97.6 1.08 0.999
ACks  85.0 0428  0.959 102 1.80 1.00
ACo 38.4 0337  0.954 58.8 0.236 0.964

Lu  ACki 50.8 0339 0.959 95.1 1.26 0.999
ACks 6.0 0.381 0.907 99.1 1.9 0.99
ACo 39.1 0432 0.992 79.4 0.378 0.994

Eu  ACki 50.6 0457 0951 101 1.22 0.998
ACxs 821 0.520  0.968 104 2.41 1.00
ACo 45.9 0.288  0.986 93.5 0.471 0.993

Y  ACk 480 0440  0.954 97.8 1.41 1.00
ACxs 793 0462  0.959 103 1.63 0.999
ACo 8.48 0.261 0.957 91.3 0.942 0.993

Sc ACa 513 0477  0.968 98.9 1.54 0.996
ACxs 667 0.553 0951 100 1.90 1.00
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Figures

Raw AC Oxidized AC Ion exchange on AC surface

Fig. 2-1 Schematic of the major mechanism for sorption of metal ions onto AC surfaces

Transmittance [%]
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Fig. 2-2 FT-IR spectra of ACy, ACk1, and ACk3
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Fig. 2-3 SEM micrographs of the surface of activated carbon:

(A) unmodified; (B) modified with 0.01 mol/L KMnOys; (C) modified with 0.03 mol/L KMnO4
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Fig. 2-5 Effect of sorbent dosage on percent removal of Pb* using ACks
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Fig. 2-7 Effect of competitive ions on percent removal of Pb>* using ACx3
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Fig. 2-8 Effect of pH on percent removal of Cr (VI) using modified activated carbon.
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Functional groups

Radionuclides

Fig. 2-10 The possible process of Eu(IIl) adsorption diagram on CNTs
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Fig.2-13 Langmuir isotherm of Pb** adsorption on AC
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Chapter 3 Adsorption of heavy metals and
REEs by zeolite/zhitosan hybrid composite
(ZCHC)
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3.1 Introduction

Nowadays, environmental pollution including water pollution due to heavy
metals, nutrients, organic materials etc. is one of the most important problems
throughout the world.

Of all pollutants, Cr (VI)-containing wastes are considered one of the most
severe. In order to assess and minimize harmful pollutants such as Cr(VI) , ecological
restoration techniques using minerals [96], microbes [97], and organic substances [98],
are needed and very significant from the viewpoint of environmental protection.

Furthermore, the demand of rare earth elements (REEs) in modern technology
has increased remarkably over the past years. However, the supply of trace metals
including REEs has been restricted for particular countries, and the shortage of these
metals has been concerned in recent years, the establishment of the new recovery
method for the trace metals seems more and more important from the viewpoint of
resources recovery [47, 48, 99].

Zeolites are three dimensional aluminosilicate minerals with a porous structure
that have valuable merits, such as cation exchange, molecular sieving, catalysis and
adsorption [65, 100]. However, in many cases, these materials do not exhibit high
adsorption efficiencies for target metals and therefore their modification has been
reported to enhance their adsorption potential [71, 101]. Therefore, the development
of alternative adsorbents has been under an intensive study in recent decades.

Chitosan, as an abundant natural polysaccharide, has attracted much attention in

the biomaterial area because of its biocompatibility, biodegradability and
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non-antigenicity [66, 102]. In this study, chitosan is a hydrophilic and cationic
polymer product of chitin and was used to form a composite with zeolite, which is an
alumino-silicate with three-dimensional framework structure containing AlO4 and
SiO4 [67, 103]. Modifications were made in order to improve pore size, mechanical
strength, chemical stability, and hydrophilicity of chitosan[104, 105]. Then, it is
expected that the zeolite/chitosan hybrid material (ZCHC), which can incorporate the
merits of both materials, may exhibit promising capability for the removal of lead
from aqueous solution. Therefore, chitosan and zeolite are the composite materials
and have good developmental prospects.

This study investigated the adsorption ability of ZCHC as adsorbent for aqueous
Pb, Cr, and REEs, ZCHC was prepared with sol-gel method by mixing zeolite and
chitosan. Finally the further developments of ZCHC as composition adsorbent with

the future of application in the environmental chemistry are foretold.

3.2 Experimental section

3.2.1 Materials

Chitosan (50-100mPa-s; 0.5% in 0.5% Acetic acid at 20°C) was purchased from
Tokyo chemical industry Co., Ltd. The small granule zeolite, which particle size is
largely 0.84~1.68 mm (=80.0%) and some of more than 1.68 mm (=80.0%), was
purchased from Kanto chemical Co., Inc. (Japan).

Chemical reagents including Pb(NOs), were purchased from Kanto Chemical

Co., Inc. (Japan). Cr(VI) standard solutions were prepared by diluting a standard
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solution (1,000 mg-dm™ K,Cr,O7 solution) purchased from Kanto Chemical Co..

3 custom assurance standard

REEs standard solutions were prepared by diluting a 10 mg-dm
solution purchased from Spex CertiPrep. Each stock solution was diluted with deionized
water. All other chemical reagents were also purchased from Kanto Chemical Co.. All

reagents were of analytical grade, and water (>18.2 MQ) treated by an ultrapure water

system (Advantec aquarius: RFU 424TA) was employed throughout the work.

3.2.2 Synthesis of ZCHC

Zeolite were heated at 700°C for 3 h to activate the surface in a muffle furnace,
and then washed with hydrochloric acid (5%, volume) and deionized water (at 80°C)
to remove fine powders and contaminants, and was then dried at 110°C for 2 h before
use.

ZCHC was prepared by mixing solutions of chitosan and dispersions of zeolite in
water. The general procedure of the synthesis is as follows: firstly, 1 g chitosan was
dissolved in 20 mL of 0.2 M acetic acid with constant stirring at temperature of
50 ‘C. The 10 mL of deionized water was added into 10mL chitosan sol solution,
heated and stirred for 1 h. These solutions were mixed, while zeolite was dispersed in
the chitosan solution with constant stirring for 5 h at temperature of 50°C. Then the
solution was transferred into five 10 mL centrifuge tubes, which were centrifuged at
9000 rpm for 5 min, and then washed with deionized water to remove contaminants.
The mixed solutions were put on Petri dishes, and left to dry at room temperature for

24 h. The obtained films with their thickness 0.1 mm were used for the following
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adsorption experiments.

3.2.3 Characterization of ZCHC

Characterization of the structure of zeolite, chitosan and ZCHC was carried out
by N> adsorption/desorption tests (Micromeritics TriStar 3020). The pore volume was
calculated from the amount of N, adsorbed at the relative pressure of 0.99. The pore
size was calculated from the adsorption average pore width (4V/A by BET) in this
work. The surface morphology of ZCHC before and after Pb?" adsorption was

surveyed using a Scanning Electron Microscope (SEM, JCM-6000).

3.2.4 Adsorption experiment for heavy metal and REEs Using ZCHC

For obtaining the optimum conditions regarding the adsorption of heavy metal
and REEs, were studied by varying pH, contact time, adsorbent dose, and initial
concentration on the adsorption of heavy metal and REEs. The pH of each solution
was adjusted by using 0.1 mol-dm NH3aq (aqueous solution)/0.1 mol-dm™ HNOs.

Following each adsorption experiment, the suspension containing adsorbent and
the above standard solution was filtered through a 0.1 um membrane filter (Advantec
Mixed Cellulose Ester, 47 mm) to remove heavy metal and REEs that have been
adsorbed into the adsorbent, and the concentration of this metal in the filtrate was
determined with an AAS or ICP-AES.

The metal uptake by the adsorbent was calculated using the Eq. (1):

g==% )
w [mg-g'] (1)

-57-



where, q is the adsorption capacities of REEs at equilibrium (ug-g"), CO and Ce
are the initial and equilibrium concentrations of heavy metal and REEs in a batch
system respectively (ug-dm™), V is the volume of the solution (dm?), and W is the dry

weight of each adsorbent (g).

3.3 Results and Discussion
3.3.1 Characterization of ZCHC

The surface properties of zeolite, chitosan and ZCHC were investigated by N»
adsorption (TriStar II 3020, Micromeritics), and the analytical results for the
adsorption/desorption isotherms are shown in Table 3-1. The pore volume was
calculated from the amount of N2 adsorbed at the relative pressure of 0.99. The pore
size was calculated from the adsorption average pore width (4 V/A by BET) in this
work. The SEM pictures of the chitosan and ZCHC are shown in Fig. 3-1. By
comparing the surface structure chitosan and ZCHC, the zeolite treatment REEs to a
remarkable increase in the surface area and mesoporous volume of ZCHC sample.
Then ZCHC can be a good adsorbent for heavy metals and REEs. These results are

consistent with those of the N, adsorption-desorption experiment.

3.3.2 Adsorption of Pb** on zeolite and ZCHC

The surface properties of ZCHC before and after Pb?" adsorption were
investigated by N, adsorption (TriStar IT 3020, Micromeritics), and the analytical
results for the adsorption/desorption isotherms are shown in Table 3-2.

The SEM micrographs of the ZCHC before and after Pb**adsorption ZCHC are
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shown in Fig 3-2. From Fig. 3-2, it is found that the morphology of ZCHC surface
has hardly changed even after exposing Pb**, although the SEM picture after Pb**
adsorption slightly exhibit a more compact stacking morphology than the that before
adsorption (Fig 3-2B). From the above observation, ZCHC should be predicted to
withstand the repeated use; and hence it can be a good adsorbent for heavy metals
such as Pb*".

Effect of pH

With the aim of obtaining the optimum conditions, the effects of pH value, and
contact time in the case of a fixed dosage of adsorbent (ie., 1.0 g - L") on the removal
of Pb*" from the aqueous solution were investigated. The effect of pH on Pb*'
adsorption onto zeolite and ZCHC are shown in Fig 3-3.

From Fig 3-3, the uptake of Pb*" increased from 56.7% at pH 3 to 95.6% at pH 5,
and at higher pH value, it remained almost constant (or decreased slightly). Notably,
the adsorption capacities decreased at low pH values due to the competition of
protons with metal ions for active binding. On the other hand, lead precipitated from
the solution at higher pH values as lead hydroxide [9]. Hence, pH 5 was utilized for
further experiments.

Effect of contact time

The effect of contact time on Pb** adsorption onto zeolite and ZCHC are shown
in Fig 3-4. Approximately 90% of Pb was removed from the solution with ZCHC at
the contact time of 1 h, and it gradually increased at 4 h as shown in Fig 3-4. More

that 95% of Pb was removed from the solution at the contact time of 4 h. After 4 h,

-59-



there was no appreciable change. On the other hand, contact time of 8h was needed to
attain at equilibrium in case of zeolite. Therefore, 8 h was chosen as the optimized
contact time for more certainty for these samples at the rest of the experimental work.
Effect of adsorbent dosage

Under optimized condition of pH and contact time, adsorption behaviors onto
adsorbents at different dosages from 0.1 g-dm™ to 2.0 g-dm™ have been studied in 100
ug-dm? of Pb** solution, the results are shown in Fig 3-5. The removal of Pb*" more
than 90% was observed for 1.0 g-dm™ dosage, but no remarkable increase is observed
at a dosage more than 1.0 g-dm?. Therefore, 1.0 g-dm™ was considered as optimum

dosage for the removal of Pb** in our study.

3.3.3 Adsorption of Cr (VI) on ZCHC

For obtaining the optimum conditions regarding the adsorption of Cr(VI), the
effects of pH, contact time and dosage of adsorbents ((i.e., zeolite, chitosan and
ZCHC) on the removal of Cr(VI) from the aqueous solution were investigated.

Effect of pH

Solution pH is one of the most important parameters affecting adsorption
characteristics. In many cases, the dominant chemical species alter as pH varies. To
investigate the effect of solution pH on Cr(VI) removal efficiency by ZCHC, the pH
of the solution was varied from 2-8 (in 100 mg-dm™ of solution using 1.0 g-dm
ZCHC dosage for contact time of 6h). The experimental results using ZCHC are

shown in Fig.3-6 along with that by chitosan.
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Cr (VI) exists as hydrogen chromate anions (HCrO4) between pH 2.0 and pH
6.5, and it exists as chromate ions (CrO4*") at pH 8 according to the following Egs. (6)
- (8) [75,106, 107]:

HCrOs—CrOs* +H" pKa=5.9 (6)
H>CrO4—~HCrOs + H* pKa=4.1 (7)
Cr,07* + H,0<-2HCrOs pKa=2.2 (8)

The adsorption capacity of Cr (VI) reached maximum at pH 3 in case of using
ZCHC (whereas at pH 4 for zeolite and chitosan), where Cr (VI) may exist as HCrO4~
or (Cr,07*"). This anion species has a tendency to bind to the protonated active sites
of the chitosan in solution at optimum pH[108]. Cr (VI) exists as chromate ion
(CrO4*") at pH above 6.5. At pH 8, the uptake capacities are very low. This could be
explained as competitiveness between chromate and hydroxyl ions. Then, pH 3 was
taken for the removal of Cr (VI) by ZCHC (and pH 4 was used for zeolite and
chitosan) for further experiments.

Effect of contact time

The effect of contact time on the adsorption capacity of Cr (VI) using 1.0 g-dm™
adsorbent (100 pg-dm™ of solution) is investigated.

The adsorption capacity of adsorbents for Cr (VI) is shown in Fig.3-7. More than
50% (in case of zeolite), 60% (in case of chitosan) and 80% (in case of ZCHC)
adsorption was observed within first 30 min, and approximately 80% (in case of
zeolite and chitosan) and 95% (in case of ZCHC) was obtained at 240 min (i.c., 4 h)

and after that there is no appreciable increase. Hence, the optimized contact time was
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taken 4 h for the removal of Cr (VI) in our experimental work.
Effect of adsorbent dosage

Under optimized condition of pH and contact time, adsorption behaviors onto
adsorbents at different dosages from 0.1 g-dm™ to 2.0 g-dm™ have been studied in 100
mg-dm* of Cr solution. The removal of Cr (VI) more than 90% was observed for 1.0
g-dm? dosage, but no remarkable increase is observed at a dosage more than 1.0
g-dm?. Therefore, 1.0 g-dm™ was considered as optimum dosage for the removal of
Cr (VD) in our study.
Effect of initial concentration

Study was carried out by varying initial concentrations from 20 mg-dm™ to 200
mg-dm™ under optimized conditions of pH 4, contact time (i.e., time 4 h) and
adsorbent dosage (i.e., 1.0 g-dm™). There was a continuous increase in the uptake of Cr
(VI) per gram of adsorbent up to the concentration of 100 mg-dm™, but the uptake is
almost constant at further higher concentration for Cr (VI). Data obtained from the
variation of initial concentrations were fitted for adsorption isotherms [9] to estimate

the relevant parameters mentioned in Section 2.4.

3.3.4 Adsorption of REEs on ZCHC

Effect of pH
It 1s well known that pH influences significantly the adsorption processes by
affecting both the protonation of the surface groups and the degree of the ionization of

the adsorbates [24, 25]. In many cases, the dominant chemical species alter as pH
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varies. To investigate the effect of solution pH on REEs removal efficiency by ZCHC,
the pH of the solution was varied from 2-7 (in 100 pg-dm™ of solution using 1.0
g-dm? ZCHC dosage for contact time of 4h). The experimental results using ZCHC
are shown in Fig.3-8.

ZCHC also exhibited a high uptake potential for pH values larger at pH 4. At this
concentration, the pH range was kept below 7.0 in order to avoid any bulk
precipitation of REE hydroxides. However, the differences in uptake capacity between
the different metal surface for its special properties.

Effect of contact time

The effect of contact time on the adsorption capacity of REEs using 1.0 g-dm
adsorbent (100 pg-dm™ of solution) is investigated.

The adsorption capacity of adsorbents for REEs is shown in Fig.3-9. The figure
contains only the results for Sc and Eu since other REEs showed similar trends. More
than 50% (in case of zeolite and chitosan) and 60% (in case of ZCHC) adsorption was
observed within first 30 min, and approximately 95% was obtained at 4 h and after
that there is no significant change. Hence, the optimized contact time was taken 4 h for
the removal of REEs in our experimental work.

Effect of initial concentration

The effect of initial REEs concentrations from 20 pg-dm™ to 200 pg-dm™ under
optimized conditions of pH 4, contact time is 4 h, and adsorbent dosage is 1.0 g-dm™.
In general, the uptake of REEs on ZCHC was above 60% over the entire range of

concentrations. If pure zeolite or chitosan is used, the uptake percentage is seen to
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drop dramatically as the initial concentration of REEs is increased. The association of
chitosan with zeolite can be seen as a means by which the uptake performance of the
mineral can be significantly enhanced. Data obtained from the variation of initial
concentrations were fitted for adsorption isotherms [9] to estimate the relevant
parameters mentioned in Section 2.4.

3.3.5 Adsorption isotherms

Adsorption isotherms are commonly used to reflect the performance of
adsorbents in adsorption processes. To quantify the sorption capacity of the
adsorbents studied for the heavy metals and REEs removal, the most commonly used
isotherms, namely Langmuir, Freundlich and Temkin isotherms have been adopted.
The Langmuir adsorption isotherm and Freundlich adsorption isotherm were applied
to the data obtained in this work. A plot of Ce/g. versus C. and logiog. versus logioCe
based on the Langmuir model and Freundlich model are shown in Fig 3-10- Fig 3-13,
respectively.

The adsorption experimental data of Pb** onto zeolite and ZCHC were well fitted
by the Langmuir isothermal adsorption equation, and the correlation coefficients were
all > 0.995. As shown in Table 3-3, R value for each adsorbent was comparatively
large, and a favorable adsorption of Pb** by these samples was apparent.

The adsorption data obtained for Cr (VI) using zeolite, chitosan and ZCHC were
analyzed by Langmuir (Fig.3-11) and Freundlich (Fig.3-12) equations. The
correlation coefficients (R?) of these isotherms for Cr(VI) on each adsorbent are

shown in Table 3-4 along with other relevant parameters.
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From Table 3-4, it is found that R* value for Cr (VI) on each adsorbent is
comparatively large, and favorable adsorption of Cr by adsorbents were presented.
The results indicated that the fittings of the data to Langmuir isotherm better than
Freundlich isotherms. It was shown that the absorbents ZCHC had a marked
increasing effect on the adsorption of Cr (VI), and the ZCHC had more marked
increasing effect than zeolite and chitosan.

The adsorption data obtained for REEs using zeolite, chitosan and ZCHC were
analyzed by Langmuir (Fig.3-13) equations, for simplicity, the figures of Freundlich
isotherm of REEs adsorption is omitted. The Langmuir and Freundlich adsorption
isotherm parameters, evaluated from the linear plots, are presented in Table 5.

Although both Langmuir and Freundlich models well express REEs adsorption
onto zeolite, chitosan and ZCHC, correlation coefficients of Langmuir model are

higher.

The results suggests that the adsorption of heavy metals and REEs on zeolite,
chitosan and ZCHC mainly occurred by monolayer reaction. Furthermore, the
maximum adsorption capacity of ZCHC towards Pb**, Cr (VI) and REEs were higher
than that of zeolite and chitosan, there has a significant difference. From the data of
gmax in Table 3-3, Table 3-4, Table 3-5, it is also found that the adsorption capacity of
Pb**, Cr (VI) and REEs on ZCHC is much higher than thaton pristine zeolite and
chitosan. The results indicated that the conventional zeolite and chitosan were
compositely treated is effective for enhancing the adsorption capacity of Pb**, Cr (VI)
and REEs.

3.3.6 Kinetic Studies

Kinetic models have been proposed to determine the mechanism of the
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adsorption process, which provide useful data to improve the efficiency of the
adsorption and feasibility of process scale-up. In the present investigation, the
mechanism of the adsorption process was studied by fitting pseudo first-order and
second-order reactions to the experimental data.

In order to examine conformity of both models and experimental results, the
linear plots of In (gc- ¢qi) - t and t/g—t were used for REEs adsorption under the
optimized experimental conditions pseudo-first-order and pseudo-second-order
kinetic models, shown in Fig 3-14, Fig 3-15, Fig 3-16, respectively. The
pseudo-second-order rate constant (k) and the amount of adsorbed lead (g.), obtained
from the intercept and slope of the plot of #/g; vs. ¢ are listed in Table 3-6, Table 3-7,
Table 3-8, along with the regression coefficients (R?), respectively.

It shows the coefficient of determination (R?) is more than 0.97 for Pb*" (>0.99),
Cr(VI) (>0.99), REEs (>0.97) on zeolite, chitosan, ZCHC. It implies that the
adsorption kinetics based on the experimental values are in good agreement with the
pseudo second-order kinetic model. The intraparticle diffusion model indicated that
the relationship between the concentration of Pb*" (or Cr (VI) or REEs) and the
square root of time are linear. This suggests that the adsorption process could be

controlled by intraparticle diffusion.

3.4. Mechanism

ZCHC was prepared with sol-gel method by mixing zeolite and chitosan, could

improve the mechanical properties of the blending film, which increases the chelating
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activity of functional groups such as hydroxyl and amine with metal ions and heavy
metal enriching capacity.

The removal mechanism consists of four steps, the esterification of chromate with
tannin molecules, the reduction of Cr (VI) into Cr (III), the formation of carboxyl
group by the oxidation of tannin molecules and the ion exchange of Cr (III) with
hydroxyl and/or carboxyl groups created in tannin gel particles. In this reaction
process, it is very important to supply a large amount of proton for promoting the
reduction of Cr (VI) into Cr (II). This shows that the pH in the acidic solution can be
increased to produce neutral solution through the adjustments of the amount of tannin
gel particles and the volume of acidic solution having an appropriate pH for the
concentration of Cr (VI) [109].

During the modification process, amino groups of chitosan was cationized and
electrostatically attracted by negative charges on the surface of zeolite. However,
because of the large size of chitosan, only the negative charges on the extemal surface
of zeolite were occupied by chitosan, while the negative charges in internal pores are

still accessible for inorganic cationic pollutants.

3.5. Conclusions

The present investigation was carried out to evaluate the efficiency of
zeolite/chitosan hybrid composite as adsorbent for aqueous Pb**, Cr (VI) and REEs.
Conclusion: the following matters have been obtained from our work.

1. Zeolite/chitosan hybrid composite (ZCHC) was prepared with sol-gel method
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by mixing zeolite and chitosan, investigated the adsorption ability of ZCHC as
adsorbent for Pb**, Cr (VI) and REEs. The removal of Pb**, Cr (VI) and REEs were
more than 95%, 95%, 70% under our experimental conditions, respectively. ZCHC
exhibited a higher adsorption capacity and stronger chemical affinity than pristine
zeolite and chitosan.

2. The adsorption experimental data of Pb**, Cr(VI) and REEs onto zeolite,
chitosan and ZCHC were full compliance with the Langmuir isothermal adsorption
equation, the coefficient of determination (R?) is more than 0.95 for Pb**, Cr(VI),
REEs on zeolite, chitosan, ZCHC. Isotherm fits of Langmuir models indicated the
surface heterogeneity, which suggests that the adsorption of heavy metals and REEs
on the surface of the adsorbent belongs to monolayer adsorption in the concentration
range studied.

3. The rates of sorption conform to pseudo-second order kinetics, and the
correlation coefficients are all >0.97. It implies that the adsorption kinetics based on
the experimental values are in good agreement with the pseudo second-order kinetic
model. This suggests that the adsorption process could be controlled by intraparticle
diffusion.

The results suggest that ZCHC prepared in this work could be suitable as sorbent
materials for the removal of heavy metal aqueous solutions. On the whole, the
zeolite/chitosan hybrid composite showed their potential to be applied in different
water treatment applications for the removal of heavy metals and REEs. This provides

very significant information from the viewpoint of environmental protection.
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Tables

Table 3-1 Texturals characteristics of adsorbents

BET surface Pore volume Pore size
Adsorbent
Area (m*-g™) (cm®-g™) (nm)
Zeolite 5.63 0.0474 26.8
Chitosan 0.612 0.00385 25.2
ZCHC 9.25 0.0485 21.0
Table 3-2 Textural characteristics of ZCHC
BET
Pore volume Pore size
Adsorbent surface area
[cm’ g'] [nm]
[m*-g']
ZCHC
) 9.25 0.0485 21.0
(before adsorption)
ZCHC
) 9.19 0.0479 20.7
(after adsorption)

Table 3-3 Coefficient of Langmuir isotherm for Pb** using ZCHC

KL
adsorbent Gmax [Mg-g™'] R
[L-mg]
Zeolite 66.5 0.196 0.997
ZCHC 139 0.844 0.999

Table 3-4 Coefficient of Langmuir and Freundlich isotherms for Cr (VI)

Langmuir isotherm Freundlich isotherm
({max KL KF
R? 1/n R?
(mg'g") (dm*-mg™) ((mgg")-(dm™-mg™)'")
Zeolite 70.0 0.245 0.999 17.4 0.526 0.957
Chitosan 92.2 0.253 0.998 30.6 0.311 0.964
ZCHC 109 0.645 0.994 57.7 0.237 0.955
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Table 3-5 Coefficient of Langmuir and Freundlich isotherms for REEs

La

Yb

Lu

Eu

Sc

Langmuir isotherm Freundlich isotherm
na K Kr
e Lug F Mg o F
Zeolite 34.8 0.00838  0.973 6.94 0.528 0.959
Chitosan 52.1 0.0149 0.996 1.81 0.614 0.981
ZCHC 89.6 0.0397 0.996 1.25 0.634 0.999
Zeolite 37.8 0.0529 0.983 25.4 0.263 0.959
Chitosan 57.4 0.0722 0.967 18.2 0.205 0.962
ZCHC 81.1 0.254 0.998 13.3 0.166 0.891
Zeolite 37.9 0.0620 0.986 31.1 0.213 0.944
Chitosan 56.8 0.0887 0.988 20.4 0.145 0.806
ZCHC 101 0.129 0.993 12.6 0.185 0.897
Zeolite 43.4 0.0504 0.975 22.5 0.334 0.954
Chitosan 61.2 0.0473 0.953 13.8 0.260 0.967
ZCHC 94.4 0.195 0.998 16.8 0.137 0.837
Zeolite 14.9 0.163 0.996 22.1 0.101 0.962
Chitosan 29.5 0.128 0.997 17.9 0.0766  0.881
ZCHC 41.4 0.115 0.990 7.81 0.118 0.941
Zeolite 194 0.539 0.995 39.9 0.531 0.978
Chitosan 201 0.327 0.999 57.8 0.389 0.957
ZCHC 209 0.258 0.998 107 0.373 0.961

Table 3-6 Kinetic coefficient for Pb?* adsorption on adsorbents

ge k
Adsorbents R
(mg-g") (g'mol'-h™)
Zeolite 67.3 9.87x107 0.994
Chitosan 96.4 2.08x10? 0.999

ZCHC 97.9 2.96x107 0.999
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Table 3-7 Kinetic coefficient for Cr (VI) adsorption on adsorbents

ge k
Adsorbents R
(mg-g™) (g'mol'-h™)
Zeolite 72.6 0.0351 0.999
Chitosan 84.5 0.0724 0.999
ZCHC 97.9 0.0869 0.999

Table 3-8 Kinetic coefficient for REEs adsorption on adsorbents.

pseudo-first-order

pseudo-second-order

qe ki 2 qe k 2
(ngg™) (h) (ng'gh)  (gug'h?)
Zeolite  9.02 0.372 0.964 16.1 0.702  0.998
La Chitosan  23.5 0.313 0.986 37.4 1.63  0.999
ZCHC 338 0.357 0.931 73.6 209  0.99
Zeolite  26.0 0.394 0.989 38.5 0.620  0.993
Yb Chitosan  31.1 0.379 0.984 48.6 123 0.995
ZCHC 563 0.496 0.967 100 125 0.980
Zeolite  26.7 0.350 0.947 39.6 0.862  0.983
Lu Chitosan  35.7 0.504 0.977 53.6 0.651  0.985
ZCHC 588 0.552 0.969 93.4 1.0 0.988
Zeolite  18.8 0.276 0.927 35.2 134 0.997
Eu Chitosan  21.4 0.323 0.943 41.2 2.66  0.998
ZCHC 466 0.371 0.953 94.0 3.00 0999
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Zeolite 10.6 0.254 0.926 16.9 1.45 0.989
Y Chitosan  20.8 0.287 0.974 18.3 2.14 0.974
ZCHC 21.9 0.356 0.949 39.3 3.11 0.995
Zeolite 37.8 0.677 0.966 103 2.24 0.998
Sc Chitosan  42.4 0.688 0.969 104 2.40 0.999
ZCHC 47.7 0.832 0.947 104 3.25 1.00
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Figures

©
Figure 3-1 SEM micrographs of the surface of chitosan and ZCHC (a:Zeolite; b: Chitosan;
¢:ZCHCQ)
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(B)
Figure 3-2 SEM micrographs of the surface of ZCHC:
(A) before Pb**adsorption; (B) after Pb**adsorption
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Figure 3-3 Effect of pH on the removal of Pb>* using zeolite and ZCHC

-74 -



100 -

90 - / o

—4— ZCHC

>
(=)

70

Adsorption capacity (%)

L L Il L Il L Il L Il L Il L Il L
0 4 8 12 16 20 24 28 32 3
t(h)

6 40 44 48

Figure 3-4 Effect of contact time on the removal of Pb*" using zeolite and ZCHC.
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Figure 3-5 Effect of adsorbent dose on the removal of Pb>* using zeolite and ZCHC.
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Fig. 3-6 Effect of pH on percent removal of Cr (VI) using adsorbents
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Fig. 3-9 Effect of contact time on percent removal of Sc using adsorbents (A: Sc; B: Eu)
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Fig. 3-10 Langmuir isotherm of Pb** adsorption on zeolite and ZCHC
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Fig. 3-12 Freundlich isotherm of Cr (VI) adsorption onto adsorbents
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Fig. 3-13 Langmiur isotherm of REEs adsorption onto adsorbents (A : ZCHC; e:chitosan; m:

zeolite)
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Fig. 3-15 The pseudo-second-order kinetic model of Cr(VI) for adsorbents
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Fig. 3-16 The pseudo-second-order kinetic model of REEs for adsorbents
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Chapter 4 Conclusions
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In the work of the thesis, the various materials have been extensively examined
and applied for adsorption of aqueous containing heavy metals and REEs. In this
study, the efficiency of activated carbon modified by KMnO4 as adsorbent for Pb**,
Cr (VI), REEs was investigated by batch techniques. In addition, the present
investigation was carried out to evaluate the efficiency of zeolite/chitosan hybrid
composite as adsorbent for aqueous Pb**, Cr (VI) and REEs.

Influence of various variables including pH, adsorbents dose, concentrations of
contaminants, adsorption time, temperature and common ions of water on removal of
Pb**, Cr (VI) and REEs was evaluated. The Langmuir and Freundlich models were
used for the mathematical description of the adsorption equilibrium of Pb**, Cr (VI)
and REEs to ACs and ZCHC. The suitability of the first- and second-order equations,
kinetic model for the adsorption of Pb**, Cr (VI) and REEs onto ACs and ZCHC are

also discussed.

The comparison of maximum adsorption capacities of the adsorbents in present
study with that of the other sorbents reported in the literature for heavy metals (ie.,
Pb** and Cr (VI)) and REEs (ie., La and Eu) is presented in Table 4-1—4-4. From
these tables, the adsorbents in this work provide comparable adsorption capacities to
other adsorbents. Table 3 shows that the adsorbent used in this work has higher
adsorption capacity as compared to those cited in the literature. In particular, it is
noteworthy that ACs and ZCHC possess an enhanced sorption capacity for heavy

metals and REEs.
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The following conclusions were made from the experimental results:

1. Activated carbon were treated with KMnQOs, leading to a low-cost adsorbent
with a good affinity for heavy metal ions and REEs. The ACs showed excellent
adsorption capacity even if large amount of competitive ions exist in system.
Particularly, ACs modified with KMnOj still showed highest adsorption capacity. The
obtained material was characterized and used for heavy metals and REEs removal
from aqueous solutions.

2. Adsorption of Pb**, Cr (VI) and REEs by ACs has been shown to depend
significantly on the pH and initial adsorbate concentration. Adsorption of heavy metals and
REEs onto such materials can generally be attributed to ion exchange with carboxylic
and phenolic hydroxyl functional groups.

3. Zeolite/chitosan hybrid composite was prepared with sol-gel method by
mixing zeolite and chitosan, investigated the adsorption ability of ZCHC as adsorbent
for Pb**, Cr (VI) and REEs. ZCHC exhibited a higher adsorption capacity and
stronger chemical affinity than pristine zeolite and chitosan.

4. The adsorption isotherm of Pb?", Cr (VI), REEs by ACs was well interpreted
by Langmuir and Freundlich models. However, the experimental data of the
adsorption of the studied ions onto adsorbents were suitably described by Langmuir
isotherm, which suggests that the adsorption of heavy metals and REEs on the surface
of the adsorbent belongs to monolayer adsorption in the concentration range studied.

5. The comparison evaluated correlation coefficients based on the studied kinetic

models allowed considering the pseudo-second order model suitable for describing
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the adsorption processes. This analysis revealed the rate determining step might be
chemical and the adsorption processes involved the valency forces through sharing
electron between the metal ions and adsorbents.

6. Desorption of Pb**, Cr (VI) and La (III) from the adsorbent has been found to
depend upon the nature of the extracting solution, and ACs still present the high
adsorption capacity towards heavy metals through several cycles of
adsorption/desorption behavior. ACs could be an efficient adsorbent for heavy metals
and REEs.

From this work, it was quantitatively clarified to some extent ACs and ZCHC
could be an efficient adsorbent for heavy metal and REEs. It is very significant
information from the viewpoint of environmental protection, and can be used for
treating industrial waste waters including pollutants, and thus a promising option for

the treatment of contaminated waters.
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Tables

Table 4-1 Comparison of adsorption capacities various biosorbents towards Pb**

Pb2+
Biosorbent . Reference
uptake capacity (mg/g)

Acidified MWCNTs 49.7 [10]
Cicer arientinum biomass 27.8 [8]
Activated carbon prepared 22.9 [61]

from apricot stone

Peanut husks carbon 70.0 [62]

ACk3 101 Present study
ZCHC 139 Present study

Table 4-2 Comparison of adsorption capacities various biosorbents towards Cr (VI)

. Cr(VI)
Biosorbent ) Reference
uptake capacity (mg/g)

Olive Bagasse 88.59 [37]

Eucalyptus Bark 45.50 [74]

Alligator Weed 82.57 [110]
ACk3 134 Present study
Zeolite 70.0 Present study
Chitosan 92.2 Present study
ZCHC 109 Present study

Table 4-3 Comparison of adsorption capacities various biosorbents towards La (III)

La
Biosorbent . Reference
uptake capacity (Lg/g)
carbon black
. 57.8 [3]
(from recycled tires)

Laminaria japonica 12.23 [17]

silica gel/chitosan 69.2 [103]
Chitosan 52.1 Present study
ZCHC 89.6 Present study
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Table 4-4 Comparison of adsorption capacities various biosorbents towards Eu (1)

Biosorbent uptake caEp:city (ugle) Reference
ZSM-5 zeolite 24.17 [8]
mesoporous silica SBA-15 15.6 [91]
Bacillus subtilis 58.80 [111]
Zeolite 43.4 Present study
Chitosan 61.2 Present study
ZCHC 94.4 Present study
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