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ABSTRACT

In this study, a novel ethylenediaminetetraacetic acid (EDTA) functionalized hydrochar
from green tea (Camellia sinensis) waste, doped with manganese ferrite, was
synthesized by hydrothermal carbonization (HTC) coupled with the activation process.
This adsorbent was applied to remove Rhodamine B (RhB) and copper ions (Cu®*) from
aqueous solutions. The characterization of adsorbent was carried out using Field
Emission Scanning Electron Microscopy-Electron Dispersive X-ray Spectroscopy,
CHNO analyzer, BET gas sorption analyzer, X-ray Diffraction, Zeta Potential
Analyzer, Vibrating Sample Magnetometer, Fourier Transform Infrared Spectroscopy
and X-ray Photoelectron Spectroscopy. Some parameters such as adsorbent weight,
contact time and initial concentration, temperature and pH were investigated in the
adsorption experiment. The Langmuir isotherm and pseudo-second-order kinetic model
fitted well with the obtained data with the maximum adsorption capacities (gmax) for
RhB and copper ions (Cu?") of 21.41 and 9.49 mg.g™! at natural pH, respectively. The
adsorption mechanism of RhB and copper ions (Cu**) were facilitated via hydrogen
bonding and the complexation process between the adsorbates and the adsorbent
surface, respectively Furthermore, the regeneration studies of EDTA FMHC-700
exhibits a good reusability, high stability and fast separation within 4 successive cycles.
The use of EDTA-FMHC-700 as a low-cost adsorbent with good separation
performance can be developed for industrial applications and environmental

remediation.

Keywords: EDTA, Manganese ferrite, Green tea waste, Adsorption, Hydrothermal

carbonization
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

Currently, many studies that pay attention to the process of dye removal in
industrial waste because it is very dangerous and toxic. The dye can be toxic,
carcinogenic or mutagenic to human and destruct the aquatic life with enhanced
biochemical oxygen demand (Attallah et al., 2016). Among the various dyes,
Rhodamine B (RhB) is a positively charged dye and water-soluble (amphoteric). This
dye is widely used in the printing, dyeing, textile, leather, wood, silk, fiber, soap,
toothpaste and lipstick industries (Das et al., 2018). When compared to other organic
compounds, the size of the Rhodamine B molecule (1.44 nm) is much larger than the
size of the phenol molecule (0.58 nm) (Jiang and Huang, 2016). Water systems
contaminated with Rhodamine B can be detrimental to living things such as causing
eye and skin irritation, gastrointestinal disorders, thyroid and liver damage, neurotoxic,
carcinogens, mutagens to death (Khamparia and Jaspal, 2017). It is known that
Rhodamine B (RhB) with LC50 of 83.9 mg.L™' can kill a large population of
Cyprinodon variegatus (sheepshead minnow) (Kooh et al., 2016). Therefore, it is very

important to remove this dye from wastewater before disposal into the environment.

In addition, the presence of pharmaceutical compounds in the aquatic
environment such as the class of non-steroidal anti-inflammatory drugs (NSAIDs) is
the focus of several research because it can cause very adverse effects on humans and
the environment even in low concentrations such as reduction of human embryos, gram-
positive bacteria inhibition, as well as malfunction in fish organs (Essandoh et al.,
2015). One of the non-steroidal anti-inflammatory drug found in many wastewater is
2-[3-(2-methylpropyl)phenyl] propanoic acid, or known as ibuprofen. In some
developed countries in Europe has been detected the presence of ibuprofen in the
wastewater with concentrations of 60-3400 ng.L!, of course this could potentially a

danger to human. Water can be contaminated by ibuprofen obtained from



pharmaceutical industrial waste as well as human or animal who are given medical
treatment, because the metabolism of these compound only partial in the body and its
presence is secreted in the form of urine and feces (Dubey et al., 2010, Iovino et al.,
2015). Failure of conventional wastewater treatment methods, lead to the discovery of

appropriate and effective wastewater treatment methods to solve this problem.

H,;C

CHjs

OH
CHs

H3C

(a) (b)

Fig. 1.1 (a) Chemical structure of Rhodamine B and (b) ibuprofen (Lin et al., 2017,
Wang et al., 2017).

The presence of heavy metals in drinking water or industrial waste greatly
threaten human health and the environment when the concentration of metals exceed
the permitted level. One example of heavy metals which is highly toxic and
carcinogenic is copper ion (Cu®") (Inyang et al., 2012, Mahmoud et al., 2018, Regmi et
al., 2012). Indiscriminate industrial waste disposal is the largest source of
contamination of Cu?" in the environment. Contaminated wastewater by copper metal
is usually obtained from electroplating and jewelry industry (Koottatep et al., 2017). In
the human body, Cu?" plays a role in enzymatic reactions, development of bone and
nerve tissue. However, excessive concentration can lead to respiratory problems,
abdominal pain, kidney failure, liver, to mutagenesis (Semercioz et al., 2017). Also
known that contamination of Cu?" cause damage to soil biota and plants endemic
Australia (Acacia holosericea and Eucalyptus crebra). The maximum level of Cu®* in
drinking water has set by the US Environmental Protection Agency (EPA) is less than
1.3 mg.L! (Bilal et al., 2013). Therefore, it is necessary to find a cheap, easy and



effective method that can be applied to solve environmental problems related to
contamination from dyes, pharmaceutical and heavy metal waste such as Rhodamine

B, Ibuprofen and copper (Cu?").

The adsorption method has been used to overcome contamination caused by
organic or inorganic contaminants. The advantages of this method is cheap, simple,
high selectivity and environmental friendly. Lately, many of the adsorbent development
from cheap materials based on activated carbon such as green tea waste
(Ahmaruzzaman and Gayatri, 2010). Green Tea (Camellia sinensis) is one of the
favorite drinks consumed throughout the world where its production through the drying
process of the tea leaves. This tea plant originating from Southeast Asia that belong to
the genus Camelia family Theaceae. Increased consumption of tea is accompanied by
increased production of tea waste as a by-product, which feared would be an
environmental problem later. The green tea waste contains about 93% organic matter
(cellulose, hemicellulose, tannin, lignin and phenolic) and about 7% inorganic material
(Mahmood et al., 2017, Weng et al., 2013). Therefore, it still needs a process to convert
green tea waste into more useful products. One way that can be done is to convert green
tea waste into hydrochar (carbon) through hydrothermal carbonization process which
will be used as an adsorbent (Indolean et al., 2017). It can increase the economic value

and the prospective of tea waste as the raw material of the adsorbent.
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Fig. 1.2 (a) Phase diagram for the change in water properties at different
temperatures, including sub- and super-critical regions and (b) effect of time and
temperature on various hydrothermal processes (Matsumura, 2015, Moller et al.,

2011).

The hydrothermal carbonization process is the conversion of biomass waste into
carbon materials (hydrochar) as well as alternative fuels using high pressure and
subcritical temperature of water (Elaigwu et al., 2014). This can happen because the
biomass waste contains of carbohydrate derivatives such as cellulose or hemicellulose
which undergo hydrolysis, condensation, dehydration, decarboxylation, polymerization
and aromatization processes. The decomposition process of hemicellulose, cellulose
and lignin occurs at temperatures of 200-300°C, 300-400°C and 600°C, respectively
(Kambo and Dutta, 2015). Moreover, the criteria of biomass waste that can be
converted to hydrocarbons are non-toxic, low emissions and abundant (Lei et al., 2016).
Biomass waste can be used in raw material form (Burca et al., 2016) as well as after

chemically or physically modified (Mahmood et al., 2017, Yang et al., 2016).

In recent years, some studies have used binary oxide nanomaterial as an
adsorbent such as ferromanganese (Fe-Mn) (Hou et al., 2010). One type of
ferromanganese is manganese ferrite (MnFe,O4) where its application are used in water
treatment (Yang et al., 2018a, Zhu et al., 2015), catalysis and degradation processes
(Mishra et al., 2016, Nawaz et al., 2016). Lately, the functionalization of magnetic
nanoparticle-based adsorbents by inorganic species as well as organic is more desirable

because it can improve the adsorption capacity and stability of these nanoparticles



especially in acidic environments (Keyvani et al., 2018). Ethylenediaminetetraacetic
acid (EDTA) is an inorganic compound containing two amino acid groups and four
carboxylic acid groups which can act as chelating agent, oxidation inhibitor and
stabilizer for metal ions (Aeenjan and Javanbakht, 2018, Liu etal., 2016, Lv et al., 2018,
Zhao et al., 2017). Aside as an active sites provider with the abundant of amino-
functional groups, EDTA is also used to avoid the agglomeration of nanoparticles on
magnetic nanoparticle-based adsorbents during the solvothermal process (Liu et al.,

2017).

In this work, the functionalization of EDTA on the adsorbent is synthesized by
the facile hydrothermal carbonization combined with the activation process, then
innovatively used to remove Rhodamine B, copper ion (Cu?*") and ibuprofen from
aqueous solution where as far as we know never reported before. Several factors that
may affect to the adsorption process such as initial concentration and contact time,
adsorbent weight, solution pH and temperature will be used to study the kinetic and
isotherm of adsorption. Furthermore, the reusability of the adsorbent is studied through

several successive cycle the adsorption-desorption processes.

1.2 Preliminary Knowledge and Theoretical Section

1.2.1 Activated Carbon

Activated carbon is defined by carbonaceous materials with graphite-like
structure produced from a heating process at high temperatures which has physical
properties such as a large surface area in excess of 2500 m?/g with a very regular and
well-developed microcrystalline structure (Smisek and Cerny, 1970). Large surface
areas are usually produced through a chemical activation process that can increase the
adsorption ability of the material. The production of activated carbon from various raw
materials such as coffee shell (Sun et al., 2019), coconut shell (Freitas et al., 2019), corn
cob (Nethaji et al., 2013) and rice husk (Pedroso et al., 2019) has been used as an

adsorbent applied to the industrial sector and environmental remediation.
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Fig. 1.3 Activated carbon structure with the intermolecular bonding on

microcrystalline carbon layers (CHAEMSANIT et al., 2017).

The classification of activated carbon is divided based on its uses and physical

properties such as:
(a) Powdered Activated Carbon

The raw material for making PACs is organic material that contain of high
carbon content such as wood, coal and lignite. Generally, PAC has a diameter of about
0.1 mm with a specific density between 23-43 1b/ft* and its characterization is based on
the number of iodine and molasses to describe the amount of pore volume in the PAC.

The minimum iodine number in the PAC is 500.

(b) Granular Activated Carbon

The raw material for making GAC is relatively similar with PAC. When
compared with PAC, GAC has a larger particle size with a diameter between 1.2-1.6
nm with the density between 25-31 Ib/ft>. For its characterization, the minimum number

of iodine and molasses from GAC is relatively the same as PAC.



(c) Extruded Activated Carbon (EAC)

EAC is a mixture of PAC with a binder through a fusion and extrusion processes
into a cylindrical activated carbon with a diameter of 0.8-130 mm. To get a certain pore
structure, chemical activation is usually done by mixing of KOH before the extrusion
process. Generally, the use of EAC is for gas adsorption due to low dust content and

great mechanical strength.
(d) Impregnated Carbon

Carbon material that has a good distribution of chemicals as impregnation on
the surface of the material. Optimization of activated carbon through impregnation
provides a synergy between impregnant and carbon. Some impregnants have been used
in several previous works such as Fe, Al, Zn, Ag, K, Ca and Li for several applications
such as catalyst, gas purification, coating materials and environmental treatment

(Henning and Schifer, 1993).
(e) Polymers Coated Carbon

For this type, the coating process of porous carbon with polymers provides several
advantages, one of which is a smooth surface structure without blocking the carbon

pores (Marsh and Rodriguez-Reinoso, 2006).
1.2.2 Preparation of Activated Carbon

In the process of activating activated carbon, both types of chemical and
physical activation have been widely used. The difference in the process and the used
of activation agent become the parameter to distinguish those processes (Ahmadpour

and Do, 1996).
(a) Chemical Activation

In chemical activation, the impregnation process is strongly influenced by
activation agents which are typically a strong acid or base. Where the carbon content
of the obtained products increases with the minimum production of tar as a by-product.
Compared to physical activation, the used temperature is lower so that it is capable to

form porous structures (micropores). Some of the activation agents that are often used



include zinc chloride (ZnCl,), phosphoric acid (H3PO4), sodium hydroxide (NaOH) and
potassium hydroxide (KOH). The weight ratio between activation agents and raw
materials plays an important role in the impregnation process. The greater the activation
agent ratio, the greater the obtained diameter of the pore volume (Basso et al., 2002).
Chemical activation offers several benefits compared to physical activation, such as
lower energy consumption, one step process and higher yield. On the other hand,
chemical activation also has some disadvantages such as the addition of washing
process after the heat treatment and increase the environmental corrosion due to the use

of toxic and corrosive chemicals such as ZnCl; and H3PO4 (Ozdemir et al., 2014).
(b) Physical Activation

The combination of carbonization and activation/oxidation processes are
generally used in the physical activation process. For the carbonization process, the aim
is to change the properties of the source material by reducing the volatile content during
the activation process so that the obtained final product contain with around 80 percent
of carbon. Elements removal of hydrogen and oxygen occur in the initial stage of
pyrolytic decomposition which cause the formation of organized crystallization of the
released carbon atoms. The activation process is usually carried out at temperature of

600-900°C with the presence of inert gases such as nitrogen and argon.

While, for the activation/oxidation process, this process is carried out at temperature
between 800-1100°C using several gases as activation agents such as carbon dioxide,
steam and oxygen. The choice of the reaction temperature must be careful because it
determines the reaction rate between gas and carbon. The use of oxygen gas as an
activating agent is basically more reactive for a carbon skeleton consisting of carbon
dioxide and carbon monoxide in the carbonization process. Furthermore, the very
aggressive nature of oxygen gas also cause the combustion on the carbon surface which

affect to a large loss.
1.2.3 Hydrothermal Carbonization (HTC)

Hydrothermal carbonization, also called as a wet pyrolysis, is a converting
process of biomass using water medium at subcritical temperature and pressure of

water. On the HTC process, the conversion occurs in a closed system at temperature



around 180-250°C and the pressure of 20-60 bar for 5-240 min (Kambo and Dutta,
2015). In other hand, the liquefaction and gasification hydrothermal tend to be more
dominant at temperatures above 250°C. In hydrothermal carbonization, the biomass
will be converted in three types of product, namely solid phase (hydrochar), liquid
phase (bio-oil) and gas phase (especially CO2) (Kambo and Dutta, 2015). Compare to
natural coal, the similarity of the chemical structure and energy content of the hydrochar
can make it suitable as a fuel. The application of hydrochar has been applied in several
fields such as water purification, energy storage and catalyst processes (Titirici et al.,

2007). The HTC process provides several benefits which are presented below.

(a) The use of relatively low reaction temperature (180-250°C).

(b) Cheap process, due to the carbonization in water occurs under autogenous pressure.

(c) The formation of spherical micro particles with “core-shell structure) which can
improve the surface area and to protect inner particles.

(d) Easy to control porosity of materials by natural template, nanocasting and activation
treatments.

(e) Easily facilitate the formation of carbon composites with typical physicochemical
properties.

(f) It is easy to control surface functional groups and the electrical properties of the
produced carbon particles.

1.2.4 Spinel Ferrite

Spinel ferrite are a class of iron-based materials that has a spinel structure with
trivalent ions. There are tetrahedral and octahedral cationic sites created by the face
center cubic (FCC) phase of oxygen atoms. There are 8 tetrahedral sites filled from a
total of 64 interstitial tetrahedral sites, and 16 octahedral sites filled from 32 octahedral
interstitial sites. In general, spinel ferrite has a typical structure such as (A%")(B*"),04

with A is a tetrahedral cationic sites and B is an octahedral cationic sites (Paufler, 2006).
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Fig. 1.4 Geometric structure of cubic spinel ferrite (Paufler, 2006).

The geometric structure of spinel ferrite is divided into two classes, normal
spinel and inverse spinel. In the normal spinel structure, A is occupied by Fe?" on the
tetrahedral structure and site B is occupied by Fe*" octahedral structure. While in the
inverse spinel structure, A was occupied by Fe*" and B was randomly occupied by Fe?*
and Fe*" (Jeong et al., 2016). The geometry structure of the two types of spinel ferrite

as shown below.

@ o © 4 @ o ¢
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Fig. 1.5 Normal spinel and inverse spinel structures (Jeong et al., 2016).
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1.2.5 Disodium Ethylenediaminetetraacetic acid (Na2zEDTA)

Disodium ethylenediaminetetraacetic acid (Na,EDTA) is an inorganic salt
which has a functional group of amines and carboxylic acids as hexadentate ligand. The

structure of Na;EDTA and its properties is shown below:

(a) (b)

L M L e | pH

o]
O O'Na* H H g : =
OH 20 27 62 10,3
HgY  HgY" Hy3- v4
N
/Q \/\N
OH
Na*O- o Kr
o

Fig. 1.6 (a) Chemical structure of Na,EDTA and (b) predominant species of
Na;EDTA at different pH value (Maketon et al., 2008, Zhao et al., 2017)

IUPAC Name:

2-[2-[bis(carboxymethyl)amino]ethyl-(carboxymethyl)amino]acetic acid;sodium

Common Names: EDTA disodium, Disodium ethylenediaminetetraacetic acid

Molecular Formula: CioH16sN2NaOs
Molecular Mass: 338.22 g.mol!

Flash Point: > 100°C

Solubility in water at 25°C: 1000 g.L"!

Ethylenediamine tetraacetic acid (EDTA) has been used as a low-cost, strong
and stable chelating agent for metal ions. Functionalization of several materials with
EDTA has carried out such as on Fe3O4/graphine oxide (Zhao et al., 2017), Fe304/S10,
(Liu et al., 2016), graphene oxide (Cui et al., 2015) nano-Fe3O4 (Wang et al., 2012b)
and CoFe;04 (Zou et al., 2017). Addition of EDTA also does not cause secondary
pollution, thus adding to the prospective value of EDTA as chelating agents. Na2EDTA

is an inorganic salt which is acidic and difficult to dissolve under very low pH value.
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Na2EDTA will change to a dissociated species depending on the pH value and the
corresponding pKa value as below (Maketon et al., 2008):
H4Y species dominates at pH < ~2.
HsY" species allies at ~2 <pH < ~2.7.
H,Y? species dominates at ~ 2.7 < pH < ~6.2.
HY?3'species dominates at ~ 6.2 < pH < ~10.3.
Y* species dominates at pH > ~10.3.

1.2.6 Rhodamine B

Basic dyes are included in the class of cationic dyes which are considered more
toxic than anionic dyes. Rhodamine B is a class of basic dyes that are often used in the
textile, paint, leather and food industries. The molecular size of Rhodamine B (1.44
nm) is much greater than the size of other molecular aromatic compounds such as
phenol (0.58 nm) (Jiang and Huang, 2016). The structure of Rhodamine B and its

properties is shown below:

Fig. 1.7 Chemical structure of Rhodamine B (Sattar et al., 2017).
IUPAC Name:
9-(2-carboxyphenyl)-6-diethylamino-3-xanthenylidene]-diethylammonium chloride)

Common Names: Pigment Violet 1, Rhodamine B, Basic Violet 10, Rhodamine 540
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Molecular Formula: C2sH31CIN2O3
Molecular Mass: 479.02 g.mol!
Melting point: 210-211°C
Solubility in water at 20°C: 50 g.L’!

In recent years, the water pollution caused by the wastewater contaminated with
Rhodamine B has received a lot of attention due to it can destroy the environment and
harm to human. Water contaminated with Rhodamine B when it is consumed by human
will cause respiratory and digestive problems, eye and skin irritations, neurotoxic,
chronic and carcinogenic (Bordoloi et al., 2018, Jiang and Huang, 2016, Khamparia

and Jaspal, 2017, Thakur and Kaur, 2017).

1.2.7 Ibuprofen sodium salt

Ibuprofen is one of the drugs in the class of non-steroidal anti-inflammatory
drugs derived from propionic acid with the [UPAC name, namely 2- (4-isobutylphenyl)
propionate. The first development of ibuprofen was carried out in the 1960s when it
was looking for safer alternative drugs of aspirin. In 1961-1974, ibuprofen was patented
and launched as a drug to against rheumatoid arthritis in the United Kingdom and

America.
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Fig. 1.8 (a) Chemical structure and (b) speciation diagram of Ibuprofen sodium salt in

aqueous solution (Iovino et al., 2015).
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IUPAC name: Sodium 2-[4-(2-methylpropyl)phenyl]propanoate
Common names: Esprenit (TN), p-Isobutylhydratropic acid sodium salt
Molecular Formula: C;3H17NaO>

Molecular Mass: 228.26 g.mol™!

Solubility in water at 25°C: 21.9 g.L”!

Ibuprofen is often used to treat muscle aches, headaches, arthritis or injuries.
Ibuprofen will play a role in suppressing prostaglandin production thereby reducing
pain and fever. Frequently appearance of ibuprofen in wastewater systems can be due
to high human consumption of anti-inflammatory and analgesic so that making
ibuprofen as a pollutant candidate in water systems. Several studies have proven that
water pollution by this substance can be caused by the use and excretion of human, and

can be caused by industrial waste of fungicides and disinfectants (Mestre et al., 2007).
1.2.8 Copper ion (Cu?")

Copper is one of the important elements for human health and at least around
900 pg of copper is needed by the adult human body. However, excess copper intake is
also dangerous for humans such as headaches, dizziness and diarrhea. There needs to
be monitoring and controlling for the amount of released copper into the environment
so that it does not pose a dangerous impact to human life. Copper is one of the heavy
metals commonly found in several water sources that can come from various sources.
For example in the United States, mining and processing of copper which produce wire,

pipes and sheet metal is potentially become a pollutant source.
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Table 1.1 Limit of various permitted heavy metals and their effects on human health

(Sud et al., 2008)
Metal Permissible limits for industrial effluent discharge (in mg/l) Permissible Health hazards
contaminant limits by
international
bodies (pg/l)
Into inland surface  Into public On land for WHO  USEPA
waters Indian sewers Indian irrigation Indian
Standards: Standarnds: Standards: 3307
2400(1974) 3306(1974) (1974)
Arsenic 0.20 0.20 0.20 10 50 Carcinogenic, producing liver tumaors, skin and
gastrointestinal effects
Mercury 0. o.M 01 02 Corrosive to skin, eves and muscle membrane,
dermatitis, ancrexia, kidney damage and severe
muscle pain
Cadmium 2,00 1.00 03 035 Carcinogenic, cause lung fibrosis, dyspnea and
weight loss
Lead 0.10 1.00 10 03 Suspected carcinogen, loss of appetite, anemia,
muscle and joint pains, diminishing 1Q), cause
sterility, kidney problem and high blood pressure
Chromium 010 2.00 30 100 Suspected human carcinogen, producing lung
tumors, allergic dermatitis
Nickel 30 30 Causes chronic bronchitis. reduced lung function,
cancer of lungs and nasal sinus
Zinc 5.00 15.00 Causes short-term illness called “metal fume fever”
and restlessness
Copper 3.00 3.00 1300 Long term exposure causes imitation of nose, mouth,

eyes, headache, stomachache, dizziness, diarrhea

1.3 Literature Review

Asfaram et al. (2017) conducted a study on the adsorption process of cationic
dyes such as brilliant green (BG) and malachite green (MG) using Mn-doped Fe3O4
nanoparticle-loaded activated carbon (Mn-Fe3O4-NP-AC) assisted with ultrasound
simultaneously. Interactions among independent variables were investigated using
analysis of variance (ANOVA) with 95% confidence level. The maximum yield for
adsorption of BG and MG reached 99.50 and 99.00%, respectively, which occurred at
pH 7 for 3 min with 0.02 g of adsorbent dosage. Based on the Langmuir isotherm model,
the maximum adsorption capacity for BG and MG are 101.215 and 87.566 mg/g,
respectively. In another study conducted by Zhang et al. (2015), manganese-zinc ferrite
(Mno.sZnosFe;04: MZF) was immobilized into activated carbon by a hydrothermal
process. The result obtained is the existence of a spinel phase structure inside the active
carbon pore resulting in increased saturation magnetization of MZF/AC followed by
increased ferrite content, but decreases the specific surface area and pore volume. The
adsorption process for methylene blue showed an adsorptive performance value of 99%

within 30 min. The MZF/AC separation process can be done easily using magnet.
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Shao et al. (2012) conducted the adsorption process of one of the pharmaceutical
waste, Tetracycline (TC) using MnFe>Os-activated carbon magnetic composites made
by chemical coprecipitation technique. Separation can be done easily because the
composite has magnetic properties. The experimental results show that there is no
significant effect of the Fe-Mn spinel phase in the pore structure of the activated carbon
to the change of pore volume and specific surface area. The maximum adsorption
capacity obtained for Tetracycline adsorption (TC) was 590.5 mmol/kg at pH 5. The
adsorption process carried out by MnFe;Os-activated carbon magnetic composites
follows the pseudo-second-order kinetic model where the process is endothermic so
that the removal process decreases with increasing pH values and will increase with

increasing temperature.

From Zhou et al. (2018), ferromanganese binary oxide-biochar composites
(FMBC) are prepared by impregnation or sintering methods to remediate soil and water
contaminated by heavy metals. The adsorption process follows the pseudo-second-
order kinetic model and the Langmuir isotherm model, while the maximum adsorption
capacity of FMBC for Cu?" and Cd?" is 64.9 and 101 mg.g™!, respectively. These results
were greater than the maximum adsorption capacity produced by biochar for Cu?* and
Cd*" were 21.7 and 28 mg.g”!, respectively. The increase of pH and humic acid
concentration becomes the determining factor in the adsorption process. The results of
FTIR and XPS analysis show that the presence of divalent Cu and Cd ions adsorbed in

FMBC due to the formation of strong mono- or multi- dentate inner sphere complexes.

Ghobadi et al. (2018) synthesized MnFe;Os-graphene oxide magnetic
nanoparticles to remove rare earth elements/REE (La’>" and Ce*") from aqueous
solutions. The maximum adsorption capacity of MnFe204-GO for REEs removal was
1001 and 982 mg.g! which was achieved for 20 min at pH 7 and room temperature,
respectively. Adsorption kinetics and isotherms show that the adsorption data were very
fit with the Langmuir isotherm model and the pseudo-second order kinetics model. The
value of thermodynamic parameters indicated that the adsorption occurs in an
endothermic and spontaneous process. In addition, the obtained data from the Dubinin-

Radushkevich model predicts the adsorption process via chemical ion-exchange.
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Furthermore, regeneration studies show that MnFe;O4-GO can be regenerated for

several successive cycles.

Xu et al. (2018) prepared a combination of manganese ferrite nanoparticles
(MnFe»04) and graphene oxide (GO) coated with tetracthylenepentamine (TEPA) as
novel nanohybrid ternary via a facile hydrothermal and used to remove Pb (II) in
aqueous solution effectively. The maximum adsorption capacity of TEPA-
GO/MnFex0O4 (263.2 mg.g!) was higher than GO/MnFe>O4 (133.3 mg.g’!) and GO
(196.1 mg.g!) at optimum pH 5.5. Pseudo second order kinetic model and the Langmuir
isotherm model were very fit with the experimental data. The value of thermodynamic
parameters exhibit that the adsorption process of Pb*" on TEPA-GO/MnFe>O4 occur
spontaneously and endothermic. The regeneration process of TEPA-GO/MnFe;O4 with

HCI show a good percentage of reusability after four consecutive cycles.

Qi et al. (2015) synthesized Fe-Mn impregnated on chitosan bead (FMCB) as
an effective novel adsorbent for As®" and As®". The maximum adsorption capacity for
As’" and As®" were 39.1 and 54.2 mg.g’!, respectively. FMCB that contains arsenic can
be re-modified several times using NaOH. The results of column tests exhibit that there
were 233 pg/L of As>" and As®* in the simulated groundwater with 1500 and 3200 bed
volumes can be treated by FMCB. These results indicated that FMCB can be applied to

remove As>" and As®' for real water matrix.

1.4 Objectives

1.4.1 The fabrication of a novel ethylenediaminetetraacetic acid (EDTA)
functionalized hydrochar from green tea waste (Camelia sinensis) waste, doped
with the manganese ferrite by hydrothermal carbonization (HTC) coupled with
the activation process (EDTA-FMHC-700).

1.4.2 Adsorption studies of adsorption capacity and percentage of efficiency on
Rhodamine B (RhB) Copper ion (Cu?") and Ibuprofen (IBP) removal in aqueous
solution.

1.4.3 Regeneration studies of EDTA-FMHC-700 on Rhodamine B (RhB) Copper ion
(Cu?") and Ibuprofen (IBP).
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CHAPTER 2

RESEARCH METHODOLOGY

2.1 Chemicals and Materials

1.

9
10

11
12

Green tea waste as the raw material is obtained from a coffee shop around the
Faculty of Science, Prince of Songkla University

Copper (II) sulfate pentahydrate (CuSO4.5H20), 98.0%, Sigma-Aldrich, ACS
Reagent grade

Ferric chloride anhydrous (FeCls), 99.0%, VWR Chemicals, Analytical Reagent
grade

Manganese (II) sulfate monohydrate (MnSO4.H20), 99.0%, ANaPURE, Analytical
Reagent grade

Ammonium ferrous sulfate ((NH4)2SO4.FeSO4.6H20), 99.0%, UNIVAR,
Analytical Reagent grade

Rhodamine B (C2sH31CIN203), 95.0%, Fluka, Analytical Reagent grade

Ibuprofen sodium salt (Ci13H17NaOz), 98.0%, Sigma-Aldrich, Analytical Reagent
grade

Sodium hydroxide (NaOH), 97.0%, RCI Labscan, Analytical Reagent grade
Potassium hydroxide (KOH), 85%, RCI Labscan, Analytical Reagent grade
Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), 99.0%,
ANaPURE, Analytical Reagent grade

Ammonia solution (NH4OH), 25%, Merck, Analytical Reagent grade.

De-lonized water/DI-water (15 MQ cm)

2.2 Equipment and Instruments

1.

2
3
4.
5
6

Teflon lined autoclave reactor 400 mL

. An electric oven; Model ULP 400, Memmert
. pH meter; Model Delta 320, Mettler Toledo

Laboratory shaker, IKA KS 130, China

. Laboratory shaker, Scilogex SK-0330-Pro, USA
. Thermostat shaker water bath, WB/OB 7-45, Memmert
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7. Neodymium magnet grade N35 (100 mm x 50 mm x 10 mm)

8. CHNS/O Analyzers, Thermo Scientific'™ Flash 2000, USA

9. PALS Zeta Potential Analyzer, Brookhaven Instrument , USA

10. Fourier Transform Infrared Spectroscopy (FTIR), Perkin Elmer Spectrum BX, USA

11. Vibrating Sample Magnetometer (VSM), Electricity and Magnetism Research Lab,
Kasetsart University, Thailand

12. Surface Area and Porosity Analyzer, Micromeritic ASAP2460, USA

13. X-Ray Diffraction (XRD), PANalytical X’Pert MPD, UK

14. X-ray Photoelectron Spectroscopy (XPS), AXIS Ultra DLD Shimadzu, Japan.

15. Scanning Electron Microscope—Electron Dispersive X-Ray Spectrometer (SEM-
EDX), Thermo Scientific™ Apreo, USA

16. UV-Visible Spectrophotometer, Shimadzu UV-2600, Japan

17. Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES), Perkin
Elmer AVIO™ 500, USA

2.3 Method
2.3.1 Preparation of Fe-Mn Binary Oxide Immobilized into Hydrochar via
Hydrothermal Carbonization-Activation Process (FMHC and FMHC-700)
Some impurieties of GTW was cleaned using DI water several time until not
release any color, then dried for 12 h at 110°C in the oven. The next process, 4.86 g of
FeCls, 7.84 g of (NH4)2S04.FeSO4.6H20, 1.7 g of MnSO4.H,O with the ratio of
Fe**/Fe?*/ Mn*" (~ 4.3:1:0.2 by mol) were dissolved and homogenized in the 100 mL
of DI water, then poured into the reactor. After that, 20 g of GTW was mixed into the
mixture and stirred vigorously at the temperature of 80°C for 2 h. Then, 100 mL of
potassium hydroxide (KOH) solution was added dropwise and stirred for 1 h
(GTW:KOH = 1:3 %wt). The reactor was hydrothermally heated at 220°C for 24 h in
the oven. Next, it was separated with external magnet, washed by acetone and DI water
until clear and reach neutral pH. Then, dried in the oven at 100 °C for 5 h. The obtained
product was labelled as FMHC. For the activation process, the FMHC was heated using
a pyrolizer at 700°C for 3h under N>-atmosphere with heating rate 5°C/min. Finally, the
product was labelled as FMHC-700.
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2.3.2 EDTA coated onto activated Fe-Mn hydrochar (EDTA-FMHC-700)

4 g of EDTA was dissolved in 100 mL of DI water and added 10 mL of ammonia
solution to adjust the solution pH under alkaline condition. Then, 15 g of FMHC-700
was added into the above solution and stirred at 60°C for 24 h. Furthermore, the sample
was separated from the solution using an external magnet and washed several times
with DI water and dried in the oven at 100°C for 5 h. The sample was labeled as EDTA-
FMHC-700 and stored for further use.

2.3.3 Characterization of Materials
2.3.3.1 Elemental Analysis

Elemental Analyzer (Thermo Scientific™ Flash 2000 CHNS/O Analyzers,
USA) was used to determine the chemical compositions of FMHC, FMHC-700 and
EDTA-FMHC-700.

2.3.3.2 Zeta Potential Analyzer

Zeta Potential Anlayzer (PALS Zeta Potential Analyzer, Brookhaven
Instruments Corp, USA) was used to measure the zeta potential of FMHC, FMHC-700
and EDTA-FMHC-700 at the pH range of 2 to 12.

2.3.3.3 Field-Emission Scanning Electron Microscopy-Electron Dispersive X-Ray
Spectrometer (FESEM-EDX)
FESEM-EDX (Thermo Scientific™ Apreo Scanning Electron Microscope,
USA) was used to describe the morphology and elemental analysis of FMHC, FMHC-
700 and EDTA-FMHC-700.

2.3.3.4 XRD

X-Ray Diffraction (XRD, PANalytical X Pert MPD) was used to observe
diffraction patterns and crystalline systems of FMHC, FMHC-700 and EDTA-FMHC-
700.
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2.3.3.5 Surface Area and Porosity Analyzer
The Nitrogen sorption Analyzer (Micromeritic ASAP2460, USA) was used to
measure the specific surface area, pore volume and average pore diameter of FMHC,

FMHC-700 and EDTA-FMHC-700.

2.3.3.6 Vibrating Sample Magnetometer (VSM)
Vibrating Sample Magnetometer (VSM) was used to measure the magnetic

properties of FMHC, FMHC-700 and EDTA-FMHC-700 at room temperature.

2.3.3.7 XPS

X-Ray Photoelectron spectroscopy (XPS, AXIS Ultra DLD Shimadzu) was
used to confirm the surface functional groups of FMHC, FMHC-700 and EDTA-
FMHC-700.

2.3.3.8 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy (Perkin Elmer Spectrum BX, USA) using the KBR pellet
method was used to analyze some functional groups from FMHC, FMHC-700 and
EDTA-FMHC-700 at the wavenumber of 400 to 4000 cm'.

2.3.4 Adsorption of Rhodamine B, copper ion (Cu?*) and ibuprofen

The adsorption of RhB, copper ion (Cu®") and IBP was conducted by a batch
processes. Some parameters such as effect of contact time (0-180 mins) and initial
concentration (10-250 mg.L!), effect of adsorbent mass (0.01-0.1 g), effect of solution
pH (pH 2-11) and effect of temperature (30-50°C) were studied in the adsorption of
RhB, copper ion (Cu?*) and IBP. For the experiment process, a number of EDTA-
FMHC-700 was added into 50 mL of RhB, copper ion (Cu®") and IBP solutions at the
natural pH of each adsorbates, respectively. After the adsorption reach equilibrium
condition, the adsorbent was separated from each solution using an external magnet.
All of the adsorption experiments were carried out for three times. To study kinetics
and 1sotherm adsorption, the adsorption capacity (¢g.) and removal efficiency (% R) of

adsorbent would be determined using Eq. (1) and (2):
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_ (Co=Ce)V

. = (1)

Removal ef ficiency (% R) = (C‘)C;Ce) x 100 2)
0

Where ¢, is the amount of adsorbates which was adsorbed by adsorbent (mg.g!), Cy
and Ce are the initial and equilibrium concentration of adsorbates (mg.L™!), V' is the

volume of solution (L) and # is adsorbent mass (g).

2.3.5 Regeneration studies of EDTA-FMHC-700

To investigate the regeneration and reusability of the adsorbent, EDTA-FMHC-
700 was added into 50 mL of each adsorbate solutions, then shaked at room
temperature. After the adsorption reach equilibrium, an external magnet is used to
separate between EDTA-FMHC and adsorbates solution. The collected EDTA-FMHC-
700 were desorbed using 20 mL of acetone for Rhodamine B and Ibuprofen (Saleh and
Ali, 2018, Tzereme et al., 2019), then 20 mL of 0.1 M HCI for copper ion (Cu**) for 1
h (Cui et al., 2015), respectively. The adsorbents were washed with DI water until reach
neutral pH, then heated at 100°C for 5 h. Finally, the EDTA-FMHC-700 was reused to

remove all adsorbates in four successive cycles.

Furthermore, the software namely OriginPro 2018, SpectraGryph 1.2 and
ChemDraw 15 (Legal Version) were used to prepare the obtained data from the

experimental results.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 The Fabrication of FMHC and EDTA-FMHC-700
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- ©
Fig. 3.1 (a) MnSO4.H>0, (b) (NH4)2S04.FeSO4.6H>0, (c) FeCls, (d) Fe-Mn solution,

(e) GTW, (f) mixture of GTW and Fe-Mn solution, (g) before and (h) after

hydrothermal carbonization

The first step was the fabrication of magnetic Fe-Mn binary oxide (MnFe3O4)
immobilized on hydrochar via the hydrothermal carbonization at a temperature of
220°C for 24 h. The solution of Fe**, Fe’" and Mn*" source as well as GTW as raw
material were prepared firstly, as shown in Fig. 3.1(a-e). All materials were mixed into
the autoclave reactor and heated at 80°C for 2 hours. This heating process aims to assist
the dispersion of Fe-Mn into the GTW pores. Then KOH solution was added which was
to control the pH of the mixture so that Fe**, Fe*" and Mn?" settles. The color of mixture
before the hydrothermal carbonization was dark brown, then the color changed to be
black after hydrothermal carbonization done as shown in Fig. 3.1(f-h). When the
hydrothermal carbonization process takes place, GTW will be converted into hydrochar
through hydrolysis, dehydration and decarboxylation of cellulose derivatives which
allow MnFe>O4 to be immobilized on the surface and in the carbon matrix of hydrochar.

Finally, the obtained solid product are labeled as FMHC.
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(d)

Fig. 3.2 The image of (a) coating process with EDTA and magnetic response of (b)
FMHC, (c) FMHC-400 and (d) EDTA-FMHC-700

However, further heating was carried out at a temperature of 700°C for 3 h under
nitrogen atmosphere. The purpose of this process was to increase the physical properties
of the material and removing unwanted impurities compounds. The color of the
obtained product looks like black solid, then it was labeled as FMHC-700. The last step
was to modify the FMHC-700 surface by using ethylenediaminetetraacetic acid
(EDTA) to improve the performance and physical properties of the adsorbent, as shown
in Fig. 3.2a. This process was conducted at 80°C for 12 h to ensure that EDTA was
optimally coated on the FMHC-700 surface. The color of the obtained product was
brownish black, then it was labeled as EDTA-FMHC-700. For information, all

synthesized materials were separated from the solution using an external magnetic field.

Furthermore, all synthesized materials also exhibit good magnetic properties, as
shown in Fig. 3.2(b-d). From Fig. 3.2b, FMHC exhibits good magnetic properties with
a very strong response to the external magnetic field and can be completely separated
from the water within 5 s. As for FMHC-700, its response to the external magnetic field
decreases and can be separated from the water within 8 s, as shown in Fig. 3.2¢c. This
was probably caused by the change in the chemical structure of FMHC due to the
activation process which decreases its magnetic properties. While the response of
EDTA-FMHC-700 to the external magnetic field was lowest compared to FMHC and
FMHC-700 so that it can be separated within 12 s, as shown in Fig. 3.2d. The reduced
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magnetic response from EDTA-FMHC-700 can be caused by the previous activation

process and the addition of EDTA to FMHC-700.
3.2 Material Characterizations

3.2.1 Elemental Analysis

Table 3.1 Elemental composition of FMHC, FMHC 700 and EDTA-FMHC-700

Samples C H* N¢ 0 Fe* | Mn? Other
(%) (%) (%) (%) (%) (%) elements
(%)
FMHC 11.42 | 1.57 | 0.14 | 22.71 | 39.50 | 8.60 16.06
FMHC-700 5.79 | 0.18 0.06 | 11.18 | 51.60 | 11.90 19.29

EDTA-FMHC-700 592 | 0.26 | 0.14 | 14.23 | 51.80 | 9.90 17.75

“Measured by CHNO analysis, * Measured by EDX analysis

Elemental analysis data for FMHC, FMHC-700 and EDTA-FMHC-700 were
presented in Table 3.1. The C, H, N and O contents on FMHC-700 were lower than
FMHC which may be caused by the further hydrolysis, dehydration and
decarboxylation of the hydrochar matrix during the activation process. Conversely, the
Fe and Mn contents on FMHC-700 were relatively higher compared to FMHC. This
can be caused by the activation process which enable the crystal phase growth of Fe
and Mn. For EDTA-FMHC-700, the increase of the C, H, N and O contents can be
caused by the addition of EDTA on FMHC-700. Whereas the Fe and Mn contents in
EDTA-FMHC-700 was relatively constant.
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3.2.2 Zeta Potential Analyzer
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Fig. 3.3 Zeta potential of EDTA-FMHC-700 at different pH

Zeta potential measurement was used to evaluate electrostatic mobility on the
surface of the adsorbent and determine the pH at point of zero charge (pHpz) or pH
where the adsorbent surface zero total charge (isoelectric point). The zeta potentials of
EDTA-FMHC-700 were evaluated at different pH and room temperature, as shown in
Fig. 3.3. With increasing pH value, the zeta potential of EDTA-FMHC-700 decrease
gradually, then the obtained pHy.c was 7.21. Therefore, the EDTA-FMHC-700 surface
will be positively charged at pH < pHpzc where this will have the effect on substances
containing positive charge with the emergence of electrostatic repulsion. Conversely,
the surface of EDTA-FMHC-700 will be negatively charged if pH > pHpzc so that will
produce electrostatic attraction between the adsorbent surface and the substances

containing positive charge (Xu et al., 2018).
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3.2.3 Field-Emission Scanning Electron Microscopy-Electron Dispersive X-Ray

Spectrometer (FESEM-EDX)

Fig. 3.4 Morphology studies of (a) FMHC, (b) FMHC-700 and (c) EDTA-FMHC-700
by FESEM
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Fig. 3.5 Elemental mapping of C, O, Fe and Mn onto (a) FMHC, (b) FMHC-700 and
(c) EDTA-FMHC-700 by FESEM-EDX

The surface morphology and the particle size of FMHC, FMHC-700 and
EDTA-FMHC-700 were depicted using FE-SEM at the magnification of 25000-
100000x. As presented in Fig. 3.4(al-a3), particles of MnFe;Os were distributed
uniformly with the spherical shape on the FMHC surface with the average diameter of
50-200 nm. In the image of FMHC-700, its surface morphology exhibits the partial
phase transformation from spherical shape to tetragonal-like shape that might be caused
by the activation process as shown in Fig. 3.4(b1-b3). While for EDTA-FMHC-700,
the surface morphology shows a rough, wrinkled and micro-porous that disperse
homogeneously which was indicate the presence of EDTA on the adsorbent surface as
shown in Fig. 3.4(c1-c3). Furthermore, the existence of C, O, Fe and Mn on EDTA-
FMHC-700 were confirmed by EDX mapping, as shown in Fig. 3.5. All of these results
prove the successful synthesis of MnFe;O4 on the hydrochar surface as a carbon matrix

coated by EDTA.
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3.2.4 X-Ray Diffraction (XRD)
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Fig. 3.6 X-Ray diffraction patterns of FMHC, FMHC-700 and EDTA-FMHC-700

Fig. 3.6 shows the XRD patterns of FMHC, FMHC-700 and EDTA-FMHC-
700. The XRD pattern of FMHC exhibits the diffraction peaks at 26 values of 18.2°,
29.9°, 35.2°, 36.8°, 42.8° 53.1°, 56.5° and 62.1° reflect the (111), (220), (311), (222),
(400), (422), (511) and (440) crystal planes of the cubic spinel ferrite phase of
manganese ferrite (MnFe>O4) which was in accordance with the JCPDS no. 74-2403
(Xu et al., 2018). This result exhibits the presence of MnFe;O4 in the obtained FMHC
composite. After the activation process, the FMHC-700 diffraction pattern shows the
broad diffraction peaks at 20 values of 35.8°, 41.6° and 60.3° represent the (111), (200)
and (220) crystal planes of the wustite phase of FeO refer to ICDD no. 01-074-1886.
The partial change of the crystal planes of iron species in MnFe>O4 during the activation
process are probably due to the less stable of iron species during the activation process
at high temperatures which form other iron species with the wustite phase (FeO) (Ding

etal., 2015, Yoon et al., 2017).



3.2.5 Surface Area and Porosity Analyzer
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Fig. 3.7 Nitrogen adsorption-desorption isotherm curves of FMHC, FMHC-700 and
EDTA-FMHC-700

The BET surface area and pore size analysis for FMHC, FMHC-700 and EDTA-
FMHC-700 were described in Fig. 3.7. All of them exhibit type II isotherms (according
to the IUPAC classification) with H3 type hysteresis loops which correspond to non-
porous or supermicroporous material also refer to open-wedge pores shape with the
average pore diameter around 0.09 nm which was shown at inset Fig. 3.7 (Boruah et
al., 2019, Sultan et al., 2018, Zhang et al., 2016). These three loops may arise due to
the immobilization of MnFe;O4 into the carbon matrix (Xu et al., 2018). Additionally,
the BET surface area and pore volume from FMHC, FMHC-700 and EDTA-FMHC-
700 were 21.58, 22.28 and 48.97 m%.g ™! and 0.105, 0.07 and 0.144 cc.g’!, respectively.
The surface area, pore volume and pore size of EDTA-FMHC-700 greater than FMHC
and FMHC-700 were likely to be caused by the addition of EDTA which can improve
the physical properties of the adsorbent.
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3.2.6 Vibrating Sample Magnetometer (VSM)
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Fig. 3.8 Magnetic hysteresis loops of FMHC-700 and EDTA-FMHC-700

As shown in Fig. 3.8, the magnetization hysteresis loops of FMHC-700 and
EDTA-FMHC-700 were measured with an applied magnetic field of 10 kOe at room
temperature. The saturation magnetization of FMHC-700 and EDTA-FMHC-700 were
12.16 and 10.18 emu.g™!, respectively. The saturation magnetization of EDTA-FMHC-
700 which was slightly decreased was probably caused by the presence of EDTA on
the FMHC-700 surface. In the inset Fig. 3.8, the separation process of EDTA-FMHC-
700 from water through the external magnetic field can be achieved completely within
12 s. The magnetic separation performance of EDTA-FMHC-700 which was relatively
good, easy and fast can provide benefits after the adsorption process which saves more

time and costs.



3.2.7 X-Ray Photoelectron Spectroscopy (XPS)
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Fig. 3.9 (a) Survey XPS spectra of EDTA-FMHC-700; High resolution XPS (b) Fe2p,
(c) Mn2p, (d) Cls, (e) Ols and (f) N1s peaks fitting of EDTA-FMHC-700
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The XPS was used to analyze the chemical identity of atoms on the EDTA-
FMHC-700 surface in detail based on the difference in bond energy. The overall survey
of elements from EDTA-FMHC-700 were shown in Fig. 3.9a. The presence of Fe, Mn,
C, O and N in the spectrum were confirmed with the binding energy values at 711.6,
640.6, 285.6, 530.6 and 399.6 eV, respectively. As shown in Fig. 3.9b, the presence of
iron phase of Fe304 in EDTA-FMHC-700 was indicated by the appearance of two peaks
namely Fe 2p3» and Fe 2pi» at the binding energy values of 711.6 and 724.5 eV,
respectively. This result was in accordance with the characteristics of Fe3O4 in previous
reported literature (Cui et al., 2015, Yang et al., 2018b). At Fig. 3.9c, the characteristic
peaks of Mn 2p3» and Mn 2p1» were centered on the binding energy values of 640.6
and 652.5 eV, respectively. These values were also in accordance with previous work
(Renetal., 2012, Xiong et al., 2017, Yin et al., 2018). This data was also in accordance
with the data in Fig. (3.4-3.6) which confirm the formation of MnFe>O4 on the EDTA-
FMHC-700 surface.

The deconvolution of C 1s peak in Fig. 3.9d exhibits that there were several
peaks in the binding energy values of 284.6, 285.5, 286.7 and 288.5 eV which can be
assigned to C=C/C-C, C-O, C-N and C=0 bonds, respectively (Lv et al., 2018, Xu et
al., 2018). Then, the deconvolution of O 1s peak in Fig. 3.9¢ shows four peaks at the
binding energy values of 530.8, 531.9 and 533 eV according to M-O (M = Fe or Mn),
hydroxyl groups (O-H) and H>O which is chemically or physically adsorbed,
respectively (Deng et al., 2017). As shown in Fig. 3.91, the deconvolution of N1s peak
consists of three peaks with the binding energy values located at 399.6, 400.5, and 401.8
eV, which related to ~CO-NH-, —CH>-NH; and N-H, respectively (Deng et al., 2017,
Li et al., 2017, Xu et al., 2018). All the obtained data above confirmed that EDTA-
FMHC-700 was successfully fabricated.



3.2.8 Fourier Transform Infrared (FTIR) Spectroscopy
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Fig. 3.10 FTIR spectra of FMHC, FMHC-700 and EDTA-FMHC-700 after

adsorption with RhB and copper ion (Cu®")
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Table 3.2 Possible functionalized groups of FMHC, FMHC-700 and EDTA-FMHC

before and after adsorption

Wavenumber (cm™) Assignment
FMHC

570 Stretching vibration of Fe-O functional groups

864 Stretching vibration of N-H functional groups

1036 Bending vibration of C-OH functional groups

1412 Stretching vibration of C-O of carboxylic acid
functional groups

1568 Stretching vibration of C=C aromatic functional groups

2906 and 2920 Stretching vibration of C-H aliphatic functional groups

3384 Stretching vibration of O-H from hydroxyl functional

groups
FMHC-700

562 Stretching vibration of Fe-O functional groups

874 Stretching vibration of N-H functional groups

1032 Bending vibration of C-OH functional groups

1112 Stretching vibration of C-N functional groups

1408 Stretching vibration of C-O of carboxylic acid
functional groups

3340 Stretching vibration of O-H from hydroxyl functional
groups

EDTA-FMHC-700

556 Stretching vibration of Fe-O functional groups

1032 Bending vibration of C-OH functional groups

1406 Stretching vibration of C-O of carboxylic acid
functional groups

1594 Stretching vibration of C=C aromatic functional groups

3222 Stretching vibration of O-H from hydroxyl and

overlapping N-H functional groups
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Wavenumber (cm™) Assignment

EDTA-FMHC-700-RhB

560 Stretching vibration of Fe-O functional groups
1038 Bending vibration of C-OH functional groups
1588 Stretching vibration of C=C aromatic functional groups

EDTA-FMHC-700-Cu?*

552 Stretching vibration of Fe-O functional groups
1036 Bending vibration of C-OH functional groups
1596 Stretching vibration of C=C aromatic functional groups

As shown in Fig. 3.10, FTIR spectrum for FMHC and FMHC-700 shows
characteristic peaks in the range 570-556 cm™!, 874-864 cm™!, 1412-1408 cm’!, 3384-
3340 cm™! and 1036-1032 cm™! which were assigned for stretching vibration of Fe-O,
N-H, C-0O, O-H groups and bending vibration of C-OH, respectively. For FMHC-700,
several peak characteristics in 1568, 2906 and 2920 cm™ disappeared which were
assigned to bending vibration and vibration stretching of N-H and C-H aliphatic
functional groups, respectively. In addition, the emergence of a new functional group
on FMHC-700 at 1112 cm™! which was assigned to the C-N functional group as a result
of the activation process of FMHC which changes the functional groups and crystal
plane of FMHC, these results were in accordance with the data from Table 3.1 and Fig.
3.6. Whereas in EDTA-FMHC-700, the appearance of a characteristic peak at 1594 cm™
! and the broad peaks at 3222 cm™ were indicated as the C=C aromatic and the
overlapping of N-H amide functional groups. These was in accordance with the data
from Fig. 3.9 which prove that EDTA has successfully coated on the surface of FMHC-
700.

Furthermore, some characteristic peaks for EDTA-FMHC-700 experienced a
shift after the adsorption of RhB and copper ion (Cu®"). For RhB adsorption, the
characteristic peaks shift occurred at 556 to 560 cm™!, 1032 to 1038 cm™, 1594 to 1588
cm’! which were characterized as the stretching vibration of Fe-O functional groups and
the bending vibrations of C-OH and the stretching vibration of C=C aromatic functional

groups, respectively. While for copper ion (Cu?") adsorption, the characteristic peaks
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shift occurred at 556 to 552 cm™, 1032 to 1036 cm™!, 1594 to 1596 cm™' which were
characterized as the stretching vibration of Fe-O functional groups, the bending
vibrations of C-OH and the stretching vibration of C=C aromatic functional groups,
respectively. Moreover, the characteristic peaks at 1406 and 3222 cm™! disappear which
were assigned to stretching vibration of the C-O carboxylic acid functional groups and
the O-H hydroxyl as well as the N-H amide functional groups, respectively. These
results have confirm that RhB and copper ion (Cu*") have been adsorbed on EDTA-
FMHC-700.

3.3  Adsorption Studies of Rhodamine B, ibuprofen and copper ion (Cu?*)

The synthesized EDTA-FMHC-700 was used to remove several pollutants such
as Rhodamine B, copper ion (Cu®**) and ibuprofen in aqueous solution through the
adsorption process. Several factors that affect the adsorption process such as contact
time and concentration, adsorbent weight, solution pH and temperature were studied to
investigate the kinetics and isotherms model of the adsorption. The amount of adsorbed
substance is the important factor to determine the adsorption capacity (g.) and the
percentage of removal efficiency (% R) of the adsorbent. Experimental data related to
the adsorption mechanisms of RhB, copper ion (Cu?") and IBP on the adsorbent surface

are described using Langmuir, Freundlich and Temkin isotherm models.

The time-dependent of adsorption were used for kinetics studies for RhB,
copper ion (Cu?*) and IBP removal. In this work, two types of kinetic models such as
pseudo first order and pseudo second order were used to study the dynamics and
mechanisms in the reaction. The equations for the two types of kinetic models are

presented in Eq. (3-4):

Pseudo first order: In (g, — q¢) = In q, — k4t (3)

t 1 t
Pseudo second order: — = s+ — (4)
qdtc K2qg de

Where ¢; is the amount of molecules adsorbed at specified time ¢, k; and k> are pseudo
first order rate constant (min') and pseudo second order rate constant (g.mg!.min"),

respectively.
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The Langmuir isotherm model assumes that the adsorption process occurs as
monolayer and the interaction between the adsorbate molecule and the adsorbent
surface have the same affinity. Therefore, there is no adsorption for the next layer after
monolayer adsorption is reached on the adsorbent surface (Ghosal and Gupta, 2017).
The non-linear and linear equations for the Langmuir isotherm model are shown in Eq.

(5-6), respectively:

_ qmKCe
qe = 1+K;.Ce )
=2 (6)

de - aqmKL dm

Where K; and g, refer to Langmuir constants which indicate the maximum number of
substance molecules adsorbed on the adsorbent (mg.g™!') and adsorption free energy
(L.mg"). The dimensionless separation factor (R.) was determined to show the
suitability of the experimental data with the Langmuir isotherm model, as well as
indicates that the adsorption nature become irreversible (R, = 0), favourable (0 <R, <1),

linear (R, = 1) or unfavourable (R;> 1), as indicate in Eq. (7) (Hayeeye et al., 2017):

_ 1
T (1+K1Co)

(7)

R,

Alike with Langmuir isotherm model, Freundlich isotherm model assumes that
the number of molecules of substances absorbed on the surface of the adsorbent
increases gradually (multilayer adsorption). Linear equation can be used to identify the
compatibility of experimental data with the Freundlich isotherm model. If the
experimental data shows a correlation coefficient (R?) that is large enough then the
adsorption process is considered match with this isotherm model (Chung et al., 2015).
The non-linear and linear forms of the Freundlich isotherm model are shown in Eq. (8-
9):

1
e

Ge = KpC,/ (8)

Log q, = %log C. + Log Kr 9)
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Where n and Kr are Freundlich constants related to adsorption intensity and adsorption

capacity ((mg.g™").(L.mg™")"™), respectively.

The Temkin isotherm model describes the energy distribution uniformly on
heterogeneous active sides (Inyinbor et al., 2016). The non-linear and linear forms of

the Temkin isotherm model are shown in Eq. (10-11):
RT
e = B—Tln KrC, (10)

qezBTanT‘l‘BTlnCe (11)

Where K7 and Br are the equilibrium binding constant (L.mg™') and the adsorption heat
(J.mol™), R is the molar gas constant (8.314 J.mol'.K'!) and T is temperature (K).

3.3.1 Adsorption study of Rhodamine B (RhB)

The RhB adsorption process in an aqueous solution was carried out at a natural
pH which was in the range pH 3.5-4.3.The maximum adsorption capacity and
adsorption rate were investigated through several parameters that affect to RhB
adsorption in the batch experiment. The difference of the RhB concentration in the
aqueous solution before and after adsorption was measured using a spectrophotometric

method at the maximum wavelength of 554 nm.
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3.3.1.1 Effect of adsorbent weight on RhB adsorption
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Fig. 3.11 Effect of adsorbent weight for RhB adsorption (Co = 100 mg.L™!, Wadsorbent =
0.01-0.06 g, V =50 mL, natural pH, and T = 30°C)

To study the effect of adsorbent weight on RhB adsorption, the weight of
EDTA-FMHC-700 was varied from 0.01 to 0.06 g. As shown in Fig. 3.11, The increase
of g. and % R was offset by the increase of the adsorbent weight, and the maximum
value was achieved at the adsorbent weight of 0.04 g. Increasing the value of g. and %
R can be caused by increasing the number of active sides on the surface of EDTA-
FMHC-700 such as hydroxyl, carboxyl and amine functional groups (Naseem et al.,
2018). After reaching the maximum condition at 0.04 g, decreasing in adsorption
capacity value (g.) may be caused by the number of RhB molecules adsorbed fulfilling
all the available active sides on the EDTA-FMHC-700 surface. Therefore, the number
of unadsorbed RhB molecules remains constant even with the increase of the adsorbent
weight. At the weight of 0.04 g, the maximum adsorption capacity of EDTA-FMHC-
700 for RhB was 16.02 mg.g!. The effect of increasing the weight of the adsorbent on
the adsorption capacity value (g.) was also consistent with previous reported literature

(da Silva Lacerda et al., 2015, Hayeeye et al., 2017, Sukriti et al., 2017).
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3.3.1.2 Effect of solution pH on RhB adsorption
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Fig. 3.12 Effect of solution pH for RhB adsorption (Co = 100 mg.L"!, Wadsorbent = 0.04
g, V=50mL, pH=2-11, and T = 30°C)

The effect of pH on RhB adsorption was carried out in the pH range 2-11, as
indicated in Fig. 3.12. The EDTA-FMHC-700 shows the optimal adsorption capacity
for RhB which was 42.82 mg.g' at pH 2. At low pH, excess hydrogen ions were likely
to experience electrostatic attraction interactions with the amine functional group of
EDTA on the EDTA-FMHC-700 surface, giving rise to a new active sides. The
hydrogen bound to nitrogen atoms interacts with oxygen function groups (-O-) on RhB
molecules through hydrogen bonding so that the number of adsorbed RhB molecules at
low pH increases. Whereas in the range pH of 7-11, increasing in adsorption capacity
was possible due to increasing in the amount of hydroxyl ions in the solution where the
surface charge of EDTA-FMHC-700 tend to be negative and resulting in electrostatic
attraction between adsorbent surface and quaternary amine positive charge (N'R3) of
the RhB molecule. Furthermore, the adsorption of RhB at natural pH was preferable

because it prevent the negative impacts to the environment.



3.3.1.3 Kinetics study of RhB adsorption
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Fig. 3.13 Effect of contact time for the RhB adsorption (Co = 100 mg.L"!, Wadsorbent =
0.04 g, V =50 mL, natural pH, and T = 30°C)
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Fig. 3.14 Fitting of kinetic models by (a) pseudo first order and (b) pseudo second
order for RhB adsorption (Co = 100 mg.L™!, Wadsorbent = 0.04 g, V = 50 mL, natural pH,
and T = 30°C).

Table 3.3 Kinetics parameters for RhB adsorption by EDTA-FMHC-700 (Co = 100
mg.L"!, Wadsorbent = 0.04 g, V = 50 mL, natural pH, and T = 30°C).

Kinetics Parameters Kinetics Parameters
Model Model
{e-experiment = 16.73 mg.g'l qe-experiment = 16.73 n'lg-g_1
Pseudo ge=2.66 mg.g’! Pseudo ge=17.15 mg.g"!
First Second
Order ki= 22x10?min! Order k2=2.9x 10? gmg ! .min!
RZ=0.2752 R%=0.9989

To determine the equilibrium time in the RhB adsorption, the EDTA-FMHC-

700 was reacted with RhB solution for 120 min to ensure the adsorption process has
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reached equilibrium condition, as shown at Fig. 3.13. The adsorption rate of the RhB
by EDTA-FMHC-700 increased rapidly in the first 10 minutes, then reached
equilibrium condition within 30 minutes. Increasing adsorption rate was probably
caused by the amount of active side abundant on the surface of EDTA-FMHC-700 at
the initial condition, then gradually slows down as an indication that the available active
side has bounded with the RhB molecules until it reaches equilibrium. In this work,
pseudo first order and pseudo second order were used as kinetic models to be matched
with experimental data, as seen in Fig. 3.14(a-b). Based on data from the kinetics model
parameters tabulated in Table 3.3, the relatively closeness of the value between the
adsorption capacity of the experiment and the model as well as the higher correlation
coefficient value (R?) has confirmed that the adsorption of RhB by EDTA-FMHC-700

matched with the pseudo second order kinetics model.

3.3.1.4 Isotherms study of RhB adsorption
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Fig. 3.15 (a) Adsorption isotherms of RhB on EDTA-FMHC-700 at various
temperatures, (b) Langmuir, (c) Freundlich and (d) Temkin isotherm models for the
adsorption (Co = 10-250 mg.L™!, Wadsorvent = 0.04 g, V = 50 mL, natural pH, and T =

30-50°C).

Table 3.4 Isotherm models parameters for the adsorption of RhB by EDTA-FMHC-
700 (Co = 10-250 mg.L!, Wadsorbent = 0.04 g, V = 50 mL, natural pH, and T = 30-50°C).

Isotherm Models
Temperature
Langmuir Freundlich Temkin

30°C gn=2141 mgg' | Kr=2.95Lmg! Br=10.41 J.mol!

K;=0.0474 n=2.63 Kr=0.72 L.mg’!

L.mg’!
s R? =0.8464 R?=0.8966
R?=0.9927
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Isotherm Models
Temperature
Langmuir Freundlich Temkin
40°C gn=29.94mg.g! | Kr=298 Lmg! | Br=15.14 J.mol’!
K. =0.0359 L.mg’! n=229 Kr=0.62 L.mg"
R?=0.9937 R?=10.9029 R?=10.9479
50°C gn=39.06 mg.g' | Kr=4.05Lmg"! | Br=19.27 J.mol’!
K. =0.0378 L.mg’! n=231 Kr=10.65 L.mg!
R?=0.9953 R?=0.8874 R?=0.9517

The fits isotherm model at constant temperature was studied to determine the
effect of RhB concentration on the adsorption capacity of EDTA-FMHC-700 through
predictive calculation. The obtained results from Fig. 3.15(a-d) and Table 3.4 exhibit
that the Langmuir isotherm model gives the best fits with experimental data based on
the correlation coefficient value (R?) which is higher than the Freundlich and Temkin
isotherm models at various temperatures. These results designate that the mechanism
of RhB adsorption by EDTA-FMHC-700 following the monolayer adsorption process.
For the concentration of RhB at 10-250 mg.L™!, the obtained R, values were in the range
of 0.07-0.67 which represents that the Langmuir isotherm model was more favorable
for RhB adsorption (Ibrahim et al., 2019, Maniyazagan et al., 2019). Furthermore, the
maximum adsorption capacity of EDTA-FMHC-700 (g».) against RhB was more
eminent than polystyrene/Fe304/GO (Wang et al., 2012a), magnetite/RGO (Sun et al.,
2011) and MnFe>O4 (Lamdab et al., 2018). The maximum adsorption capacity of
EDTA-FMHC-700 compare with various types of the reported magnetic adsorbents for
RhB adsorption, were shown in Table 3.5.
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Table 3.5 Comparison of the maximum adsorption capacity (gma) of EDTA-FMHC-

700 with various types of magnetic adsorbents for RhB adsorption.

Adsorbent pH teg” Gmax Ref.
(min) | (mg.g™)
MnFe;04 10.5 25 9.30 (Lamdab et al., 2018)
Polystyrene/Fe;04/GO 7 1440 13.8 (Wang et al., 2012a)
Magnetite/RGO 7 30 13.5 (Sun et al., 2011)
L-Serine-Fe3Os MNPs 7.4 180 6.82 (Belachew et al., 2017)
ZnFe-NC 7 20 12.1 (Konicki et al., 2017)
Magnetic Lignin-based | Natural 180 17.62 (Lietal., 2016)
hollow microspheres pH
EDTA-FMHC-700 3.8 30 21.41 This study
“ teq 1s the equilibrium time for the adsorption of RhB
3.3.1.5 Regeneration Study for RhB adsorption
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Fig. 3.16 Adsorption capacity of RhB by EDTA-FMHC-700 in four successive cycles
(Co =100 mg.L!, Wagsorbent = 0.04 g, V = 50 mL, natural pH, and T = 30°C)
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To follow the industry perspective, regeneration studies were one of the
important factors to investigate the cost, effectiveness and efficiency of using
adsorbents. For this regeneration, the loaded RhB in EDTA-FMHC-700 was separated
from the solution using an external magnet, then washed using acetone followed by DI
water. Then it dried in the oven at 100°C for 5 h. This process was conducted for each
adsorption-desorption process. As shown at Fig. 3.16, the adsorption capacity of RhB
by EDTA-FMHC-700 was 22.94 mg.g"!' at the initial condition. After four consecutive
cycles, the RhB adsorption capacity decreased from 22.94 to 16.72 mg.g™' but the
performance still maintained as much as 75% of the initial condition. EDTA-FMHC-
700 performance shows good regeneration, effectiveness and efficiency that can be
considered to be applied for industrial purposes as well as environmental remediation

processes.
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3.3.1.6 The proposed mechanism on the adsorption of RhB

Hydrochar Surface

Fig. 3.17 The proposed mechanism of RhB adsorption onto EDTA-FMHC-700 (Co =
100 mg.L™!, Wadsorbent = 0.04 g, V = 50 mL, natural pH (3.8) and T = 30°C)

The adsorption of RhB on EDTA-FMHC-700 was carried out at the natural pH
of RhB at the pH range of 3.5-4.3, so the RhB tends to be in its cationic form (Jiao et
al., 2015). Chemisorption may have more role than physisorption in the RhB adsorption
process. In the physisorption, the average pore diameter of the adsorbent (0.91 nm) that
corresponds to the data from Fig. 3.7, a little difficult to let the RhB molecules with the

ionic radius of 1.44 nm to enter the pores (Jiang and Huang, 2016).

While for chemisorption, the EDTA structure (H4Y) will undergo a dissociation
process at the natural pH of RhB solution (pH 3.8) into its ionic form (H2Y?") according
to the previous literature (Maketon et al., 2008). Therefore, the interaction between RhB

molecules and the adsorbent surface tends to be dominated by electrostatic attraction
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and hydrogen bonding. The electrostatic attraction occurs between the dissociated
species of EDTA (-COQ) and the positive charge of quaternary amine group (R3N¥)
from the RhB molecules. While hydrogen bonding occur between hydrogen atom from
the -OH carboxylic acid functional groups in EDTA with both oxygen atom from ether
(C-0-C) functional group and nitrogen atom from a secondary amine in the RhB
molecules (Li et al., 2013, Punyapalakul et al., 2009). These results were also
correspond to FTIR results in Fig. 3.10 and Table 3.2.
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3.3.2 Adsorption study of copper ion (Cu?*)

The adsorption of copper ion (Cu®") in an aqueous solution was conducted in
batch experiment at natural pH of copper ion (Cu?") solution which was the pH of 4.98-
5.15. Some parameters which affect to the adsorption of copper ion (Cu?") such as initial
concentration and contact time, adsorbent weight and solution pH were also studied.
The concentration of copper ion (Cu?") in the aqueous solution before and after
adsorption was measured using an inductively coupled plasma-optical emission

spectrometer (ICP-OES).

3.3.2.1 Effect of adsorbent weight on copper ion (Cu?*) adsorption
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Fig. 3.18 Effect of adsorbent weight for the copper ion (Cu?") adsorption (Co= 100
mg.L'l, Wadsorbent = 0.01-0.1 g, V = 50 mL, natural pH, and T = 30°C)

The adsorption capacity (g.) and removal efficiency (% R) were best found on
the adsorbent weight of 0.05 g for the adsorption of copper ion (Cu®*), as shown in Fig.
3.18. The maximum adsorption capacity (g.) and removal efficiency (% R) of EDTA-
FMHC-700 for copper ion (Cu*") were 10.27 mg.g”! and 10.21%, respectively. The

increasing of g. and % R values can be caused by the large number of active sides on
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the surface of EDTA-FMHC-700 at the initial conditions which can cause the increase
in the chelating process of copper ions (Cu?") with the presence of EDTA on the
adsorbent surface (Cui et al., 2015). After reaching the maximum condition at 0.05 g,
the amount of unadsorbed copper ion (Cu’?") remains constant even though the

adsorbent weight increases.

3.3.2.2 Effect of solution pH on copper ion (Cu?*) adsorption
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Fig. 3.19 Effect of solution pH for copper ion (Cu®*) adsorption (Co = 100 mg.L™!,
Wads()rbent: 0.05 g, V = 50 mL, pH = 2'5, aIld T = 300C)

In the adsorption of copper ion (Cu?"), the protonation occurs at low pH value
resulting in EDTA-FMHC-700 surface tends to be positively charged which cause
repulsion interactions between RoN* and Cu?", as shown in F ig. 3.19. Furthermore, the
increase in pH value causes deprotonation on the EDTA-FMHC-700 surface so that the
adsorbent surface tends to be more negative so increase the electrostatic attraction on
Cu?*. The estimation about the resistance of Fe content on EDTA-FMHC-700 at acid
condition was one of the important factors to investigate the adsorbent performance,

especially the magnetic properties. The effect of pH on Fe-leaching on EDTA-FMHC-
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700 was also shown in Fig. 3.19. At strong acidic conditions, some particles of Fe3O4
from the adsorbent dissolved significantly in the solution because the bond between
some Fe3Oy4 particles and the carbon fraction on the adsorbent surface became weak
then finally broke. Hence, the adsorption of copper ion (Cu?") at natural pH was
preferable because it prevents the Fe leaching and reduces the negative impacts to the

environment.

3.3.2.3 Kinetics study of copper ion (Cu?*) adsorption
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Fig. 3.20 Effect of contact time for copper ion (Cu**) adsorption (Co = 100 mg.L™!,
Wadsorbent= 0.01-0.1 g, V = 50 mL, natural pH, and T = 30°C)
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Fig. 3.21 Kinetic models by pseudo first order (a) and pseudo second order (b) for
copper ion (Cu?") adsorption (Co = 100 mg.L"!, Wadsorbent = 0.05 g, V = 50 mL, natural
pH, and T = 30°C).

Table 3.6 Kinetics parameters for copper ion (Cu**) adsorption by EDTA-FMHC-700
(Co =100 mg.L!, Wagsorbent = 0.05 g, V = 50 mL, natural pH, and T = 30°C).

Kinetics Parameters Kinetics Parameters
Model Model
qe-experiment = 8.29 n'lg-g_1 {e-experiment = 8.29 n'lg-g_1
Pseudo ge=2.17 mg.g’! Pseudo ge=7.64 mg.g’!
First Second
Order ki= 0.8 x 102 min™! Order k2=5.1x10?gmg ! .min!
R%Z=10.3811 R%=0.9973

As seen in Fig. 3.20, the adsorption of copper ion (Cu*") by EDTA-FMHC-700
was conducted for 120 min to confirm that the adsorption equilibrium was reached. It
can be seen that the adsorption rate of copper ions (Cu®") was relatively fast and reach
the equilibrium condition in the first 10 min. The addition of EDTA can act as the active
side donor and chelating agent for copper ions which probably cause increasing in the
adsorption rate of copper ion (Cu®") adsorption at the initial conditions. When the
equilibrium conditions have been reached so the adsorption rate decreases gradually as
the indication that all active sides have chelated with copper ions. Furthermore, the
obtained experimental data will be fitted with one of the kinetics model, namely pseudo
first order and pseudo second order kinetics model, as seen in Fig. 3.21(a-b). From the
kinetics model parameters presented in Table 3.6, the adsorption capacity values which
are obtained from the experiment data relatively similar with the adsorption capacity
values from the pseudo second order kinetics model. This result was supported by the
obtained linearity coefficient value (R?), where the linearity coefficient value of the

pseudo second order higher that pseudo first order. Hence, it can be confirmed that the
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adsorption of copper ions (Cu*") by EDTA-FMHC-700 fits with the pseudo second

order kinetics.

3.3.2.4 Isotherms study of copper ion (Cu?*) adsorption
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Fig. 3.22 (a) Adsorption isotherms of copper ion (Cu**) on EDTA-FMHC-700 at
various temperatures, (b) Langmuir, (c¢) Freundlich and (d) Temkin isotherm models
for the adsorption (Co = 10-200 mg.L"!, Wadsorbent= 0.05 g, V = 50 mL, natural pH,
and T =30-50°C).
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Table 3.7 Isotherm models parameters for the adsorption of copper ion (Cu®*") by

EDTA-FMHC-700 (Co = 10-200 mg.L™!, Wadsorbent = 0.05 g, V = 50 mL, natural pH,

and T = 30-50°C).

Isotherm Models
Temperature
Langmuir Freundlich Temkin
30°C gn=943mgg! | Kr=2.85Lmg’ Br=3.55J.mol!
K1 =0.1392 L.mg! n=4.08 Kr=1.62 L.mg’!
R2=0.9983 R?=10.8282 R?2=0.8531
40°C gn=1330mg.g! | Kr=3.71 L mg! Br=15.22 J.mol’!
K. =0.1526 L.mg! n=3.76 Kr=1.50 L.mg’!
R? =0.9984 R?=0.8592 R?=0.8929
50°C gn=20.45mg.g! | Kr=5.17 Lmg"' Br=28.18 J.mol’!
K. =0.1445 L.mg! n=3.46 Kr=1.44 Lomg’!
R?=0.9991 R?=10.8433 R?=0.8909

Predictive calculation of the fits isotherm model were used to study the effect

of copper ion (Cu?") concentration on the adsorption capacity of EDTA-FMHC-700.

As shown in Fig. 3.22(a-d) and Table 3.7, the experimental data was fitted well with

the Langmuir isotherm model based on the correlation coefficient value (R?) which is

higher than the Freundlich and Temkin isotherm models at various temperature, so that

the adsorption of copper ions (Cu*") by EDTA-FMHC-700 follows the monolayer

adsorption mechanism of the Langmuir isotherm model. For copper ion (Cu

2+)

adsorption at the concentration of 10-200 mg.L"!, the obtained R, values were in the

range of 0.03-0.41 which represents that the Langmuir isotherm model was more

favorable for copper ion (Cu®") adsorption (Ojemaye et al., 2017). The maximum
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adsorption capacity (g») of EDTA-FMHC-700 for copper ion (Cu®") adsorption

compared to other adsorbents are shown in Table 3.8.

Table 3.8 Comparison of the maximum adsorption capacity (gme) of EDTA-FMHC-

700 with various type of magnetic adsorbents for copper ion (Cu**) adsorption.

Adsorbent pH teg” Gmax Ref.
(min) | (mg.g")

Fes04-EDTA 6.0 5 46.27 (Liu et al., 2013)
MNP-Maph 5.0 45 34.08 (Ojemaye et al., 2017)
Amino-functionalized 6.0 5 25.77 (Hao et al., 2010)
magnetic nanoparticles
C-dots / Fe3O4 magnetic 6.0 ~5 13.51 (Masoudi and
nanocomposites Honarasa, 2018)
Oxidized mesoporous 53 240 51.40 (Yietal., 2019)
carbon-based magnetic
composite
EDTA-FMHC-700 5.0 10 9.43 This study

14 1s the equilibrium time for the adsorption of copper ion (Cu

2+)
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3.3.2.5 Regeneration study for copper ion (Cu?*) adsorption

10 +

q, (mg.g™")

Initial solution' Ist ' 2nd ' 3rd ' 4th

Regeneration Cycle

Fig. 3.23 Adsorption capacity of copper ion (Cu*") by EDTA-FMHC-700 in four
successive cycles (Co = 100 mg.L", Wadsorbent = 0.05 g, V = 50 mL, natural pH, and T
=30°C)

To examine the effectiveness and efficiency from the use of adsorbents, the
adsorption-desorption process was carried out by separating copper ions loaded EDTA-
FMHC-700 from the solution, then soaked with 0.1 M HCI for 1 h, washed with DI
water then dried in the oven at 100°C for 5 h. This process was performed in 4
consecutive cycles, where the obtained initial adsorption capacity was 9.93 mg.g!, as
shown in Fig. 3.23. In the first cycle the adsorption capacity of copper ions (Cu*")
decreased from 9.93 to 8.56 mg.g!. Then it decreased again with adsorption capacity
of 7.73 mg.g™! in the second cycle then stable until the fourth cycle. This reduced
adsorption capacity was probably caused by the loss of several active sides of the
adsorbent due to the desorption process using HCl. However, overall the EDTA-

FMHC-700 can still maintain its performance up to 78.55% from the initial condition.

The EDTA-FMHC-700 exhibits relatively good regeneration and stability so that can
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be considered to be used for further application such as environmental remediation

processes from heavy metals.

3.3.2.6 The proposed mechanism on the adsorption of copper ion (Cu®*)

COMPLEXATION ELECTROSTATIC ATTRACTION

Hydrochar Surface

Fig. 3.24 The proposed mechanism of copper ion (Cu**) adsorption onto EDTA-
FMHC-700 700 (Co = 100 mg.L™", Wagsorbent = 0.05 g, V = 50 mL, natural pH (5.0) and
T =30°C).

The adsorption of copper ion (Cu®>") on EDTA-FMHC-700 was carried out at
the natural pH of copper ion (Cu?") solution at the pH range of 4.98-5.15. The
combination of physisorption and chemisorption may play a role in the copper ion
(Cu*") adsorption process. Similar with the RhB adsorption, physisorption occur
between the copper ion (Cu**) and the surface pores of EDTA-FMHC-700 through van
der Waals bonding. The radius of copper ion (Cu?"), which is 0.14 nm, allows it to enter
the adsorbent pores with the average pore diameter of 1.5 nm as shown in Fig. 3.7 (Xu

etal., 2018).

For chemisorption, the complexation of copper ions (Cu?") with the functional
groups of EDTA such as carboxylic acid (-COOH) and amine with lone pair electrons
(-R-N:) was likely to dominate due to they can act as exchange site for metal ions. The
lone electron pairs from amine functional groups (-R-N:) and the oxygen atom from the

carboxylic acid functional group (-COOH) can bind to copper ions (Cu®*) then release



67

two hydrogen ions (H"), as shown in Fig. 3.24. In addition, the mechanism of copper
ions (Cu?") adsorption is possible via electrostatic attraction caused by the EDTA
structure (H4Y) to undergo dissociation process at the natural pH of copper ion solutions
(pH 5.0) to their ionic form (H2Y?") according to previous literature. Therefore, the
interaction between copper ion (Cu**) molecules and the adsorbent surface can occur
between EDTA species which dissociate (-COQO") and positive charges from copper
ions (Cu*") as shown in Fig 3.24. These results were related with the data from Fig.
3.10 and Table 3.2 as well as the prior literature (Lv et al., 2018, Shen et al., 2012, Zou
etal., 2017).
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3.3.3 Adsorption study of ibuprofen (IBP)

The adsorption process of IBP in aqueous solution was conducted at the natural
pH which was in the pH range of 6.86-6.93. The maximum adsorption capacity and
adsorption rate were investigated through several parameters that influenced the

adsorption of IBP in a batch experiment.

3.3.3.1 Effect of adsorbent weight on ibuprofen (IBP) adsorption

Fig. 3.25 The image of IBP solution before and after adsorption by effect of adsorbent
weight (Co = 100 mg.L™!, Wadsorbent= 0.01-0.05 g, V = 50 mL, natural pH (pH 6.9) and
T =30°C)
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Fig. 3.26 UV-Vis spectra for IBP adsorption by effect of adsorbent weight (Co = 100
mg.L™!, Wadsorbent= 0.01-0.05 g, V = 50 mL, natural pH (pH 6.9) and T = 30°C)

The variation of EDTA-FMHC-700 weight from 0.01-0.05 g was used to study
its effect on the IBP adsorption. In general, the increase of the adsorbent weight will be
offset by the increase of adsorption capacity due to the increase in the number of active
sides on the adsorbent surface. Unfortunately, different results were shown in the IBP
adsorption. This IBP adsorption cannot be studied further due to the phenomenon of
increasing IBP concentration as the effect of increasing the adsorbent weight. As seen
in Fig. 3.25(a-b), the increase of the adsorbent weight resulted in the IBP solution
becoming more turbid even though it had undergone a centrifugation process. The
increase in the absorbance value after the adsorption also occurs and followed by a
slight shift in the maximum wavelength of IBP in the range of 221-223 nm, as shown

in Fig. 3. 26.

This can be influenced by the pKa value of IBP and the surface charge of
EDTA-FMHC-700. At the natural pH of IBP circa 6.86-6.93, the adsorbent surface
was dominated by hydroxyl ions (OH") compared to hydrogen ions (H") due to the

solution pH < pHp,.. Then in the pKa value of IBP circa 4.91, IBP molecules were in



70

the neutral form species (Guedidi et al., 2017, Lindqvist et al., 2005). Whereas, if the
solution pH > pKa value, the number of deprotonated species will increase. Therefore,
these two things make the surface of the adsorbent produce a quite large electrostatic
repulsion which make the adsorption of IBP less favourable (Reza et al., 2014). The
other thing which allow this phenomenon to occur was due to the decrease in the total
surface area of the adsorbent caused by the aggregation process on the adsorbent surface
(Mondal et al., 2016). In consideration of the overall results, the IBP adsorption process
on EDTA-FMHC-700 was not continued to the next step.
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CHAPTER 4

CONCLUSION

The fabrication of Fe-Mn binary oxide (MnFe304) immobilized on hydrochar from
green tea waste and coated with Ethylenediaminetetraacetic acid (EDTA) has
successfully conducted by the facile hydrothermal carbonization combined with the
activation process.

The overall of characterization results showed that the hydrothermal carbonization,
activation and coating with EDTA had some effect on the physical and chemical
properties of the all of synthesized materials.

The adsorptions of RhB and copper ion (Cu?") by EDTA-FMHC-700 were best fits
with pseudo second order kinetic model and Langmuir isotherm model with the
maximum adsorption capacity (gmax) of 21.41 and 9.43 mg.g!, respectively. The
adsorption mechanisms of RhB and copper ion (Cu?") were facilitated via hydrogen
bonding and the complexation process between the adsorbates and the adsorbent
surface, respectively.

. Meanwhile, the IBP adsorption process which was considered to fail may be caused
by the electrostatic repulsion between the IBP molecule and EDTA-FMHC-700
surface, and the aggregation process which decreases the total surface area of the
adsorbent.

The regeneration processes of EDTA-FMHC-700 on the adsorption of RhB and
copper ion (Cu?") exhibit fast separation process as well as relatively good stability
and acid resistance by maintaining of 75-80% performance from the initial
conditions after four successive regeneration processes.

The use of EDTA-FMHC-700 as a low-cost adsorbent with good separation
performance can be developed for industrial applications and environmental

remediation.
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Appendix 1 Equipment and Instruments

Al.1. All images of analytical instrument

SAEA

Fig. A1.1.1 CHNS/O Analyzers Thermo Scientific™ Flash 2000

N .

Fig. A1.1.2 PALS Zeta Potential Analyzer
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Fig. A1.1.4 Vibrating sample magnetometer (VSM)
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—

Fig. A1.1.5 Surface Area and Porosity Analyzer, Micromeritic ASAP2460

Fig. A1.1.6 XRD PANalytical X’Pert MPD
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Fig. A1.1.7 XPS AXIS Ultra DLD Shimadzu

Fig. A1.1.8 SEM-EDX Thermo Scientific™ Apreo
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Fig. A1.1.9 UV-Vis Spectrophotometer Shimadzu UV-2600

Fig. A1.1.10 ICP-OES Perkin Elmer AVIO™ 500
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Fig. A1.2.1 Teflon lined autoclave reactor 400 mL

Fig. A1.2.2 Electric oven (ULP 400 Memmert)
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Fig. A1.2.4 Laboratory shaker (IKA KS 130)
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Fig. A1.2.6 Laboratory shaker (Scilogex SK-O330-Pro)
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Fig. A1.2.7 Neodymium magnet grade N35 (100 mm x 50 mm x 10 mm)
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Appendix 2 Characterization of all the synthesized materials

A2.1. EDX spectrums of FMHC, FMHC-700 and EDTA-FMHC-700
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Appendix 3 Adsorption Study of Rhodamine B (RhB)

Table A3.1. Data of calibration curve of RhB standard solutions

C (mg.L") | Absorbance (at A=554 nm)
0.5 0.12
1 0.23
1.5 0.35
2 0.46
2.5 0.57
3 0.67
3.5 0.80
4 0.90
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Fig A3.1. Calibration curve of RhB standard solution

Table A3.2. Effect of adsorbent weight on the adsorption capacity of RhB

Weight g. (mg.g™) % Removal
(g) I 11 III | Mean | SD | 11 III | Mean | SD
0.01 6.13 724 | 836 | 7.24 1.11 1.31 1.54 | 2.02 1.62 | 0.36
0.02 8.08 8.64 | 947 8.73 0.70 344 | 3.68 | 4.04 | 3.72 0.3
0.03 13.37 | 13.75 | 13.93 | 13.68 | 0.28 8.55 8.78 8.9 874 | 0.18
0.04 15.88 | 15.74 | 16.44 | 16.02 | 0.36 | 13.53 | 13.41 14 13.65 | 0.31
0.05 14.16 | 14.27 | 12.71 | 13.71 | 0.86 | 15.07 | 15.19 | 15.66 | 15.31 | 0.31
0.06 12.35 | 12.18 | 1291 | 12.57 | 0.29 | 1578 | 159 16.5 | 16.06 | 0.38
0.07 12.1 | 12.18 | 12.74 | 12.34 | 0.34 | 18.04 | 18.16 | 1899 | 184 | 0.52
0.08 11.42 | 11.49 | 11.35 | 11.42 | 0.06 | 19.46 | 19.58 | 19.34 | 19.46 | 0.12
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0.09 10.28 | 104 | 1022 | 10.3 | 0.09 | 19.7 | 19.94 | 19.58 | 19.74 | 0.18
0.1 8.97 9.1 9.08 | 9.08 | 0.11 | 19.11 | 19.58 | 19.34 | 19.34 | 0.24
Table A3.3. Effect of solution pH on the adsorption of RhB
pH ge (mg.g™)
I I I Mean SD
2 4235 | 4291 | 43.19 42.82 0.43
3 16.16 | 16.72 | 17.28 16.72 0.56
4 12.82 13.1 12.26 12.72 0.43
5 10.31 9.75 9.2 9.75 0.56
6 6.96 7.52 8.08 7.52 0.56
7 8.92 9.47 8.36 8.92 0.56
8 8.36 9.2 10.87 9.47 1.28
9 11.15 | 11.42 11.7 11.42 0.28
10 13.65 | 13.37 | 13.93 13.65 0.28
11 29.26 | 29.54 | 30.93 2991 0.90
Table A3.4. Data of Kkinetics studies on the adsorption of RhB (Vsolution = 50 mL,
Woadsorbent = 0.04 g, Co = 100 mg.L!, shaking = 320 rpm, natural pH, time = 1-120
mins and T = 30°C)
Time C. (mg.L") ge (mg.g™)
(mins) I 11 III | Mean | SD I 11 IIT | Mean | SD
10 92.41 | 91.73 | 90.50 | 91.55 | 1.21 | 11.39 | 12.25 | 13.78 | 12.47 | 1.21
20 89.65 | 90.82 | 89.07 | 89.85 | 1.12 | 14.85 | 13.38 | 15.57 | 14.60 | 1.12
30 89.29 | 88.22 | 86.91 | 88.14 | 1.49 | 1529 | 16.64 | 18.27 | 16.73 | 1.49
40 88.20 | 86.91 | 90.04 | 88.39 | 1.96 | 16.66 | 18.27 | 14.36 | 16.43 | 1.96
50 89.66 | 88.21 | 86.91 | 88.26 | 1.71 | 14.84 | 16.65 | 18.27 | 16.58 | 1.71
60 89.27 | 86.87 | 88.88 | 88.34 | 1.61 | 1533 | 18.32 | 15.81 | 16.48 | 1.61
120 86.79 | 88.19 | 89.00 | 87.99 | 1.40 | 18.42 | 16.67 | 15.65 | 16.91 | 1.40
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Table A3.5. Linear plot of pseudo-first-order kinetics model on the adsorption of

RhB

Time (mins)

Pseudo-first-order

In (q. —q¢) Slope Intercept R?
0 2.82 -0.0222 0.9777 0.2752
10 1.45
20 0.75
30 #NUM!
40 -1.19
50 -1.92
60 -1.40
120 #NUM!

Table A3.6. Linear plot of pseudo-second-order kinetics model on the adsorption

of RhB
Time (mins) Pseudo-second-order
t/q: Slope Intercept R?
0 #DIV/0! 0.0583 0.1158 0.9989
10 0.80
20 1.37
30 1.79
40 2.44
50 3.01
60 3.64
120 7.09




Fig. A3.2. Spectrum of RhB before and after adsorption by EDTA-FMHC-700
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Table A3.7. Data of isotherm studies on the adsorption of RhB (Vsolution = 50 mL,

Woadsorbent = 0.04 g, Co = 10-250 mg.L!, shaking = 320 rpm, natural pH, time = 24
h and T =30°C)

Co C. (mg.L") qe (mg.g™")

(mg.L") I 11 11 Mean | SD I 11 III' | Mean | SD
10 10.18 | 10.06 | 10.23 | 10.16 | 0.09 | 5.57 | 5.71 | 5.50 | 5.59 | 0.11
25 23.03 | 22.69 | 2236 | 22.69 | 033 | 933 | 9.75 | 10.17 | 9.75 | 0.42
50 36.47 | 36.25 | 3691 | 36.54 | 0.34 | 14.77 | 15.05 | 14.21 | 14.68 | 0.43
75 69.24 | 68.79 | 68.12 6.72 | 0.56 | 16.72 | 17.28 | 18.11 | 17.37 | 0.70
100 96.43 | 9599 | 94.87 | 95.76 | 0.80 | 18.67 | 19.23 | 20.62 | 19.51 | 1.00
150 133.88 | 135.22 | 134.11 | 134.40 | 0.72 | 19.23 | 17.55 | 18.95 | 18.58 | 0.90
200 179 | 180.12 | 176.77 | 178.63 | 1.70 | 18.11 | 16.72 | 20.90 | 18.58 | 2.13
250 226.93 | 231.39 | 229.16 | 229.16 | 2.23 | 22.29 | 16.72 | 19.50 | 19.50 | 2.79
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Table A3.7. Data of isotherm studies on the adsorption of RhB (Vsolution = 50 mL,

Woadsorbent = 0.04 g, Co = 10-250 mg.L-!, shaking = 320 rpm, natural pH, time = 24
h and T = 30°C) (Continued)

Co Log C. Log q.
(mg.L") I 1I 111 Mean | SD | 11 III | Mean | SD
10 1.01 1.00 1.01 1.01 | 0.00 | 0.75 | 0.76 | 0.74 | 0.75 | 0.01
25 1.36 1.36 1.35 1.36 | 0.01 | 097 | 099 | 1.01 | 0.99 | 0.02
50 1.56 1.56 1.57 1.56 | 0.00 | 1.17 | 1.18 | 1.15 | 1.17 | 0.01
75 1.84 1.84 1.83 1.84 | 0.00 | 1.22 | 1.24 | 1.26 | 1.24 | 0.02
100 1.98 1.98 1.98 1.98 | 0.00 | 1.27 | 1.28 | 1.31 1.29 | 0.02
150 2.13 2.13 2.13 2.13 | 0.00 | 1.28 | 1.24 | 1.28 | 1.27 | 0.02
200 2.25 2.26 2.25 225 | 000 | 1.26 | 1.22 | 1.32 | 1.27 | 0.05
250 2.36 2.36 2.36 236 | 0.00 | 1.35 | 1.22 | 1.29 | 1.29 | 0.06
Table A3.8. Data of isotherm studies on the adsorption of RhB (Vsolution = 50 mL,
Woadsorbent = 0.04 g, Co = 10-250 mg.L-!, shaking = 320 rpm, natural pH, time = 24
h and T =40°C)
Co C. (mg.L™") g. (mg.g™")
(mg.L") I 1I 111 Mean | SD | 11 III | Mean | SD
10 9.23 9.12 9.28 921 | 0.09 | 634 | 648 | 6.27 | 636 | 0.11
25 15.78 | 15.56 | 1545 | 15.60 | 0.17 | 9.61 | 9.89 | 10.03 | 9.84 | 0.21
50 36.91 | 36.70 | 37.14 | 3691 | 0.22 17 17.28 | 16.72 17 0.28
75 60.77 | 60.32 | 59.88 | 60.32 | 0.45 | 20.62 | 21.18 | 21.73 | 21.18 | 0.56
100 85.96 | 85.51 840 | 85.29 | 0.80 | 24.52 | 25.08 | 26.47 | 25.36 | 1.0
150 132.77 | 134.11 | 133.44 | 133.44 | 0.67 | 25.36 | 23.68 | 24.52 | 24.52 | 0.84
200 184.57 | 182.35 | 183.46 | 183.46 | 1.11 | 25.08 | 27.86 | 26.47 | 26.47 | 1.39
250 226.93 | 228.04 | 230.27 | 228.41 | 1.70 | 27.86 | 26.47 | 23.68 | 26 2.13
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Table A3.8. Data of isotherm studies on the adsorption of RhB (Vsolution = 50 mL,

Woadsorbent = 0.04 g, Co = 10-250 mg.L-!, shaking = 320 rpm, natural pH, time = 24
h and T =40°C) (Continued)

Co Log C. Log q.
(mg.L") I 1I 111 Mean | SD | 11 III | Mean | SD
10 0.97 0.96 0.97 0.97 | 0.00 | 0.80 | 0.81 | 0.80 | 0.80 | 0.00
25 1.20 1.19 1.19 1.19 | 0.00 | 0.98 | 1.00 | 1.00 | 0.99 | 0.01
50 1.57 1.56 1.57 1.57 | 0.00 | 1.23 | 1.24 | 1.22 | 1.23 | 0.01
75 1.78 1.78 1.78 1.78 | 0.00 | 1.31 1.33 | 1.34 | 1.33 | 0.01
100 1.93 1.93 1.93 1.93 | 0.00 | 1.39 | 1.40 | 1.42 | 1.42 | 0.02
150 2.12 2.13 2.13 2.13 | 0.00 | 140 | 1.37 | 1.39 | 1.39 | 0.01
200 2.27 2.26 2.26 226 | 0.00 | 1.40 | 145 | 1.42 | 1.42 | 0.02
250 2.36 2.36 2.36 236 | 0.00 | 1.45 | 142 | 1.37 | 141 | 0.04
Table A3.9. Data of isotherm studies on the adsorption of RhB (Vsolution = 50 mL,
Woadsorbent = 0.04 g, Co = 10-250 mg.L!, shaking = 320 rpm, natural pH, time = 24
h and T =50°C)
Co C. (mg.L") qe (mg.g™")
(mg.L") I 1I 111 Mean | SD | 11 III | Mean | SD
10 8.23 8.28 8.11 821 | 0.09 | 759 | 7.52 | 7.73 | 7.61 | 0.11
25 14.56 | 14.22 | 14.67 | 1448 | 0.23 | 13.51 | 13.93 | 13.79 | 13.74 | 0.21
50 33.35 | 33.79 | 3290 | 33.35 | 0.45 | 21.46 | 20.9 | 22.01 | 21.46 | 0.56
75 52.52 | 52.07 | 52.74 | 52.44 | 0.34 | 26.19 | 26.75 | 2591 | 26.28 | 0.43
100 73.03 | 7236 | 73.47 | 72.95 | 0.56 | 32.04 | 32.88 | 31.49 | 32.14 | 0.70
150 128.53 | 128.76 | 129.20 | 128.83 | 0.34 | 33.44 | 33.16 | 32.60 | 33.07 | 0.43
200 170.08 | 173.43 | 171.20 | 171.57 | 1.70 | 34.83 | 30.65 | 33.44 | 32.97 | 2.13
250 226.93 | 229.16 | 228.04 | 228.04 | 1.11 | 36.22 | 33.44 | 34.83 | 34.83 | 1.39
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Table A3.9. Data of isotherm studies on the adsorption of RhB (Vsolution = 50 mL,
Woadsorbent = 0.04 g, Co = 10-250 mg.L-!, shaking = 320 rpm, natural pH, time = 24
h and T =50°C) (Continued)

Co Log C. Log q.

(mg.L") I 1I 111 Mean | SD | 11 III | Mean | SD
10 0.92 0.92 0.91 092 | 0.00 | 0.88 | 0.88 | 0.89 | 0.88 | 0.01
25 1.21 1.20 1.20 1.20 | 0.00 | 1.13 | 1.14 | 1.14 | 1.14 | 0.01
50 1.52 1.53 1.52 1.52 | 0.01 1.33 | 132 | 1.34 | 1.33 | 0.01
75 1.72 1.72 1.72 1.72 | 0.00 | 142 | 143 | 141 1.42 | 0.01
100 1.86 1.86 1.87 1.86 | 0.00 | 1.51 1.52 | 1.50 | 1.51 | 0.01
150 2.11 2.11 2.11 2.11 | 0.00 | 1.52 | 1.52 | 1.51 1.52 | 0.01
200 2.23 2.24 2.23 223 | 0.00 | 1.54 | 1.50 | 1.52 | 1.52 | 0.03
250 2.36 2.36 2.36 236 | 0.00 | 1.56 | 1.52 | 1.54 | 1.54 | 0.02




Appendix 4 Adsorption Study of copper ion (Cu?")

97

Table A4.1. Effect of adsorbent weight on the adsorption capacity of copper ion

(Cu*)
Weight g. (mg.g™) % Removal
03) I I | II [Mean| SD I 11 I | Mean| SD
001 1 715 | 665|775 | 718 | 055 | 144 | 135 | 1.52 | 1.44 | 0.09
0.03 1 1325|907 |625| 952 |352| 77 | 55 | 379 | 566 | 1.96
0.05 11259 | 887 | 936 | 1027 | 2.02 | 122 | 896 | 9.46 | 1021 | 1.74
0.08 1 1045|958 |9.78 | 994 | 046 | 162 | 1548 | 19.23 | 16.97 | 1.9
0.1 1 1148|825 | 92 | 964 | 1.66 | 2224 | 16.67 | 18.59 | 19.17 | 2.83

Table A4.2. Effect of solution pH on the adsorption of copper ion (Cu?*)

pH qe (mg.g™")
I 11 111 Mean SD
2 070 | 040 | 0.30 0.47 0.21
3 170 | 1.40 | 2.00 1.70 0.45
4 490 | 390 | 4.10 430 0.53
5 6.00 | 5.80 | 6.40 6.07 0.31

Table A4.3. Effect of solution pH on iron (Fe) leaching

pH C. (mg.L")
I 1T I Mean SD
2 7.15 5.87 6.37 6.46 0.65
3 3.71 3.80 3.25 3.59 0.30
4 1.24 2.03 1.81 1.69 0.41
5 0.95 1.36 1.45 1.25 0.27
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Table A4.4. Data of Kinetics studies on the adsorption of copper ion (Cu?*") (Vsolution
= 50 mL, Wadsorbent = 0.05 g, Co = 100 mg.L-!, shaking = 320 rpm, natural pH, time
=1-120 mins and T = 30°C)

Time C. (mg.L") g (mg.g™")

(mins) I 11| I | Mean| SD I I I | Mean | SD

10 95.73 | 98.64 | 99.74 | 98.04 | 2.07 | 9.59 | 883 | 6.45 | 829 | 1.64

20 98.46 | 99.18 | 99.70 | 99.11 | 0.62 | 6.18 | 815 | 6.50 | 6.94 | 1.06

30 97.35 1 99.78 | 99.77 | 9897 | 140 | 7.56 | 7.40 | 6.41 | 7.12 | 0.62

40 98.77 | 99.44 | 9998 | 99.40 | 0.61 | 5.79 | 7.83 | 6.15 | 6.59 | 1.09

50 98.36 | 99.40 | 99.41 | 99.06 | 0.60 | 6.30 | 7.88 | 6.86 | 7.01 | 0.80

60 97.94 | 100.2 | 99.53 | 99.22 | 1.16 | 6.83 | 6.88 | 6.71 | 6.81 | 0.09

120 97.46 | 98.65 | 99.36 | 98.49 | 096 | 7.43 | 881 | 693 | 7.72 | 0.97

Table A4.5. Linear plot of pseudo-first-order kinetics model on the adsorption of

copper ion (Cu?")

Time (mins) Pseudo-first-order
In (q. - q/) Slope Intercept R?
0 2.12
10 #NUM!
20 0.30
30 0.15
40 0.53 -0.008 0.7743 0.3811
50 0.24
60 0.40
120 -5.70
180 -0.30
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Table A4.6. Linear plot of pseudo-second-order kinetics model on the adsorption

of copper ion (Cu?")

Time (mins) Pseudo-second-order
t/q: Slope Intercept R?
0 #DIV/0!

10 1.21

20 2.88

30 4.21

20 07 0.1312 0.3187 0.9926
50 7.13

60 8.81

120 15.54

Table A4.7. Data of isotherm studies on the adsorption of copper ion (Cu?*)

(Vsolution = 50 mL, Wadsorbent = 0.05 g, Co = 10-250 mg.L"!, shaking = 320 rpm,

natural pH, time =24 h and T = 30°C)

Co C. (mg.L™") g. (mg.g™")

(mg.L") I 11 11 Mean | SD I 11 III | Mean | SD
10 6.61 6.71 6.51 6.61 | 0.10 | 3.90 | 3.80 4.0 3.90 | 0.10
25 2461 | 2534 | 2421 | 2472 | 057 | 671 | 598 | 7.11 | 6.60 | 0.57
50 4133 | 41.53 | 4099 | 41.28 | 0.27 | 871 | 851 | 9.05 | 876 | 0.27
75 68.73 | 69.12 | 69.02 | 6896 | 0.2 | 890 | 851 | 861 | 8.67 | 0.20
100 91.03 | 91.52 | 92.63 | 91.73 | 0.82 | 937 | 9.18 | 8.07 | 8.87 | 0.70
150 146.0 | 146.4 | 147.7 | 146.7 | 0.89 | 9.80 | 9.40 8.1 9.10 | 0.89
200 193.9 | 1945 | 1943 | 1942 | 0.31 | 930 | 8.70 | 890 | 8.97 | 0.31
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Table A4.7. Data of isotherm studies on the adsorption of copper ion (Cu?')
(Vsolution = 50 mL, Wadsorbent = 0.05 g, Co = 10-250 mg.L"!, shaking = 320 rpm,
natural pH, time =24 h and T = 30°C) (Continued)

Co Log C. Log q.
(mg.L") I 1I 111 Mean | SD | 11 III | Mean | SD

10 0.82 0.83 0.81 0.82 | 0.01 | 0.59 | 058 | 0.60 | 0.59 | 0.01
25 1.39 1.40 1.38 1.39 | 0.01 | 0.83 | 0.78 | 0.85 | 0.82 | 0.04
50 1.62 1.62 1.61 1.62 | 0.00 | 094 | 093 | 096 | 094 | 0.01
75 1.84 1.84 1.84 1.84 | 0.00 | 095 | 093 | 0.94 | 094 | 0.01
100 1.96 1.96 1.97 1.96 | 0.00 | 097 | 096 | 091 | 095 | 0.04
150 2.16 2.17 2.17 2.17 | 0.00 | 099 | 097 | 091 | 096 | 0.04
200 2.29 2.29 2.29 229 | 0.00 | 097 | 094 | 095 | 095 | 0.01

Table A4.8. Data of isotherm studies on the adsorption of copper ion (Cu?*)

(Vsolution = 50 mL, Wadsorbent = 0.04 g, Co = 10-250 mg.L"!, shaking = 320 rpm,

natural pH, time =24 h and T =40°C)
Co C. (mg.L™") g. (mg.g™")

(mg.L") I 11 11 Mean | SD I 11 III' | Mean | SD

10 5.05 5.07 5.02 505 | 0.03 | 486 | 484 | 489 | 486 | 0.03
25 1790 | 18.40 | 17.70 | 18.00 | 0.36 | 883 | 833 | 9.03 | 8.73 | 0.36
50 43.64 | 4371 | 43.55 | 43.63 | 0.08 | 12.02 | 11.95 | 12.11 | 12.03 | 0.08
75 63.62 | 63.32 | 63.92 | 63.62 | 0.30 | 12.50 | 12.80 | 12.20 | 12.50 | 0.30
100 87.42 | 87.60 | 88.31 | 87.78 | 0.47 | 12.98 | 12.80 | 12.09 | 12.62 | 0.47
150 141.9 | 141.5 | 142.6 142 | 0.56 | 13.00 | 13.40 | 12.30 | 12.90 | 0.56
200 189.8 | 1904 | 190.6 | 190.3 | 0.42 | 13.10 | 12.50 | 12.30 | 12.63 | 0.42
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Table A4.8. Data of isotherm studies on the adsorption of copper ion (Cu?')
(Vsolution = 50 mL, Wadsorbent = 0.04 g, Co = 10-250 mg.L"!, shaking = 320 rpm,
natural pH, time =24 h and T = 40°C) (Continued)

Co Log C. Log q.
(mg.L") I 1I 111 Mean | SD | 11 III | Mean | SD

10 0.70 0.71 0.70 0.70 | 0.00 | 0.69 | 0.68 | 0.69 | 0.69 | 0.00
25 1.25 1.26 1.25 1.26 | 0.01 | 095 | 092 | 096 | 094 | 0.02
50 1.64 1.64 1.64 1.64 | 0.00 | 1.08 | 1.08 | 1.08 | 1.08 | 0.00
75 1.80 1.80 1.81 1.80 | 0.00 | 1.10 | 1.11 1.09 | 1.10 | 0.01
100 1.94 1.94 1.95 1.94 | 0.00 | 1.11 1.11 1.08 | 1.10 | 0.02
150 2.15 2.15 2.15 2.15 | 0.00 | I1.11 1.13 1.09 | 1.11 | 0.02
200 2.28 2.28 2.28 228 | 0.00 | 1.11 1.11 1.09 | 1.10 | 0.01

Table A4.9. Data of isotherm studies on the adsorption of copper ion (Cu?')

(Vsolution = 50 mL, Wadsorbent = 0.04 g, Co = 10-250 mg.L"!, shaking = 320 rpm,

natural pH, time =24 h and T = 50°C)
Co C.(mg.L") qe (mg.g™")

(mg.L") I 1I 111 Mean | SD I I I | Mean | SD

10 4.41 4.11 3.81 411 | 030 | 631 | 6.61 | 691 | 6.61 | 0.30
25 14.68 | 15.19 | 1448 | 14.78 | 0.37 | 12.75 | 12.24 | 12.95 | 12.65 | 0.37
50 35.79 | 36.07 | 35.70 | 35.85 | 0.19 | 18.21 | 17.93 | 18.30 | 18.15 | 0.19
75 57.78 | 57.83 | 57.75 | 57.79 | 0.04 | 18.93 | 18.88 | 18.96 | 18.92 | 0.04
100 86.30 | 85.50 | 86.94 | 86.25 | 0.72 | 19.20 | 20.00 | 18.56 | 19.25 | 0.72
150 135.5 | 1358 | 136.6 | 136.0 | 0.57 | 19.80 | 19.50 | 18.70 | 19.33 | 0.57
200 183.1 | 1839 | 183.8 | 183.6 | 0.44 | 19.60 | 18.80 | 18.00 | 19.10 | 0.44




Table A4.9. Data of isotherm studies on the adsorption of copper ion (Cu®*)

(Vsolution = 50 mL, Wadsorbent = 0.04 g, Co = 10-250 mg.L"!, shaking = 320 rpm,

natural pH, time =24 h and T = 50°C) (Continued)
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Co Log C. Log q.

(mg.L") I 1I 111 Mean | SD | 11 III | Mean | SD
10 0.64 0.61 0.58 0.61 | 0.03 | 0.80 | 0.82 | 0.83 | 0.82 | 0.02
25 1.17 1.18 1.16 1.17 | 0.01 1.10 | 1.09 | 1.11 1.10 | 0.01
50 1.55 1.56 1.55 1.55 | 0.00 | 1.26 | 1.25 | 1.26 | 1.26 | 0.00
75 1.76 1.76 1.76 1.76 | 0.00 | 1.28 | 1.28 | 1.28 | 1.28 | 0.00
100 1.94 1.93 1.94 1.94 | 0.00 | 1.28 | 1.30 | 1.27 | 1.28 | 0.02
150 2.13 2.13 21.4 2.13 | 0.00 | 130 | 1.29 | 1.27 | 1.29 | 0.01
200 2.26 2.26 2.26 226 | 0.00 | 1.29 | 1.27 | 1.28 | 1.28 | 0.01
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