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ABSTRACT

Herein, a series of meticulously designed batch and continuous mode sorption experiments were
conducted to compare removal affinity of raw orange peel powder (OPP) and magnesium-iron
layered double hydroxide impregnated OPP (Mg-Fe LDH@OPP) composite for the elimination
of Cr (VI) ions from aqueous media. The relatively greater particle size, irregular pore
distribution, effective surface area, and higher point of zero charge (pHy.c) of Mg-Fe LDH@OPP
as compared to OPP were principally responsible for its superior Cr (V1) sorption from aqueous
media. It was observed that highest Cr (V1) removal (OPP: 81.84%; Mg-Fe LDH@OPP: 100%),
was achieved at optimum conditions of pH (2), adsorbent dosage (2 g/L), contact time (180 min)
and temperature (25°C) for suspension containing 20 mg/L initial Cr (V1) concentration. The
sorption data was adequately fitted with Freundlich and pseudo-second order model using both
biosorbents. The FT-IR and XRD analysis further confirmed the reduction pathway followed by
complexation reactions as major sorption mechanisms using Mg-Fe LDH@OPP. However, in
the case of OPP, ligand exchange played a critical role in removing Cr (VI) ions from water.
Furthermore, continuous mode column studies suggested applicability of Mg-Fe LDH@OPP
compared to raw OPP. The results indicated breakthrough times of up to 366 min and 60 min,
and exhaustion times of up to 800 min and 350 min, for Mg-Fe LDH@OPP and OPP,
respectively. In general, Mg-Fe LDH@OPP was found to be a promising material with strong Cr
(V1) sorption potential from polluted water.



CHAPTER 1

INTRODUCTION
1.1. Background

Environmental pollution is the biggest and most serious leading problem in recent times.
With the rapid growth in population, there has been an increase in industrialization, use of fossil
fuels and increased consumption of natural and synthetic resources, which is leading to major
environmental hazards in a lot of countries, including Pakistan. These environmental hazards
include air pollution, soil pollution and water contamination. Particularly, the increased rate of
industrialization is considered to be one of the leading causes of water pollution.

Water is considered to be the most essential resource to sustain life and the environment
we live in. However, in today’s age, a major crisis of water has been observed and it is reported
that over eight billion humans are being affected by it, according to WWF. Pakistan is also facing
major water crisis where only 930 m3 water per capita is accessible annually. Urban
development, increasing industrialization along with increase in irrigation needs for the purpose
of agriculture are known to be the major factors contributing to the depletion of quality and
quantity of country’s water resources, resulting in reduced agricultural output, ultimately
impacting the health of the population.

Toxic metals like arsenic (Carneiro et al., 2022), lead (Wahid et al., 2021), antimony
(Inam et al., 2021) and chromium (Moges et al., 2022) poses adverse effects on human life and
environment, making their pollution a worldwide issue. Because of their non-decomposable
characteristic, they cause substantial environmental risks. Researchers from across the world are
working to eliminate or significantly lower the levels of these heavy metals in wastewater.

The contamination of water bodies with chromium (Cr) species has received significant
attention globally owing to its toxicological and carcinogenic risks to humans (Barrera-Diaz et
al., 2012; Li et al., 2017; Miretzky & Cirelli, 2010). It occurs in multiple oxidation forms,
including trivalent Cr (l11) under reducing environment, and hexavalent Cr (VI) in aerobic
conditions (Barnhart, 1997). Various natural and anthropogenic activities may be responsible for
high Cr (VI) concentration in natural water bodies. For instance, post release of untreated Cr
laden wastewater from steel and metal processing industries, electroplating and leather tanning
processes may present elevated Cr (V1) concentration in water bodies globally (GracePavithra et
al., 2019). Considering such scenario, highly Cr (VI) contaminated sites are evident in the
industrial regions of Pakistan, with exceeding safe levels from 6,900 to 19,500 mg/kg in soil and
from 19.90 to 13.53 mg/L in drinking water reservoirs (Chandio et al., 2021). Such an alarming
Cr (VI) concentration may cause human health issues including lung cancer, skin irritation,
rashes, ulceration, allergic reactions, respiratory problems, and genetic mutations etc. (Sharma et
al., 2022). Therefore, for the protection human health, World Health Organization (WHO) and
Pakistan Environmental Protection Agency (Pak-EPA) has set maximum permissible level of
0.05 mg/L Cr species in drinking water.



1.2. Introduction to Chromium

In the periodic table’s group 6, Chromium is the first element with Cr as its symbol and
24 as its atomic number. In addition, one can easily find it in rocks, volcanic dust, soil and gases
(Saha et al., 2022). Trivalent chromium is the most naturally occurring form of chromium and is
denoted by Cr (111). It is a non-toxic form and is mainly available in food and supplements. The
less common occurring form of chromium is hexavalent chromium, denoted by Cr (VI). It is
found in industrial runoff and is toxic and carcinogenic when inhaled or consumed orally
(Hayashi et al., 2021). Even at low quantities, exposure to chromium can be dangerous, and
its removal is still a difficult problem for researchers in the present era.

1.3. Application of Chromium

Chromium, as a metal, has a wide usage in industries due to its unique properties.
Stainless steel production is achieved by the usage of Chromium, which is a highly corrosion
resistant material. It is added to steel to form a thin, hard, protective layer to avoid the rusting of
an underlying metal (Yu et al., 2018). It is often used in electroplating to provide a hard, durable,
and corrosion resistant coating to various metal surfaces, including automobile trim and
household appliances (Danilov et al., 2006). Chromium is also used to produce soft and durable
leather products, such as clothing and upholstery through the process of leather tanning (Sreeram
& Ramasami, 2003). Another use of chromium is in various industrial processes, such as the
production of nitric acid, organic chemicals, and synthetic fibers, where it is used as a catalyst
(MacAdams et al., 2005). It is used in the production of pigments and dyes, including chrome
green and chrome yellow, which are used several applications, including paint and ink (\Verger et
al., 2018). As an alloying element, it is used in the production of high strength alloys, such as
tool steels, which are used in several applications, including the aerospace and automotive
industries (Gerard et al., 2023).

1.4. Sources of Chromium

As it is so commonly used in industries, chromium can be released into the environment
in the form of wastewater, air emissions and solid waste. Chromium containing waste, such as
chrome plated metal and leather tanning waste can end up in landfills where it can leach into the
soil and groundwater, contaminating these resources. Also, accidents and spills during the
transport and storage of chromium containing products can release the substance into the
environment, potentially contaminating nearby water sources and soil. Furthermore, chromium
containing minerals in rocks and soils can also weather and release chromium into the
environment, contaminating water and soil. Once released into the environment, chromium can
persist for a long time and can travel long distances, making it difficult to clean up and control.

1.5. Exposure to Chromium

It can enter the body through a number of ways. It can be inhaled as dust or fumes during
industrial processes or while working with chromium containing products. Inhaling chromium
can lead to the substance entering the bloodstream and potentially causing health problems.
Prolonged skin contact with chromium containing products, such as chrome plated metal or
leather treated with chromium, can cause the substance to be absorbed into the skin and enter the



bloodstream. Chromium can enter the body when it is consumed in food, drinking water, or
through the use of dietary supplements. The amount of chromium absorbed through oral intake
varies depending on the type and form of chromium and the individual's health and diet. It can
also enter the body through injection, such as in the case of medical treatments that involve the
use of chromium containing compounds. Once in the body, chromium can be distributed to
various tissues and organs, where it can potentially cause health problems, depending on the type
of chromium, the level of exposure and the duration of exposure.

1.6. Effects of Chromium

Being exposed to chromium can have adverse effects on one’s health. If one’s skin is
exposed to Cr (V1) he can suffer from lung cancer, as well as skin irritation, rashes, ulceration,
and allergic reactions (Wang et al., 2017). Inhaling Cr (V1) dust or fumes can cause respiratory
problems, such as bronchitis, lung irritation, and shortness of breath (S. Adachi, 1987). Cr (V1)
has also been found to damage DNA and cause genetic mutations, which can increase the risk of
cancer and other health problems (Bianchi et al., 1983). Some people can develop an allergic
reaction to Cr (VI), which can cause skin itching, redness and swelling (Bregnbak et al., 2015).
Moreover, high levels of chromium exposure can cause kidney and liver damage, as well as other
health problems.

1.7. Problem Statement

The quality of groundwater has been adversely impacted because of population growth
and industrial expansion. The environment and the public health of millions of people all over
the world are potentially at risk due to the contaminated groundwater caused by the presence of
chromium metal from the tanning and leather industry. The chromium metal exists as Chromium
(1) and Chromium (V1) in natural environment. Chromium (V1) is a known carcinogen that can
harm the lungs, irritate the skin, and even lead to cancer.

Pakistan produces large number of citrus fruits per annum. According to a recent study, in
2021, Pakistan produced 2.33 million tons of citrus fruit, growing at an average annual rate of
3.95%. The peel of citrus fruit is discarded, increasing waste generation, which already is a huge
problem in thickly populated areas of Pakistan. Orange peel is considered as a good adsorbent
material because of its properties like high surface area and porous structure, which makes it
effective at capturing and retaining impurities and contaminants from water. Furthermore, the
compounds present in orange peel like phenols and flavonoids are known for their adsorption
properties. In the present study, orange peel was utilized as an adsorbent and was further
activated by magnesium, iron and layered double hydroxide for the removal of chromium from
aqueous media.



1.8. Research Objectives

Moving further, the objectives of this research work are stated as:

e Comparison of the surface properties of bimetallic layered double hydroxide functionalized
orange peel composite with its raw form.

e Examination of the effect of water chemistry parameters on the sorption behavior of Cr (V1)
ions using batch and continuous mode experiments.

e Examination of the mechanistic insights into the sorption behavior of Cr (VI) ions from
aqueous matrices using characterization tools.



CHAPTER 2
LITERATURE REVIEW

2.1. Cr (VI) Removal Technologies

Several treatment techniques including coagulation (T. Xu et al., 2019), membrane
separation (Mondal & Saha, 2018), electrochemical processes (H. Peng et al., 2019) and
bioremediation (Ayele & Godeto, 2021) have been previously applied to eliminate heavy metals,
including Cr (VI) from water. However, high capital and operating cost, greater sludge
generation and microbial toxicity limit their applications for subsequent use at large scale
operations (Karimi-Maleh et al., 2021). Therefore, exploring indigenous and low-cost sorbents
for treatment of targeted Cr (VI) species may present cost effective and efficient solution to
drinking water industry. To date, researchers have examined various raw biosorbents i.e., sweet
lime peel (Shakya et al., 2019), moringa leaves (Madhuranthakam et al., 2021), potato peel
(Mutongo et al., 2014), peach and apricot stones (Pertile et al., 2021) and orange peel (JishaTJ et
al., 2017) for their effectiveness towards Cr (V1) species from water. Amongst, many researchers
have explored the effectiveness of raw orange peel for removing pollutants including arsenic
(Irem et al., 2017), selenium (Dev et al., 2020), ammonia (Dey et al., 2021), nitrate (Dey et al.,
2021), copper (Feng et al., 2010), cadmium (Akinhanmi et al., 2020) and antimony (Hasan et al.,
2021) from water. However, raw orange peel presented regeneration and stability issues along
with high sludge volume production. Therefore, it will be critical to explore surface
functionalization approaches of orange peel for further enhancing the removal of Cr (VI) ions
from water.

There are numerous methods for chromium removal. Typical methods for removing
chromium include:

e Chemical precipitation

e Coagulation-flocculation
e Electrocoagulation

e lon exchange

e Membrane filtration

e Adsorption

2.1.1. Chemical Precipitation

The type of separation method where contaminating ions are pushed out of the solution
by chemical precipitants, allowing for physical separation to remove them is known as chemical
precipitation. During this process, pollutants settle as precipitates, which are then filtered,
centrifuged, or removed using other suitable techniques. A coagulant act as a precipitating agent
which causes the suspension of small particles in a solution which then enlarges and settles as
sludge. Chemical precipitators that are frequently used as coagulant include sodium hydroxide,
calcium hydroxide, magnesium oxide, and calcium magnesium carbonate. Researchers have

6



utilized this method for the removal of Cr (V1) ions using sodium metabisulphite (Na,S,0s)
(Basavaraju & Ramakrishnaiah, 2012) and sodium hydroxide (NaOH), calcium hydroxide
(Ca(OH),) and magnesium oxide (MgO) (Chandravanshi & Leta, 2017) as reducing agents with
removal efficiencies of 99.7% and 99.97%, 99.97% and 99.98%, respectively. Chemical
precipitation is an extremely simple, cost-effective, and highly efficient process. It is a pH and
temperature sensitive process and does have some limitations including high sludge generation
and regular maintenance and monitoring.

2.1.2. Coagulation-Flocculation

The coagulation-flocculation method is frequently utilized in the treatment of water and
wastewater due to its efficiency in eliminating suspended particles and other contaminants.
Chemical coagulants are added to the targeted wastewater to facilitate the flocculation of small
particles into large particles. These particles are then allowed to settle down and are separated
using various separation techniques. This process is widely used to separate organic
substances, suspended particles, and heavy metals like chromium. Chromium contamination in
wastewater can decrease the efficacy of biological treatment, like that found in municipal
wastewater treatment facilities. Hence, this technique is used as a first stage method to reduce the
overall load of chromium. This method has been utilized in research for the removal of Cr (VI)
using ferric chloride and organic polymer(Amuda et al., 2006) and polymeric ferric sulphate(D.
Xu et al., 2019) as coagulants with Cr (VI) removal efficiency of 91%, 95% and 98.3%,
respectively. This process is, however, time consuming and does generate a lot of sludge which
requires proper disposal or further treatment, which ultimately increases the overall cost and
complexity of the treatment process.

2.1.3. Electrocoagulation

Electrocoagulation is an electrochemical water and wastewater treatment process that
uses direct current to destabilize and remove suspended particles, colloids, and other
contaminants and heavy metals like chromium from water. It is a modification of the
conventional coagulation process that makes use of metal ions produced by electrochemical
processes rather than just chemical coagulants. In this procedure, electrodes composed of
sacrificial metals, such as iron, aluminum, or other reactive materials, are used. These electrodes
are placed in the targeted wastewater, and electrochemical reactions occur at their surface when a
direct current is provided. This process leads to the dissolution of metal and the release of metal
ions into the water. These metal ions function as coagulants, neutralizing the charges on colloids
and suspended particles to encourage floc formation. Then, through the use of settling, flotation
and other filtration techniques, these flocs are removed from the water. Different research has
been conducted to remove Cr (V1) using electrocoagulation with iron (Genawi et al., 2020) and
titanium (G. J. Li et al., 2019) electrodes with Cr (VI) removal efficiency of 100% and 91%,
respectively. It is a highly energy efficient process with minimum sludge generation. However, it
is costly, pH sensitive and requires electrode maintenance.



2.1.4. lon Exchange

lon exchange is a method of treating water that involves the exchange or removal of ions
from a solution using a solid substance namely as ion exchange resin. This method is widely
employed in many different applications, such as water softening, demineralization, deionization,
water purification, and wastewater treatment. The ion exchange resin is a polymer containing
charged functional groups that may draw and bind ions with opposing charges. Since the resin
often comes in the form of tiny beads or granules, there is a lot of surface area available for ion
exchange to occur.

The two most popular forms of ion exchange resins are known as cation exchange resins
and anion exchange resins. Functional groups with a negative charge, like sulfonate or
carboxylate groups, are present in cation exchange resins. These functional groups draw and
exchange the solution's positively charged ions. Calcium (Ca®*), magnesium (Mg?"), sodium
(Na"), and potassium (K") are examples of common cations that can be exchanged. On the other
hand, anion exchange resins contain functional groups that are positively charged, such as
quaternary ammonium or amine groups. The negatively charged ions in the solution are drawn to
and exchanged by these groups. Chloride (CI), sulfate (SO,%), nitrate (NO3), and carbonate
(CO5?) are typical anions that can be exchanged.

During the ion exchange procedure, the solution is passed through an ion exchange resin
column or bed. The ions in the solution are exchanged with the ions coupled to the functional
groups on the resin as the solution and resin come into contact with each other. The original ions
are released into the treated solution as the exchanged ions are attached to the resin. Researchers
have used alkaline anion resin(AHMAD et al., 2020) and Amberlite 252 ZU cation exchange
resin (Kocaoba et al., 2022) for the removal of Cr (V1) from wastewater with removal efficiency
of 98% and 95%, respectively. While ion exchange is a versatile and effective water treatment
process, it does have some disadvantages and limitations like competing ions including
phosphate, sulphate and carbonate that reduce removal efficiency, high cost, regeneration of resin
and waste disposal.

2.1.5. Membrane Filtration

Membrane filtration is a separation technique that clears water of impurities by using
semi-permeable membranes. It is a physical separation technique that divides materials
according to the size exclusion principle by running the targeted liquid stream across a semi-
permeable filtration membrane. The membrane has precisely crafted pores that permit the
passage of the liquid stream and smaller particles while trapping the desired contaminants. It is
an efficient and frequently used technique for treating water that has been contaminated with
chromium compounds. Some of the membrane filtration techniques frequently used for
chromium separation include ultrafiltration (Korus & Loska, 2009), nanofiltration (Zolfaghari &
Kargar, 2019), reverse osmosis (Cimen, 2015), and electrodialysis (C. S. L. Dos Santos et al.,
2019). Sometimes different kinds of membrane filtration are used one after another to prolong
the life and improve performance of the membranes while still removing adequate chromium.



2.1.6. Adsorption

The adhering process of atoms, ions, or molecules from a gas, liquid, or solution to the
surface of a solid material is known as adsorption. This phenomenon occurs due to attractive
forces between the surface of the solid and the particles of the gas or liquid. The effectiveness of
adsorption is due to various aspects which include the properties of the adsorbent material, the
nature of the adsorbate, temperature, pressure, and surface area available for adsorption. Several
adsorbents have been studied and shown promising results for the removal of Cr (V) from water
and wastewater. The effectiveness of an adsorbent can vary based on factors such as its surface
area, porosity, surface chemistry, and cost. It's important to note that the effectiveness of Cr (V1)
removal through adsorption can be influenced by various factors, such as the initial concentration
of Cr (VI), temperature, adsorbent dosage, and the presence of other competing ions in the
solution. Therefore, optimization of these parameters is essential to achieve efficient and
economical chromium removal from water sources. Some of the most effective adsorbents for Cr
(VI) removal are as under:

2.1.6.1.  Activated Carbon

Activated carbon is an excellent adsorbent for the removal of Cr (V1) from water and
wastewater due to its high surface area, porosity, and strong affinity. However, it is essential to
manage the spent activated carbon properly, as it will contain the adsorbed Cr (V1) and may need
to be disposed of or treated safely to prevent further contamination. Additionally, combining
activated carbon adsorption with other treatment processes, like reduction or precipitation, can
further enhance Cr (V1) removal efficiency and ensure comprehensive water treatment. Activated
carbon prepared from mango kernel was used in research (Rai et al., 2016) to remove Cr (VI)
from wastewater. The maximum adsorption capacity was calculated as 7.8 mg/g at 2 pH and
temperature of 35 °C.

2.1.6.2.  Iron Oxide Based Adsorbents

Iron oxide-based adsorbents are known to be effective for the removal of Cr (VI)
from water due to their strong affinity for chromium ions. These adsorbents generally consist of
iron oxide minerals, such as magnetite (Fe3sO,4) or hematite (Fe,O3), which have high surface area
and surface reactivity. Overall, iron oxide-based adsorbents are attractive for Cr(VI) removal due
to their availability, cost-effectiveness, and potential for both adsorption and reduction processes.
The following research (Park et al., 2022)a chitosan-coated iron oxide nanoparticle immobilized
hydrophilic poly(vinylidene)fluoride membrane (Chi@Fe203-PVDF) was used as adsorbent to
remove Cr (V1) ions from wastewater, achieving high adsorption capacity of 14.451 mg/g in
batch system and 14.104 mg/g in continuous flow system.

2.1.6.3.  Zeolites

Zeolites are crystalline aluminosilicate minerals with a unique structure characterized
by regular and uniform pore sizes. Due to their porous nature and ion-exchange properties,
zeolites have shown significant potential for the removal of various pollutants, including Cr (V1),
from water and wastewater. Zeolites have cation exchange sites on their surface, which can
attract, and exchange cations present in the surrounding solution. In the case of Cr (V1) removal,
divalent or trivalent cations (e.g., Na*, K*, Ca®") present in the zeolite structure can exchange



with Cr (V1) anions (HCrO4 and CrO,%), leading to Cr (V1) adsorption on the zeolite surface.
Research was conducted by using natural zeolite and zeolite synthetized with NaOH activation to
remove Cr (VI) from industrial wastewater. It was determined that the highest Cr (V1) removal
for both natural and synthetized zeolite was 82% and 56%, respectively.

2.1.6.4.  Agricultural Byproducts

The removal of Cr (VI) from adsorbents obtained from agricultural byproducts is an
effective and sustainable approach for wastewater treatment. Agricultural byproducts often
contain natural materials with porous structures and functional groups that can serve as
adsorption sites for Cr (V1) ions. This method not only helps in reducing environmental pollution
but also makes use of renewable resources, contributing to waste valorization and sustainability.
Certain agricultural waste byproducts, such as rice husk ash, sawdust, and sugarcane bagasse,
can be modified to serve as low-cost adsorbents for Cr (V1) removal. Researchers have used oat
waste (Gardea-Torresdey et al., 2000), sawdust of beech (Acar & Malkoc, 2004), modified rice
husk bagasse (Bishnoi et al., 2004) and neem leaf powder (Ozer et al., 1994) to remove Cr (VI)
ions from wastewater and achieved removal efficiency of 80%, 100%, 89% and 96%,
respectively.

2.1.6.5. Modified Agricultural Biproducts

Previously, modification of biosorbents with phosphoric acid (Enniya et al., 2018),
sulfuric and nitric acids (Prajapati et al., 2020) and zinc chloride (Kumar & Jena, 2017), have
also shown strong potential in the sorption of Cr (V1) anions from aqueous medium. In addition,
orange peel impregnated with calcium alginate, sodium hydroxide, acetic acid, and calcium
hydroxide, respectively, have been used to remediate selenium (Dev et al., 2020), copper (Feng
et al., 2010), antimony (Hasan et al., 2021) and arsenic (Y. Peng et al., 2013) from aqueous
solutions.

2.1.6.6.  Layered Double Hydroxides

In the current state, layered double hydroxide (LDH) has garnered considerable
interest in current years due to its numerous applications in catalysis, adsorption,
nanotechnology, and biotechnology (Kang et al., 2013). In laboratory and industrial scales, they
are simple and affordable to produce (Elmoubarki et al., 2017). The layered structure, broad
chemical composition, varied layer charge density, ionic exchange characteristics, active space
between layers, expansion in water, rheometric, and nanocrystalline capabilities make LDH
a clay-mineral like substance (Forano et al., 2013). In lieu, previous research (Meili et al., 2019)
presented maximum sorption capacity (406.47 mg/g) for methylene blue using magnesium-
aluminum LDH (Mg-Al LDH) composite. Yet, exposure to Al for long periods of time has been
identified as a possible concern factor for the ecosystem as well as human health. Considering
this, it is vital to look for new materials devoid of harmful metals. In this regard, iron (Fe) based
LDH compounds have also shown promising performance in the elimination of hazardous anions
from water (Kang et al., 2013). For instance, Mg-Fe LDH has been applied in conjunction with
chloride (L. C. Santos et al., 2020) and with nanoscale hydroxyapatite (Guo et al., 2020) to
remove nitrate and uranium, respectively. Similarly, various studies (Maamoun, Bensaida, et al.,
2022; Maamoun, Falyouna, et al., 2022)indicate 100% Cr (V1) removal using magnesium
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hydroxide-coated iron nanoparticles and nickel hydroxide nanoplates from contaminated
suspensions. Another study (Eljamal et al., 2022)presented good sorption affinity (22.1 mg/g) of
Mg-Al-LDH towards boron from aqueous solution.

Therefore, investigating the removal capacity of Mg-Fe LDH in combination with
orange peel powder for the removal of Cr (V1) ions from water would also be significant. To
date, no research has been done to remediate Cr (VI) ions from water using Mg-Fe LDH
modified orange peel composite.
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CHAPTER 3

METHOD AND MATERIALS
3.1. Material

Orange peels were taken from a local market in Lahore, Punjab, Pakistan. These said
peels were washed with distilled water, allowed sun-drying for 4 days, followed by oven drying
at 40°C for about one hour (Hasan et al., 2021). Afterwards, the dried orange peels were grinded
to powder form, sieved through a mesh 10 (2 mm) sieve and stored in air-tight packs. The orange
peel powder (OPP) was then kept in sealed desiccators before use.

3.2. Chemicals

The reagent grade chemicals such as iron (IlI) chloride hexahydrate (FeCls.6H,0),
magnesium chloride hexahydrate (MgCl,.6H,0), potassium dichromate (K,Cr,O;) and 1,5-
diphenylcarbazide were obtained from Sigma Aldrich (USA). Other chemicals including sodium
hydroxide (NaOH), hydrochloric acid (HCI), potassium dihydrogen phosphate (KH,PQOy),
potassium nitrate (KNO3), sodium sulphate (Na;SO,), sodium chloride (NaCl), sodium
bicarbonate (NaHCO3) and acetone were purchased from local vendors.

3.3. Preparation of Stock Solution

The 1000 mg/L Cr (V1) stock solution was prepared by dissolving 0.285 g K,Cr,05 in
100 mL distilled water. The working solutions of desired Cr (VI) concentration were then
prepared by spiking the required volume of stock solution in distilled water, as per experimental
conditions. Moreover, 0.1 M HCIl and 0.1 M NaOH solutions were prepared to adjust the solution
pH. In addition, all glassware and sampling vessels were washed with 15% HNO; solution,
followed by rinsing with distilled water prior to adsorption experiments.

3.4. Synthesis of Mg-Fe LDH@OPP

The co-precipitation method was employed for the preparation of magnesium-iron
layered double hydroxide supported on orange peel powder (Mg-Fe LDH@OPP). In brief, 10 g
OPP was added in a suspension containing 0.03 M MgCl, and 0.01 M FeCl;. Afterwards,
suspension pH was set to 10 using 0.1 M NaOH solution. The obtained slurry was kept in an
oven at 70°C for 3 days to eliminate all moisture and was then thoroughly grinded to obtain
powder form Mg-Fe LDH@OPP (Xue et al., 2016). Prior to experimental use, the obtained
composite was cleaned with distilled water, overnight dried in an oven at 100°C and then stored
in air-tight packs in desiccators.

3.5. Experimental Conditions and Procedure

A series of batch experiments were conducted using 20 mg/L Cr (VI) suspensions to
assess the removal capabilities of OPP and Mg-Fe LDH@OPP. Initially, the influence of
adsorbent dosages (0.1, 0.2, 0.5, 1, 2, 3 and 5 g/L) was investigated at pH 2 and contact time of
120 min. The sorption performance of both adsorbents was also evaluated at varying pH
conditions (2, 3, 4, 5, 6, 7, 8 and 9) using sorbent dosage (2 g/L) and contact time (120 min). The
kinetic study of OPP and Mg-Fe LDH@OPP was carried out by allowing both adsorbents to
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react with Cr (V1) solutions at different time intervals (0, 30, 45, 60, 90, 120, 180 and 240 min)
at pH 2 and adsorbent dosage (2 g/L). Afterwards, further experiments were conducted using
biosorbent dosage (2 g/L) at pH 2 and contact time (180 min). The isotherm study was then
performed by allowing both sorbents to react with varying concentration of Cr (V1) suspensions
(1, 2, 5, 10, 15, 20, 30, 50, 75 and 100 mg/L). Furthermore, thermodynamic investigations of
OPP and Mg-Fe LDH@OPP were conducted at varying solution temperatures of 25, 35 and
45°C for Cr (V1) suspensions of 50 mg/L. The regeneration potential of OPP and Mg-Fe
LDH@OPP was also evaluated over 5 adsorption cycles for Cr (VI) suspensions of 20 mg/L.
Moreover, the influence of coexisting anions such as PO,>, NO5, SO,%, CI" and HCO3 on Cr
(VI) removal was investigated under varying pH conditions (2, 4 and 6) in 20 mg/L Cr (VI)
suspensions. Furthermore, the point of zero charge (pHy.c) of both adsorbents was calculated at
varying pH conditions of 2, 3, 4, 5, 6, 7, 8 and 9. All experiments were conducted in duplicates
and average values with relative standard deviations were reported.

An orbital shaker was utilized for performing adsorption studies at 200 rpm mixing
speed. However, a shaking incubator (Korea) was used to conduct experiments at controlled
temperature conditions and at mixing speed of 120 rpm during thermodynamic studies. After
post-sorption experiments, all samples were filtered using 0.22um GE cellulose nylon membrane
filter. A reagent was prepared by adding 0.5 g of 1,5-diphenylcarbazide into 100 mL of acetone
(Rattanarat et al., 2013). 2 mL of this reagent was added into the filtrate along with 3 to 4 drops
of phosphoric acid (H3PO,). The filtrate was then analyzed using spectrophotometric method. A
UV-Vis spectrophotometer (SPECORD 200, Analytikjena, Germany) was used to examine the
filtrate at 540 nm wavelength.

3.6. Calibration Curve

Solutions having different Cr (V1) concentrations of 0.1, 0.2, 0.5, 1, 1.5 and 2 mg/L were
used to prepare the calibration curve. The R? value of the curve was 0.999. The data of the
calibration curve is given in Table 1 and Figure 1 below:

Table 1: Cr (VI) calibration curve

Concentration 0.0 0.1 0.2 0.5 1.0 1.5 2.0
(mg/L)

Absorbance 0.0000 0.0997 0.2246  0.4630 0.8744 1.2793 1.6792
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Figure 1: Cr (VI) calibration curve

Final Concentration and Adsorption Capacity
The residual chromium concentration was calculated using the following Eqg. (1) and Eq.

Adsorption capacity: g, = o= "

m

(Co_Ce)
C

o

Removal efficiency: R = * 100 % 2

Where C. and C.are the residual and initial Cr (VI) concentrations (mg/L) in the

solutions, m is the mass of biosorbent (g), and V is the initial volume of suspension (L).

3.8.

Kinetic Models

For the investigation of the kinetics of the adsorbent, non-linear forms of the Lagergren

pseudo-first order (PFO) and pseudo-second order (PSO) equations were used which are
mentioned as Eq. (3) and Eq. (4) below:

PFO equation: q; = g, — eln(@e)—kqt 3)

kzqut
1+k2qet (4)

PSO equation: q; =
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Where the contact time is expressed in t (min), ge (Mg/g) is the adsorption capacity of the
adsorbent at equilibrium, g:(mg/g) is the adsorption capacity of the adsorbent at different time
intervals, kiis the PFO rate constant and kis the PSO rate constant.

3.9. Isotherm Models

For the study of isotherms of the adsorbent, Eq. (5) and Eq. (6) were used which are
mentioned below:

. . kLC
Langmuir equation: g, = z:‘k—LCe (5)
L%e

1

Freundlich equation: q, = kFCeE (6)

Where g. (mg/g) is the adsorption capacity of the adsorbent at equilibrium, C, (mg/L) is
the final chromium concentration, g, (mg/g) is the maximum adsorption capacity of the
adsorbent, k. (L/mg) is Langmuir constant related to adsorption energy, ke [(g/mol)(L/mg)]*"is a
constant related to the adsorption capacity, and n is an index of heterogeneity.

3.10. Thermodynamic Studies

For the determination of the thermodynamics parameters of the adsorbent, following Eqg.
(7), Eq. (8) and Eq. (9) were used:

Equilibrium constant: k. = % (7)
Gibbs free energy: AG = —RTlInk, (8)
Thermodynamics parameters: AG = AH — TAS 9)

Where g (mg/g) is the adsorption capacity of the adsorbent at equilibrium, C, (mg/L) is
the final chromium concentration, R (8.314 J/mol.K) is the universal gas constant, T (K) is the
absolute temperature, AH (intercept) is the enthalpy and AS (slope) is the entropy obtained by the
linear fitting of AG versus T.

3.11. Fixed Bed Column Studies

The fixed bed column studies were conducted utilizing a polypropylene column with a
1.5 cm internal diameter, 12 cm length and adsorbent’s bed depths of 0.5 and 1.0 cm,
respectively. The ascending flow rate of 2 mL/min flow rate of Cr (VI) solution (20 mg/L) at pH
2 was pumped through column and remaining Cr (V1) concentration was monitored at various
time intervals until remaining and initial Cr (V1) concentration become equal. To illustrate the
column bed performance, a breakthrough curve was created from the plot of P/Po against time.
The dynamic adsorption model i.e., Yoon-Nelson model was then employed on experimental
data to explore breakthrough curve behaviors and variations under various bed depths. The Yoon-
Nelson model is expressed as the following Eq. (10):
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Where P and P,are the residual and initial Cr (V) concentrations (mg/L) in the solutions,
T is the time required for 50% adsorbate breakthrough (min). Kyy is the Yoon-Nelson rate
constant (minY), and t is the flow time (min).

3.12. Analytical Procedures

Scanning Electron Microscopy (SEM) (Japan) was used to obtain high resolution surface
images of raw OPP and Mg-Fe LDH@OPP, which revealed its micro and nano scale
morphologies. Similarly, energy dispersive X-ray spectroscopy (EDX) was used to examine the
elemental composition of the biosorbents. Brunauer-Emmett-Teller (BET) was used to analyze
the pore volume, pore radius and surface area of raw OPP and Mg-Fe LDH@OPP. The samples
were dried at 105°C for 24 hours to remove all moisture. A BET surface area analyzer (USA) was
used to assess the adsorption isotherm at liquid nitrogen temperature (-196.15°C). Samples were
degassed under vacuum conditions. Subsequently, using the P/P, ratio, the BET surface area of
both biosorbents was assessed. The bonding features and chemical composition of OPP and Mg-
Fe LDH@OPP, before and after reaction with Cr (V1) were assessed using Fourier Transform
Infrared Spectroscopy (FT-IR) (USA) between wavenumber of 400-4000 cm™. Moreover, X-ray
diffraction (XRD) (Germany) was analyzed using Cu Ko radiations at 20 from 0° to 90° to
identify the variations in crystalline structure of raw and spent adsorbents. In addition, chemical
equilibrium software Visual MINTEQ was used to obtain speciation diagram of Cr (V1) species.
Moreover, the popular graphing software OriginPro 2018 was used to plot the experimental data.

3.13. Degree of Crystallinity and Crystallite Size
The degree of crystallinity (DOC%) was calculated using the following Equ. (11):

Ac
Ac+Aa

DOC: Xc =

(11)

Where Ac is the area under crystalline diffraction patterns and Aa is the area under
amorphous diffraction patterns. Similarly, the crystalline size was calculated using the following
Equ. (12):

KA
B cos6B

Crystallite size: D = (12)

Where D, K, A, B, and 0g represent crystallite size (nm), shape constant (K = 0.9), X-ray

wavelength (A = 0.154 nm), peak width at half maximum height (radians), and reflection angle
(radians), respectively.
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CHAPTER 4

RESULTS AND DISCUSSION
4.1. Characterization of OPP and Mg-Fe LDH@OPP

4.1.1. Morphological Analysis

4111. SEM of OPP
SEM images were used to examine the surface texture and topology of OPP and Mg-

Fe LDH@OPP. As can be seen in Figure 2, OPP presented irregular and distinct surface
characteristics with vertical and uneven distribution of pores within the surface.

206V X10,000 Tum

X1,000 10pm

Figure 2: SEM images of OPP

41.1.2. SEM of Mg-Fe LDH@OPP
As seen in Figure 3, SEM images of Mg-Fe LDH@OPP showed an increase in the

porosity and surface roughness. The small particle size and uneven particle distribution on the
Mg-Fe LDH@OPP surface may also be responsible for increasing the effective surface area,
which may provide better sorption potential than OPP towards contaminants from aqueous
solutions. Similarly, changes in structural features in LDH based composite were also observed
in previous study (Guo et al., 2020), which indicated uneven particle distribution in the original
orderly layered structure owing to in-situ growth of LDH with nano scale hydroxyapatite.
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Figure 3: SEM images of Mg-Fe LDH@OPP
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4.1.2. Elemental Composition Analysis
4.1.2.1. EDX of OPP

The EDX data of OPP and Mg-Fe LDH@OPP was also acquired to determine the
chemical composition of different elements in both adsorbents. As shown in Figure 4, the three

major peaks of C, O and Ca were detected in OPP with percentage distribution as 17.8%, 52.7%
and 28.6%, respectively.
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Figure 4: EDX of OPP
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412.2. EDX of Mg-Fe LDH@OPP

After modification of OPP with Mg-Fe LDH, additional peaks of Fe and Mg with
percentage distribution as 18.5% and 0.8% were also detected at selected surface site of modified
adsorbent, as can be observed in Figure 5. In general, the results of SEM-EDX confirmed the
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Figure 5: EDX of Mg-Fe LDH@OPP
formation of bimetallic layered double hydroxide in Mg-Fe LDH@OPP surface.

4.1.3. BET Analysis

BET analysis and Barrett-Joyner-Halenda (BJH) model were used to determine the
microstructure characteristics of both adsorbents. As shown in Table 2, it was observed that the
surface area of Mg-Fe LDH@OPP (18.810 m?/g) was significantly greater than that of OPP
(3.970 m?/g). Similar trend was also observed in pore volume where it increased from 0.003 m*/g
to 0.008 m*/g after modification of the adsorbent (Dey et al., 2021). The presence of magnesium
and iron on the adsorbent’s surface could be the reason behind the increase in the surface
characteristics, which can eventually enhance its adsorption capacity.

Table 2:Textural property of OPP and Mg-Fe LDH@OPP

Adsorbent Surface Area (m°/g) Pore Volume (m*/g)  Pore Radius (nm)
OPP 3.97 0.003 1.607
Mg-Fe LDH@OPP 18.81 0.008 1.605

4.1.4. N, Adsorption/Desorption Isotherms

The liquid nitrogen (N) adsorption/desorption isotherms of OPP and Mg-Fe LDH@OPP
are shown in Figure 6(a, b). The results indicated that N, desorption didn’t follow same pattern
as that of adsorption with steep increase in volume of both adsorption and desorption isotherms.
The characteristic hysteresis loop was formed which indicated that during adsorption, the process
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of pore filling was due to capillary condensation, whereas during desorption, the process of pore
emptying was due to evaporation (Kajama, 2015). Therefore, it can be concluded that N,
adsorption/desorption on OPP and Mg-Fe LDH@OPP followed Type 1V isotherm thus indicating
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Figure 6: Nitrogen adsorption/desorptionisotherms of (a) OPP and (b) Mg-Fe LDH@OPP
mesoporous structural distribution.

4.1.5. XRD Analysis of OPP and Mg-Fe LDH@OPP

The XRD analysis of OPP and Mg-Fe LDH@OPP was conducted to obtain information
regarding the structure, phase, crystal orientation and lattice parameters of the adsorbents. The
results of the analysis are given in Figure 7. The XRD analysis of OPP showed diffraction peaks
on 20 at 19.38° and 29.75°, 24.20° and 37.71°, indicating crystalline structures of hexagonal
carbon (Cy) and (C) at plane (110) and (452) with JPCD card no. 48-1449 and 50-0927,
hexagonal fullerene (Cg) at plane (002) with JPCD card no. 47-0787 and orthorhombic oxygen
(Oy) at plane (111) with JPCD card no. 38-0903, respectively. Given their significance in the
biosorbent composition of OPP, cellulose and lignin are predicted to be potential chemical
compounds aiding the elimination of Cr (V1) from polluted water (Dey et al., 2021). A significant
level of crystallinity was shown by the diffractogram of Mg-Fe LDH@OPP. While mapping the
diffraction peak on 26 at 15.22°, crystalline structures of hexagonal carbon (C;) at plane (002)
with JPCD card no. 48-1449 were seen, suggesting that Mg-Fe LDH@OPP form a rhombohedral
shape as it crystallizes (Elmoubarki et al., 2017). Other diffraction peaks on 26 at 21.40° and
38.22° were detected, showing crystalline structures of orthorhombic iron oxide (Fe,Os) at plane
(1122) with JPCD card no. 21-0920 and cubic magnesium oxide (MgO) at plane (400) with JPCD
card no. 30-0794, respectively. The XRD analysis exhibited that the modification of OPP with
Mg-Fe LDH resulted in the formation of three-dimensional arrangements of Mg and Fe, thus
improving the crystallinity of the adsorbent (Benselka-Hadj Abdelkader et al., 2011). This may
influence the surface area and porosity of the material, as well as the type and strength of
interactions between the adsorbate molecules and the biosorbent’s surface. This may also
improve the sorption affinity of Mg-Fe LDH@OPP towards Cr (VI) anions from agueous
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matrices.The degree of crystallinity (DOC%) and crystallite size of the composite was calculated
using Equ. (11) and Equ. (12) given in Section 3.13.(Falyouna et al., 2022). The DOC% of Mg-
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Figure 7: XRD analysis of OPP and Mg-Fe LDH@OPP

Fe LDH@OPP was calculated to be 2.32% while the crystallite size was 0.29 nm.

4.1.6. XRD Analysis of Mg-Fe LDH
Figure 8 presents the XRD analysis of Mg-Fe LDH. As presented in previous

study(Nejati et al., 2014), the patterns fit well to layered double hydroxide with basal reflections
of hkl planes (003), (006), (009), (110) and (113). The (003) reflection located on the 20 of
~11.26° and 60° is typical of hydrotalcite-type materials, that indicates a basal spacing of ~0.78
nm, and is compatible with that in a nitrate containing LDH structure.
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Figure 8: XRD analysis of Mg-Fe LDH

4.1.7. FT-IR Analysis

The results of FT-IR analysis of both adsorbents are presented in Figure 9. FT-IR
spectrum of OPP revealed lignocellulosic characteristics of the material. The O-H and N-H
groups’ stretching found in carbohydrates, fatty acids and proteins are indicated in the wide band
centered at 3422 cm™(Puccini et al., 2016). The COO" groups of esters indicate the band at 1742
cm™*(Puccini et al., 2016). Furthermore, C-O stretching is responsible for the bands at 1444 cm™
and 1054 cm™(Puccini et al., 2016), which indicates typical bands of cellulose and hemicellulose
from lignocellulosic materials. Similarly, in the case of Mg-Fe LDH@OPP, the bands observed
at 3430 cm™ and 1581 cm™ are indicative of bending and stretching vibrations of OH groups (L.
C. Santos et al., 2020). Similarly, M-O vibrations, where M is a stretching of either Mg or Fe, are
connected to the band at 808 cm™(L. C. Santos et al., 2020). Furthermore, the band observed at
1358 cm™ indicates the presence of CO3> species on adsorbent surface, which may impair LDH's
adsorption performance for contaminants in water (Meili et al., 2019). The FT-IR analysis
showed that the COO™ and OH" functional groups in both adsorbents may show dominant role in
the contaminant removal process via complexation reactions.
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Figure 9: FT-IR analysis of OPP and Mg-Fe LDH@OPP

4.2. Batch Cr (VI) Sorption Studies

4.2.1. Influence of Dosages

Figure 10 depicts the performance of OPP and Mg-Fe LDH@OPP dosages in removing
Cr (V1) from polluted water. It was found that the Cr (V1) sorption increases upon increasing
dosages of both adsorbents. Upon increasing OPP and Mg-Fe LDH@OPP dosages from 0.1 g/L
to 3 g/L, the Cr (VI) sorption varied from 31.72% to 85.93% and 36.53% to 94.27%,
respectively. An inefficient Cr (VI) sorption performance at low adsorbent dosages may be
ascribed to the large intraparticle distance between biosorbent and adsorbate, which resulted in
relatively low diffusion of Cr (VI) ions onto the surfaces of OPP and Mg-Fe LDH@OPP
(Padmavathy et al., 2016). At high dosages of both adsorbents, the intraparticle distance
decreases, allowing for more efficient transfer of Cr (V1) ions towards the biosorbent surface and
effectively sequestering Cr (VI) from aqueous media(Padmavathy et al., 2016). Moreover, better
Cr (V1) sorption performance of Mg-Fe LDH@OPP was achieved, when compared with OPP.
Such observation may be attributable to the availability of multiple activated groups on
adsorbent surface induced by modification of OPP with bimetallic layered double hydroxide.
Adding more, both adsorbents presented 100% Cr (V1) removal at 5 g/L dosage. Conversely, the
adsorption capacity of OPP and Mg-Fe LDH@OPP for Cr (V1) showed significant decline from
63.45 mg/g to 5.72 mg/g and 73.07 mg/g to 6.28 mg/g, respectively upon increasing adsorbent
dosages from 0.1 g/L to 3 g/L, as can be observed in Figure 10. The decrease in sorption
capacity suggested that as adsorbent dosages increased, the residual Cr (VI) concentration
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Figure 10: Influence of adsorbent dosage on the adsorption behavior of OPP
and Mg-Fe LDH@OPP

sequestered per unit dosages of OPP and Mg-Fe LDH@OPP decreased, indicating more
available surface sites for removing Cr (V1) under such water conditions (Inam et al., 2018). At 5
g/L dosages of both adsorbent, 4 mg/g adsorption capacity was observed. Considering removal
efficiency 78.90% and 91.41% and adsorption capacity 7.89 mg/g and 9.14 mg/g, 2 g/L of OPP
and Mg-Fe LDH@OPP dosages were used for subsequent experiments.

4.2.2. Influence of pH

pH is one of the most influential water chemistry factors that determine the sorption
performance of a system. As shown in Figure 11, the removal performance of OPP and Mg-Fe
LDH@OPP for Cr (V1) decreases from 78.90% to 32.98% and 91.41% to 41.51%, respectively
upon increasing pH (2 to 9) of working solutions. Conversely, adsorption capacity also decreases
for both adsorbents from 7.89 mg/g to 3.29 mg/g and 9.14 mg/g to 4.15 mg/g, respectively.
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Figure 11: Influence of pH on the adsorption behavior of OPP and Mg-Fe
LDH@OPP

4.2.2.1.  Cr (VI) Speciation Diagram

As shown in Figure 12, at acidic pH conditions (< 6.3), Cr (V1) exists in two forms
i.e., HCrO, and Cr,0;> which may tend to get sorbed to positively charged OPP and Mg-Fe
LDH@OPP surface because of charge neutralization (Shakya et al., 2019). The decreasing trend
in adsorption capacity of both adsorbent for Cr (VI) at pH values < 6.3 may be ascribed to the
fact that HCrO,™ has one anionic exchangeable site and Cr,0-* has two anionic exchangeable
sites, and that the fraction of later Cr (VI) specie increases with pH, thus posing significant
impact on Cr (V1) removal process (Kane et al., 2016; Kuppusamy et al., 2016). However, the
adsorption performance of both adsorbents for Cr (V1) continuously declined after pH 6 because
at higher pH (> 6.3), Cr (VI) mainly exists as CrO,*(Shakya et al., 2019). Upon increasing pH
values to alkaline conditions, where pH > pHp,c (OPP: 3.3; Mg-Fe LDH@OPP: 4.7), further
decline in Cr (VI) sorption may be ascribed to the presence of higher quantity of negatively
charged OH" ions that compete with Cr (VI) for active sorption sites. Moreover, the dominant
role of electrostatic repulsive forces may also affect the adsorption performance of both
adsorbents at higher pH conditions. Therefore, subsequent experiments were conducted at acidic

pH 2 to monitor sorption performance of OPP and Mg-Fe LDH@OPP in heterogeneous water
matrices.
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Figure 12: Cr (VI) speciation diagram

4.2.3. Influence of Contact Time

Figure 13 shows the removal efficiency and sorption capacity of OPP and Mg-Fe
LDH@OPP at different time intervals. The results showed that Cr (V1) sorption efficiency
increased for OPP from 72% to 78.9% and Mg-Fe LDH@OPP from 84.3% to 91.41% at time
intervals of 30 min to 120 min. Upon further increasing contact time to 180 min, OPP and Mg-Fe
LDH@OPP presented maximum removal as 81.84% and 100%, respectively. Such highly
efficient Cr (V1) removal performance of Mg-Fe LDH@OPP may be related to its improved
surface characteristics as compared to OPP as evidenced by BET analysis, shown in Table 2. The
Cr (VI) sorption was not improved by extending contact time to 240 min for either absorbent.
Conversely, a similar trend in sorption capacity of OPP (up to 8.18 mg/g) and Mg-Fe LDH@OPP
(10 mg/g) for Cr (V1) was observed. These results may be ascribed to the fact that increasing
contact time may increase Cr (VI) diffusive property towards sorbent surface, thus leading to
effective Cr (V1) remediation performance from aqueous matrices (Al-Ghouti & Al-Absi, 2020).
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Figure 13: Influence of contact time on removal efficiency of OPP and Mg-Fe
LDH@OPP

4.2.3.1.  Adsorption Kinetics

Pseudo second order (PSO) and pseudo first order (PFO) are two generally used
kinetic models that can predict the rate of adsorption (Revellame et al., 2020). These models
allow for the recognition of rate expressions that correspond to potential reaction mechanisms
(Elmoubarki et al., 2017). Therefore, kinetic study was conducted by fitting experimental
sorption data using PFO and PSO models, as presented in Figure 14.
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Figure 14: Kinetic studies of OPP and Mg-Fe LDH@OPP

The kinetic parameters’ results are shown in Table 3. PSO model fitted better than
PFO model, as regression coefficient R? values for OPP and Mg-Fe LDH@OPP were found
greater i.e., 0.999 and 0.990 as compared to 0.994 and 0.977, respectively. Moreover, the
experimental adsorption capacity at equilibrium time (180 min) was found closer to the modelled
predicted value of PSO than PFO. Therefore, contact time (180 min) was selected for further
batch-mode experiments. In addition, the results of kinetic model also suggested that sorption of
Cr (VI) ions on both sorbents followed PSO model, thus indicating that chemisorption may play

a dominant role as rate-limiting factor in Cr (V1) remediation from aqueous media (EImoubarki
etal., 2017).

Table 3: Parameters of adsorption kinetics of OPP and Mg-Fe LDH@OPP for Cr (VI) removal

Adsorbent Pseudo-first order Pseudo-second order
ge (g/mol) ki R* e ks R®
(1/min) (g/mol)  (mol/g.min)
OPP 7.907 0.073 0.994 8.242 0.025 0.999
Mg-Fe 9.410 0.064 0.977 10.011 0.014 0.990
LDH@OPP
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Figure 15: Influence of Cr (V1) concentration on removal efficiency of OPP
and Mg-Fe LDH@OPP

4.2.4. Influence of Cr (V1) Concentration

Figure 15 demonstrates the sorption capacity and removal efficiency of OPP and Mg-Fe
LDH@OPP at varying Cr (VI) concentrations in aqueous matrices. The results showed that Cr
(VI) sorption efficiency decreased for OPP from 99.97% to 81.84% at varying Cr (VI)
concentrations from 1 mg/L to 20 mg/L. In contrast, almost 100% Cr (VI) remediation was
observed in the case of Mg-Fe LDH@OPP. Conversely, the sorption capacity of OPP and Mg-Fe
LDH@OPP for Cr (VI) increased from 0.49 mg/g to 8.18 mg/g and 0.5 mg/g to 10 mg/g,
respectively. The presence of bimetallic layered double hydroxides in Mg-Fe LDH@OPP as
evidenced by SEM images may result in distinct Cr (V1) removal performance when compared
with raw OPP, as shown in Figure 2 and Figure 3. The presence of higher Cr (V1) concentration
(100 mg/L) in suspension caused a significant decrease in Cr (VI) removal performance (OPP:
51.76%; Mg-Fe LDH@OPP: 63.88%), as shown in Figure 15. This observation may be
attributed to the presence of limited active sites, which may reduce the Cr (VI) transport affinity
from suspension to sorbent surface (Al-Ghouti & Al-Absi, 2020). Contrary to this, adsorption
capacity increases to 25.88 mg/g and 31.94 mg/g for OPP and Mg-Fe LDH@OPP, respectively.

4.24.1.  Adsorption Isotherms
Figure 16 demonstrates the graphical illustration of the isotherm studies of OPP and
Mg-Fe LDH@OPP.
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Figure 16: Isotherm studies of OPP and Mg-Fe LDH@OPP

The model parameters of isotherm studies are given in Table 4. Langmuir and
Freundlich models were utilized to assess the sorption of Cr (VI) on the adsorbents’ surface. The
R? values of Freundlich model (OPP: 0.958; Mg-Fe LDH@OPP: 0.916) was observed to be
slightly better than Langmuir model (OPP: 0.941; Mg-Fe LDH@OPP: 0.915). These results
suggest the prominent role of multilayer Cr (V1) sorption onto heterogeneous sorption sites of
both sorbents (Irem et al., 2017).

Table 4: Parameters of adsorption isotherms of OPP and Mg-Fe LDH@OPP for Cr (VI)

removal
Isotherm Adsorbent Parameters R’
models
Langmuir Om (g/mol) K. (L/mg)
OPP 34.981 0.063 0.941
Mg-Fe 39.146 0.106 0.915
LDH@OPP
Freundlich N Ke
[(g/mol)(L/mg)]*"
OPP 2.185 4.648 0.958
Mg-Fe 2.481 7.567 0.916
LDH@OPP
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Figure 17: Influence of temperature on removal efficiency of OPP and Mg-Fe
LDH@OPP

4.2.5. Influence of Temperature

Figure 17presents the sorption capacity and removal efficiency of OPP and Mg-Fe
LDH@OPP at different suspension temperatures. The outcomes implied that Cr (V1) sorption
efficiency decreased for OPP from 71.42% to 58.90% and Mg-Fe LDH@OPP from 90.33% to
74.16% at varying suspension temperatures from 298 K to 318 K. Conversely, a similar
decreasing trend in adsorption capacity of OPP from 17.85 mg/g to 14.72 mg/g and Mg-Fe
LDH@OPP from 22.58 mg/g to 18.54 mg/g for Cr (VI) with varying suspension temperatures
was observed. Such observation may be related to the increase in thermal energy, which may
disrupt the attractive forces between the biosorbents and Cr (V1) ions, making it easier for the
ions to desorb from the surface of OPP and Mg-Fe LDH@OPP and return to the solution (Inr &
Spiff, 2005; Mustapha et al., 2019).

4.25.1.  Adsorption Thermodynamics

To further investigate the adsorption characteristics, thermodynamic parameters were
calculated by plotting the graph between AG and suspension temperatures, as shown in Figure
18.
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Figure 18: Thermodynamics studies of OPP and Mg-Fe LDH@OPP

The values of AS and AH were calculated using slope and intercept, as shown in
Table 5. The negative values of AG at 298 K in case of OPP and at 298 K to 318 K in case of
Mg-Fe LDH@OPP suggests that adsorption was spontaneous process. The progressive rise in
AG value with temperature indicates that the increase in temperature has an adverse effect on the
adsorption affinity of both adsorbents. The negative AH values also confirms that the elimination
of Cr (VI) by both sorbents was exothermic process (Georgieva et al., 2020). Furthermore, the
increasing randomness of the heterogeneous sites during the sorption phase may be indicated by
the positive AS values (Inam et al., 2021). Furthermore, the absolute AH values (OPP: 21.88;
Mg-Fe LDH@OPP: 46.50) suggested that both physical adsorption and complexation reaction
might occur during Cr (VI) removal from water. This finding is consistent with previous
research, which suggest that the absolute AH value if lies in the range of 0-8 KJ/mol represents
physisorption, in the range of 8-60 KJ/mol represents physicochemical sorption and in the range
of > 60 KJ/mol represents chemisorption phenomena (Chaudhry et al., 2017).
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Table 5: Parameters of thermodynamic studies

Temperature AG (KJ/mol)  AH (KJ/mol)  AS (KJ/mol.K) R®
(K)
OPP
298 -0.55233 -21.88143 0.07164 0.99594
308 0.22003
318 0.880408
Mg-Fe LDH@OPP
298 -3.819004787 -46.50076 0.14317 0.99906
308 -2.441089856
318 -0.955660094

4.2.6. Influence of Interfering lons

The presence of co-existing ions may influence the Cr (V1) removal potential, probably
due to its competition for adsorption sites on the surface of OPP and Mg-Fe LDH@OPP.
Therefore, Cr (V1) sorption potential was examined in the presence of PO,*, NO3", SO,*, CI” and
HCOj3" at varying pH conditions of 2, 4 and 6 in aqueous medium, as shown in Figure 19. The
results indicated that presence of interfering anions impart similar Cr (V1) removal trend as the
absence of such species under varying pH conditions. Moreover, the Cr (V1) removal potential of
both OPP and Mg-Fe LDH@OPP was insignificantly affected in the presence of NO5, SO4* and
CI', suggesting that these ions didn’t interact strongly with Cr (VI) ions for adsorption sites
(Akram et al., 2022). Similarly, slight influence of PO4> anions on Cr (V1) sorption potential was
perceived under the application of Mg-Fe LDH@OPP, which may be attributable to availability
of sufficient adsorption sites (Akram et al., 2022). However, reduction in Cr (VI) sorption
potential up to 13% was observed in the presence of PO,> ions when using OPP as an adsorbent.
Similarly, an inhibitory effect on Cr (VI) remediation was perceived in the presence of HCO3
species for suspensions treated with both OPP and Mg-Fe LDH@OPP. This behavior could be
attributable to the fact that both species are anionic, which means they compete for the
adsorbent’s positively charged surface, lowering the likelihood of Cr (VI) remediation from
water (Zhou et al., 2017).
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Figure 19: Cr (VI) removal potential using OPP and Mg-Fe LDH@OPP under the influence of
interfering ions

4.2.7. Regeneration Cycle

Figure 20presents the regeneration performance of OPP and Mg-Fe LDH@OPP over
five adsorption/desorption cycles. A substantial decline in the Cr (V1) sorption up to 7.01% and
23.26% was observed for OPP and Mg-Fe LDH@OPP, respectively, at the fifth cycle. Similarly,
the sorption capacity also decreased to 0.7 mg/g and 2.32 mg/g for both adsorbents. This decline
might be tied to the fact that the sorption capacity of the adsorbents is not infinite, and with each
cycle, the adsorbents become saturated with Cr (V1) ions, reducing the surface area available for
additional adsorption in subsequent cycles, thus leading to a decrease in the sorption affinity(El-
Bendary et al., 2022). Furthermore, as the Cr (VI) ions accumulate on the surface of OPP and
Mg-Fe LDH@OPP, they may alter the adsorbents’ surface properties, thus leading to decrease in
adsorption potential after each cycle. Also, with repeated use, the adsorbent surface may undergo
degradation, which may reduce its surface area and affect its adsorption ability, leading to a
reduction of adsorption performance in subsequent cycles (Gkika et al., 2022).
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removal

4.3. Fixed Bed Column Studies

Figure 21(a, b) displays the breakthrough curves at bed depths of 0.5 cm and 1.0 cm,
respectively. It was perceived that increase in bed depth enhances Cr (V1) removal efficiency
with significantly better performance in case of Mg-Fe LDH@OPP than OPP. In addition, the
column exhaustion time was also found to be greater for Mg-Fe LDH@OPP (600-800 min) than
OPP (100-350 min), thus indicating its applicability for long term operation. Such performance
may be supported by the results of BET, morphological and elemental composition analysis,
which showed large surface area, uneven particle distribution and greater particle size in Mg-Fe
LDH@OPP composite, as discussed in Section 4.1.1.
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Figure 21: Cr (VI) breakthrough curve of (a) OPP and (b) Mg-Fe LDH@OPP

The experimental data was fitted with the Yoon-Nelson model to examine the
breakthrough time of column. The slope and intercept of Yoon-Nelson plot was used to estimate
the values T (time required for 50% Cr (V1) breakthrough) and of Kyy (rate constant), as
presented in Table 6 in the supplementary section. It was observed that with the increase in bed
depth, values of Kyy decreases while the value of T increases. Moreover, the breakthrough times
were observed to be 3 and 60 min for OPP, and 135 and 366 min for Mg-Fe LDH@OPP,
respectively with the bed depth of 0.5 cm and 1.0 cm. Such observation might be related to the
fact that as bed depth increases, the rate at which the adsorbent bed is exhausted decreases.
Similarly, previous studies(Mekonnen et al., 2021; Omitola et al., 2022) also presented better
adsorption performance of contaminants at higher bed depths of adsorbents within the column.
The experimental data was likewise shown to be well fitted by the Yoon-Nelson model, with
correlation coefficients (R?) in the ranges of 0.8849-0.9250 for OPP and 0.9753-0.9867 for Mg-
Fe LDH@OPP, respectively, as shown in Table 6 in the supplementary section.

Table 6: Parameters of fixed bed column studies

Bed Depth (cm) Kyn (Min™) T (min) R’
OPP
0.5 0.03186 2.54492 0.92503
1.0 0.02221 59.50934 0.88494
Mg-Fe LDH@OPP
0.5 0.00711 135.45931 0.97533
1.0 0.0064 366.37962 0.98671
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4.4. Adsorption Mechanism

The sorption mechanism of Cr (V1) ions onto OPP and Mg-Fe LDH@OPP was identified
based on experimental results, mathematical models, and spectroscopic techniques. For instance,
at acidic pH conditions, both adsorbents presented excellent Cr (V) removal potential owing to
strong electrostatic attraction between negatively charged Cr (V1) ions and positively charged
biosorbent surface(Shakya et al., 2019). However, decreasing trend in Cr (V1) removal potential
with pH may be linked with the pHy,c values (OPP: 3.3 and Mg-Fe LDH@OPP: 4.7). Therefore,
a significant decline in Cr (V1) remediation performance was noted at alkaline pH conditions, as
shown in Figure 11. Moreover, studies on sorption kinetics, isotherms, and thermodynamics
were conducted to better predict the Cr (VI) remediation process using OPP and Mg-Fe
LDH@OPP. It was observed that multilayered chemisorption processes, along with
physisorption and complexation reactions resulted in enhanced Cr (VI) remediation from
aqueous media(Chaudhry et al., 2017; Elmoubarki et al., 2017; Georgieva et al., 2020; Inam et
al., 2021; Irem et al., 2017).To get further mechanistic insight into the Cr (V1) sorption, XRD and
FT-IR analysis were carried out after interaction of Cr (VI) ions with OPP and Mg-Fe
LDH@OPP.

4.4.1. XRD of Spent Adsorbent

The XRD analysis of spent OPP and Mg-Fe LDH@OPP presented the appearance of new
diffraction peaks and disappearance of some old diffraction peaks, as shown in Figure 22. For
instance, in the case of spent OPP, new diffraction peaks were observed on 20 at 14.83°
indicating crystalline structure of orthorhombic chromium carbonyl (Cr(CO)g) at plane (231)
with JPCD card no. 40-0751, while two new peaks of hexagonal chromium carbide (Cr,Cj) at
plane (421) with JPCD card no. 11-0550, were observed on 20 at 63.94° and 81.17°.As presented
in previous study(Zhang et al., 2017), Cr;Cs is complex compound containing Cr and Cr,03
which indicates presence of reduced Cr(l11) species on spent OPP. For spent Mg-Fe LDH@OPP,
new peaks were observed on 20 at 21°, 30°, 35.8° and 43.55°, indicating crystalline structures of
orthorhombic chromium oxalate (CrC,0,) at plane (011) with JPCD card no. 45-0896, tetragonal
iron chromite (FeCr,0,) at plane (311) with JPCD card no. 4-0511, cubic iron oxalate (FeC,0.,)
at plane (311) with JPCD card no. 14-0807 and tetragonal chromium magnesium oxide
(Cr,MgO,) at plane (311) with JPCD card no. 20-0673, respectively. These results suggest the
involvement of reduction of Cr (VI) to Cr (Ill) followed by adsorption onto OPP and Mg-Fe
LDH@OPP surface. Similarly, previous study (Z. Li et al., 2023) also indicated that variation in
electronic binding energies of iron and oxygen atoms as well as -OH functional groups on
adsorbent surface were mainly responsible for reduction of Cr (V1) to Cr (111) during sorption
process.
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Figure 22: XRD of spent OPP and Mg-Fe LDH@OPP

4.4.2. FT-IR of Spent Adsorbent

The results of the FT-IR study showed that distinct complexation processes between Cr
(V1) and adsorbents had a role in the disappearance, appearance and shifting of different peaks,
as shown in Figure 23. For instance, in the case of spent OPP, the disappearance of COO" groups
of esters at 1742 cm™ may be attributable to the bond formation between COO™ and Cr (V1) ions
via ligand exchange (Inam et al., 2019). Similarly, the disappearing of C-O stretching vibration
peaks at 1444 cm™ and 1053 cm™ was also observed, indicating the possibility of physical
adsorption (Inam et al., 2019). However, in the case of spent Mg-Fe LDH@OPP, disappearance
of peak at 808 cm™ and appearance of new peak at 541 cm™ was observed, thus indicating
involvement of C-H bending vibrations in Cr (V1) removal process. In contrast, the change in
intensity of other peaks were observed thus highlighting the involvement of complexation

processes.
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Figure 23: FT-IR of spent OPP and Mg-Fe LDH@OPP

These results suggested that governing removal process involved in Cr (VI) removal
using Mg-Fe LDH@OPP was identified as physical adsorption, chemisorption, reduction, and
complexation reactions. However, in addition to these mechanisms, the involvement of ligand
exchange resulted in Cr (V1) removal using OPP. The pictorial illustration of proposed Cr (VI)
removal mechanism using both adsorbents is also presented in Figure 24.
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Figure 24: Pictorial illustration of Cr (VI) removal mechanism

4.5. Comparison of Contaminant with Literature Studies

Table 7indicates a comparison of Cr (VI) sorption capacity using different sorbents
presented in previous research. The type of adsorbent and water chemistry parameters were
closely related to adsorption capacity of Cr (V1) from various aqueous matrices. It can also be
observed that relatively greater sorption capacities were observed for OPP (25.88 mg/g) and Mg-
Fe LDH@OPP (31.94 mg/g) than other adsorbents studied in literature. Thus, it can be deduced
that Mg-Fe LDH@OPP showed strong potential towards remediation of Cr (V1) species matrices
with the possibility to be applied for pilot scale operation in water treatment.
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Table 7: Comparison of contaminant with literature studies

Initial Cr Contact Adsorption

Adsorbent Dosage (V1) Conc. pH Time Capacity Reference
(9/L) (mg/L) (min) (mg/g)
Magnetite 6 60 3 120 7.2 (Padmavathy et
nanoparticles al., 2016)
Magnetite 10 40 4 120 3.84 (Moges et al.,
graphene oxide 2022)
nanocomposite
Potato peeling 4 40 2.5 48 10 (Mutongo et al.,
2014)
Fox nutshell 0.5 10 2 180 19.8 (Kumar & Jena,
2017)
Moringa leaves 2.5 20 4.8 80 7.2 (Madhuranthakam
etal., 2021)
Aloe vera 2 50 1.23 150 24.66 (Prajapati et al.,
leaves 2020)
Orange peel 1 10 2 150 8.9 (JishaTJ et al.,
2017)
Orange peel 2 100 2 180 25.88 This study*
powder
Mg-Fe 2 100 2 180 31.94 This study*
LDH@OPP
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CHAPTER 5
CONCLUSION AND RECOMMENDATIONS

5.1. Conclusion

The viability of Mg-Fe LDH@OPP was thoroughly explored as a novel biosorbent

capable of removing Cr (VI) ions from water. The major findings drawn from the current
research are as follows:

Mg-Fe LDH@OPP presented superior Cr (V1) removal performance (100%) compared to
raw OPP (81.84%) due to its increased particle size, uneven particle distribution, effective
surface area and higher point of zero charge (pHp.c).

The kinetic models PFO and PSO satisfactorily explained the sorption of Cr (VI) ions onto
OPP and Mg-Fe LDH@OPP, but the PSO model was better fitted with sorption data, as R?
values of PSO model (OPP: 0.999; Mg-Fe LDH@OPP: 0.990) were found to be relatively
greater than those for the PFO kinetic model (OPP: 0.994; Mg-Fe LDH@OPP: 0.977).

The Freundlich isotherm primarily controlled Cr (VI) sorption onto OPP and Mg-Fe
LDH@OPP, as indicated by its relatively greater R? values (OPP: 0.958; Mg-Fe
LDH@OPP: 0.916) than Langmuir isotherm (OPP: 0.941; Mg-Fe LDH@OPP: 0.915).

The thermodynamic characteristics showed that the physical adsorption and complexation
reaction of Cr (V1) ions onto the surface of OPP and Mg-Fe LDH@OPP played significant
roles in the removal process.

The comparative better Cr (VI) removal performance of Mg-Fe LDH@OPP was also
observed for up to five regeneration cycles and under the influence of interfering species in
heterogeneous aqueous environment.

Continuous mode column studies also indicated applicability of Mg-Fe LDH@OPP than raw
OPP. The experimental data was also satisfactorily fitted with Yoon-Nelson model with R?
values in the ranges of 0.8849-0.9250 for OPP and 0.9753-0.9867 for Mg-Fe LDH@OPP,
respectively with bed depth of 0.5 cm and 1.0 cm, respectively.

The main sorption mechanism involved in the removal of Cr (VI) by Mg-Fe LDH@OPP
was determined to be physio-chemisorption, reduction, and complexation reactions.
However, in addition to these mechanisms, the involvement of ligand exchange was also
observed when remediating Cr (V1) species by OPP from aqueous solutions.
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5.2. Recommendations
This study recommends that:

e The removal potential of other contaminants and heavy metals should be investigated using
Mg-Fe LDH@OPP.

e The potential of other kinds of fruit and vegetable waste should be investigated to produce
sustainable adsorbents.

e Real tannery wastewater should be used to investigate the removal efficiency of Mg-Fe
LDH@OPP.
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