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Abstract

Heavy metal removal from wastewater remains a paramount challenge with rapid
industrialization and its ubiquitous utilities. Currently, the generation of clean water
and environmental protection are two indispensable/requisite areas for a sustainable
society. Two-dimensional (2D) materials' applicability in water treatment is
continuously accelerating by enabling new discoveries. Recently, MXenes generated
tremendous popularity in the 2D materials family due to unique physicochemical
properties and stability that as adsorbents make them attractive for the removal of
heavy metals. Although the adsorption performance of MXenes may compete
effectively with other nanomaterials adsorbents, the interplay with different materials
is insufficient/inadequate/restricted for further development of low-cost material for
commercial applications. Herein, a potential MXene (TizsAlIC2) combined with
Chitosan, an abundant crustacean’s polymer, as surfactant on polyurethane foam (PUF)
for the removal of toxic hexavalent chromium from synthetic wastewater via
adsorption process. The sorption capabilities of PUF for wastewater were enhanced
using MXene nano-sheets adherence to the pores, while Chitosan beforehand was used
as a surfactant for constructive deposition of MXene nano-sheets. Positively charged
Chromium (V1) ions are adsorbed on negatively charged MXene via electrostatic
attraction and ion exchange mechanism. An assay of assessment is done through a
series of batch and fixed-bed column studies using PUF cubes coated with Chitosan
and three different layers of MXene over Chitosan. Complete removal of hexavalent
chromium in 2 hours has been observed in the batch process, which is quite promising.
Detailed characterization techniques were employed to identify elements, structural
type, and chemical functionality. Additionally, Langmuir and Freundlich kinetic model
for batch operation confirms the chemisorption during the process. Furthermore,
briefed fixed bed column experiments were performed to check the continuous
operation stability of the adsorbent for future perspective. The experimental study
attributed the favorable and economically sustainable aspect of potential adsorbent in
water treatment applications as compared to the usage in an individual capacity in

powder form.
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CHAPTER 1

INTRODUCTION
1.1 Background

As economic output continues to expand globally, consumption of water and
natural resources grows relentlessly. The effects are visible as water over-abstraction,
water and land degradation, climate change and emerging extinction crises. These are
creating interrelated risks for economics, people and ecosystems that are
unprecedented in human history. Water is indispensable for human health, food
security and biodiversity, and for industrial growth, energy supply and urban
development. Global demand for freshwater has grown multifold in recent years, a
trend that cannot be sustained. Water is essentially a key parameter to the
transformative ambition of the 2030 Agenda. (Innovative Water Solutions for
Sustainable Development SUMMARY, 2014; WHO, 2017) Water treatment often
suffers from a dilemma between economy and efficient applicability. Therefore, Water
solutions are needed at all levels as water pollution holds back development,
aggravates inequality and poverty, and exacerbate food scarcity, vulnerability, conflict,
and fragility.

Many countries are facing serious environmental problems of chromium
pollution in waters and groundwaters. Rest aside natural, some anthropogenic activities
like dye and pigment manufacturers, galvanometry, electroplating, leather and mining
cause undesired efflux of Chromium (V1) anions. Among the possible stable forms of
chromium, hexavalent chromium is the most toxic, producing liver and kidney damage,
internal hemorrhage and respiratory disorders(Gupta & Babu, 2009; Rodrigues et al.,
2019; X. S. Wang et al., 2009). It has been indicated as carcinogenic and detrimental
to humans by International Agency for Research on Cancer (IARC). Hexavalent
Chromium found active in a wide range of genotoxicity tests, once it is introduced into
human cells, it can manifest favoring cancer onset, genomic instability and
apoptosis(Wise et al., 2022). World Health Organization permissible limit for
hexavalent chromium Cr(V1) is 0.05 mg/L (WHO, 2017). Cr (V1) can enter the human
body by breathing air, consuming affected food, or drinking chromium containing
water. Due to its existence in the environment in several forms, the removal of toxic

Cr(V1) has gained extensive attention (Liang et al., 2020).
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Various methods utilized for heavy metal removal from wastewater include
precipitation, membrane filtration, electrocougulation, ion exchange and adsorption.
However, most of the technologies have technical and economical limitations, for
instance, inadequate removal of metals, production of sludge and high energy
requirements which impede their widescale development and commercialization.
Physico-chemical methods exihibits high performances in removing hexavalent
chromium, but most of them has high costs of the operations (Gorzin & Bahri Rasht
Abadi, 2018; Patel, 2019). For practical application, adsorption method seems to be
most feasible wastewater treatment technology owing to its environmental and
economical sustainability (Niu et al., 2021). The adsorption process necessitates a low
cost and highly efficient adsorbent with high removal proficiency and high adsorption
capability under various conditions (Danish et al., 2013).

For effective adsorption of Cr (VI) from an aqueous phase, the prospective
adsorbent must have a large surface area and negatively charged functional groups.
MXenes are a recent category of two-dimensional materials that have interesting
properties and are utilised in a wide range of fields. MXenes are a good option for ion-
adsorption owing to their large specific surface area, hydrophilic nature, abundant
surface functional groups, ion exchange capability, chemical stability, and
environmentally friendly nature (Yang et al., 2021). MXenes are formed from MAX
phase (Mn+1AXn, Here “M” represents a transition metal, “A” corresponds to I11-A
or IV-A group elements, and X is C or N) by etching away A layer (Shahzad et al.,
2017; Yaqub et al., 2021).

Herein, we report the adsorption of Cr (VI) by using Chitosan and MXene
nanoparticles in a low-cost yet effective way by utilizing polyurethane foam in a batch
and continuous fixed-bed process. Fixed bed studies were opted to minimize the
wastage of nanoparticles using PU foam selectivity and check its stability in continuous
operation. The affinity of polyurethane foam with the nanoparticles increased the

removal efficiency of Cr (V1) which is an indicator of its commercial viability.



1.2 Problem Statement

Growing industrialization and urbanization have posed a significant threat to the
quality of groundwater. A potential environmental and public health concern for
millions of people worldwide is groundwater contamination with chromium metal
from the tanning and leather industry. In natural environment, chromium occurs as
Chromium (111) and Chromium (VI), while Chromium (V1) is more solvable and
perilous than Cr (I11). Cr (VI) can cause stern health issues like lungs damage, skin

irritation and even cancer.

On the other hand, Chitosan as an abundant biopolymer is cheap and effective in
heavy metal removal. MXene with many applications has a lot of potential in water
treatment which makes it a multidisciplinary material in the market. Cost is the major
concern when talking about water treatment. Many industries are reluctant in
developing countries due to the extensive capital involved in water treatment
operations. For that reason, low-cost techniques and materials are required to explore
for bringing all the stakeholders to indulge in the practices that go along with UN
sustainable development goals. Consequently, utilizing low-cost polyurethane foam as
a support material for water treatment is a valuable process. Adsorption, as opposed to
traditional methods, is a sustainable and profitable method for the management of toxic

elements such as chromium.

1.3 Research Objectives

The research objectives of this research work are;

e Synthesis and characterization of Chitosan/MXene nanoparticles coated PU
foam adsorbents.

e Comparison of non-functionalized and functionalized adsorbents in batch
and continuous process for removal of Hexavalent Chromium from

wastewater.



CHAPTER 2

LITERATURE REVIEW
2.1 Background:

One of the major concerns facing the world today is environmental pollution.
Many countries along with Pakistan are facing this problem due to ever-growing
population rate, consumption of natural and synthetic resources, industrialization, and
heavy dependency on fossil fuels. Every aspect of our life contributes to air pollution,
water contamination or soil pollution one way or the other. Rapid industrialization is a

major contributor to water pollution.

Water is considered as an essential commodity for sustaining life and
environment that is always thought to be an inexhaustible resource. In this new era,
over eight billion humans, is facing a serious water crisis. Pakistan is a water stressed
country, with per capita water accessibility of only 930 m? annually. Rapid
industrialization and urban development, along with increasing irrigation needs for
agriculture, are depleting both the quantity and quality of the country’s water resources,
have negative impact on the agricultural output and the health of the population (Reale,
2021). The effluent released, contaminates freshwater bodies like rivers, lakes, and
fresh underground water reservoirs. This renders the water unsuitable for domestic

usage.

Toxic metals in the environment are a worldwide concern due to their negative
impacts on humans and aquatic flora and fauna. Heavy metal dumping to the soils and
water causes substantial environmental risks due to its non-decomposable nature
(Briffa et al., 2020). Arsenic (Agrafioti et al., 2014; Fard et al., 2021), Lead (Dong et
al., 2019a), and Chromium (H. Wang et al., 2020) are among the most toxic heavy
metals. Researchers around the world are concentrating on removinf or reducing the

concentration of these heavy metals from wastewater up to acceptable limits.

2.2 Introduction of Chromium:

Chromium is a heavy metal that displays several properties depending on its
valence states, chromium (111), a trace element, is crucial for human body in contrast
hexavalent chromium (V1) is lethal and oxidative (Monga et al., 2022). Chromium and

its compounds are mainly utilized in, metallurgy, and pigments. Effluents from these
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industries are disposed into rivers, ponds, and oceans and directly effecting living
organisms due to its carcinogenic and mutagenic nature. Exposure of heavy metals like
chromium even in small concentrations is hazardous and its removal is still a

challenging task for modern researchers.

Chromium compounds are only noticed in trace amounts in water; however, the
element and its compounds can be disposed into surface water by a variety of
industries. Chromium is present in both natural and man-made sources. Geological
ultramafic and basaltic rocks, especially serpentinites, are natural sources; these rocks
are frequently replaced by amphiboles, garnets, micas, pyroxenes, and spinel. Man-
made sources include tanneries, metal finishing, cooling towers, pigment synthesis,
dyeing, and chemical industries that use high chromium salts (Aregahegn, 2021,
Velusamy et al., 2021).

Chromium oxide (Cr203) has become a widespread material for research
purposes due to its superb physicochemical properties. Chromium is used to tint glass
emerald, green. Chromium compounds are used as mordents in the textile industry, as
well as anodizing aluminum in the aerospace and other industries. Because of its high
melting point, medium thermal expansion, and crystalline structure stability, chromite
has been used in the refractory industry to form bricks and shapes. Chromium is
employed in alloy fabrication, alloy steel preparation to improve corrosion and heat
resistance, nonferrous alloy manufacturing to impart special qualities to the alloys,
insoluble salt production and processing, and moth proofing wool (Hansen et al.,
2022). According to the arrangement of the glass and the melting condition, Cr®* and
Cr®" ions can coexist in silicate and borate glasses in varying ratios (Zhu et al., 2016).
The main function of Chromium in the body is to regulate blood flow, moderate
cholesterol levels, contribute to lean muscle mass, promote arterial health, boost the
immune system, and stimulate protein synthesis (Alagawany et al., 2021).

2.3 Effects of Chromium:

Cr (1) is required by plants, whereas Cr (V1) is toxic to both plants and animals
at low concentrations. Because Cr (111) oxides are only marginally soluble in water,
their concentration in water sources is constrained. Under aerobic conditions,
hexavalent chromium compounds are stable, but under anaerobic conditions, they have

reduced to Cr (I11) compounds. In an oxidizing environment, the reverse process is also



a possibility. Chromium concentrations in soils ranging from 500 to 6000 mg/L are not
harmful to plants (Chen et al., 2022). Chromium toxicity has a pH-dependent
mechanism. Chromium availability to plants is reduced as soluble chromates are
converted to insoluble Cr (111) salts. This mechanism safeguards the food chain against
excessive chromium levels (Srivastava et al., 2021). Cr (V1) is a poison that is easily
absorbed and can be swallowed or inhaled. Skin contact with Cr (VI) can cause
vulnerable and genetic defects, as well as cancer, by raiding the respiratory track
(Mohamed et al., n.d.). High chromium concentrations due to the disposal of metal
products in surface water can affect the gills of fish swimming near to the disposal site
(Kahlon et al., 2018).

2.4 Techniques for Chromium Removal
Technologies for Cr (V1) removal include:

e Precipitation

e Membrane technology

e Electrocoagulation

e |lon exchange

e Adsorption
2.4.1 Precipitation

All methods of water and wastewater treatment for metal removal have their

advantages and disadvantages. Traditionally, the Chemical — precipitation method is
simple but cost-ineffective even at a low concentration of metal ions and produces a
large amount of sludge that cannot be easily treated (Ramakrishnaiah & Prathima,
2012). In this process, chemical agents are used to translate heavy metal ions into
insoluble precipitates, which are later separated by the filtration process, as shown in
Figure 1. Precipitates usually consist of sulfides, phosphates, carbonates, and
commonly used hydroxides of alkali and alkali earth metals i.e., NaOH, KOH,
Ca(OH)>.
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Figure 1: Schematic representation of precipitation process
2.4.2 Membrane Filtration
In the Membrane Filtration method, contaminants are physically separated
from water using a porous membrane which only allows water molecules to pass

through it while inhibiting the contaminants (Heavy metal ions, Organic molecules,
Salt ions, etc.). (Gao et al., 2022; H. Peng & Guo, 2020b)

The main methods of Membrane Filtration are:

(i) Microfiltration (MF) (i) Ultrafiltration (UF) (iii) Nanofiltration (iv) Reverse

Osmosis, as shown in Figure 2.
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Figure 2: The schematic representation of the membrane process



2.4.2.1 Microfiltration (MF)

In Microfiltration the pore sizes of the membrane are in the range of 0.1 to 10
um. This process is mainly used in the food and beverage industry to treat wastewater.
As Chromium (VI) ions are smaller in size and are difficult to separate by
microfiltration or ultrafiltration. Therefore, a chemical modification is considered
necessary to mix Cr (V1) ions with the other massive molecules present (Karimi-Maleh
etal., 2021). This problem can be solved by modifying the membrane material (Somen
et al., 2010). (Doke & Yadav, 2014) used micellar-enhanced microfiltration (MEMF)
as a surfactant-based membrane with a cationic surfactant of cetylpyridinium chloride.
They discovered that the surfactant-to-chromate ratio was 2.5, which was lower than

the CMC best ratio for 99% Cr (V1) removal when using a ceramic titania membrane.

2.4.2.2 Ultrafiltration (UF)

Ultrafiltration has a large similarity to microfiltration but, with membranes
having smaller pore sizes ranging from 0.01 to 0.1 um. sugars, Salts and organic acids
are permeable from the membrane while fats, proteins, viruses, polypeptides, and
polysaccharides are impermeable. Ultrafiltration (UF) is one of the membrane methods
that involves the least amount of pressure. The primary use of UF is to split pollutants
with high molecular weight, such as peptides and polysaccharides. Because of their
small pore size, UF membranes cannot separate ionic species (Yanhong Zhang et al.,
2021).

Kumar Basumatary et al. investigated the exclusion of Cr (V1) in crossflow
mode ultrafiltration using MCM-48, MCM-41, and FAU zeolite placed on porous
ceramic support UF membranes (Kumar Basumatary et al., 2016). When extreme
pressure was used, optimal filtration operation was achieved, whereas denial was high
when cross flow rate was low. The removal efficiencies of FAU, MCM-41, and MCM-
48 membranes were 82%, 75%, and 77%, respectively. Polymer-enhanced
ultrafiltration (PEUF) and micellar-enhanced ultrafiltration (MEUF) membranes are
also utilized for the removal of Cr (V1) (Elfeky et al., 2017).

2.4.2.3 Nanofiltration (NF)
Just like Reverse Osmosis, NF membranes consist of a thin film of <I um
composite layer and a porous layer of 50 to 150um to selectively remove small ions.

Nanofiltration has also been used for the removal of Cr (V1) from wastewater (Wei et



al., 2019). NF300 membrane showed higher removal efficiency as compared to PN400
nanofiltration membrane and removed 97% and 92% Cr (V1) and fluoride ions from
dual solution respectively (Gaikwad & Balomajumder, 2017). It was noticed that with
an increase in pressure, the refusal of Cr (V1) and fluoride ions also increased, and it
will decrease as the feed concentration increased. The removal of Cr (V1) was also
accomplished using a thin film-charged surface NF membrane, the surface of which,
owing to its negative surface charge, prevents the formation of Cr and other anions
(Bohdziewicz, 2000). The results showed an increasing trend as the pH increased. This
is due to membrane surface deprotonation, which increased electrostatic repulsion and

the production of CrO4%.

2.4.2.4 Reverse Osmosis (RO)

Reverse Osmosis uses the tightest membrane which only allows water to pass
through it while rejecting all monovalent ions. The reverse membrane (RO) technology
is advantageous for the removal of Cr (VI). RO membranes are operated at high
pressures to achieve the highest effluent water purity. (Gaikwad & Balomajumder,
2017) used polyamide RO membranes to remove Cr (V1) and fluoride ions from
aqueous solution. The results showed that increasing the pressure and decreasing the
concentration of Cr (V1) and fluoride ions in the feed increased their removal. When
the pH of the solution was raised to 8, removal was also increased. Similar results were

obtained for Cr (V1) and fluoride ions using the NF500 membrane.

2.4.3 Electrocoagulation

Electrocoagulation (EC) is an effective method for eliminating impurities from
water that involves passing an electric current through metal plates to subvert fine
material and counteract the electric charge of impurities, causing them to coagulate
(Nidheesh, 2022). A relatively small reactor is required for confined wastewater at low
temperature and turbidity. The flocks formed in EC are more stable and resistant to
acids when compared to chemical coagulation; however, when aluminum or aluminum
sulphates are used in EC, its efficiency for Cr(VI) removal increases 3 times as
compared to chemical coagulation (Golder et al., 2007). Two phases involve for the
treatment of Cr (V1) includes (H. Peng & Guo, 2020a).

e Reduction to Cr (l1I)

e Cr () parting as hydroxide



2.4.4 lon Exchange

lon Exchange is also employed for removing heavy metal ions from
contaminated water, it is very effective in the treatment of waste containing low
concentrations of heavy metals. lon exchange resins can exchange ions with other
metal ions (Heavy metal ions). The ion exchange is known physicochemical method
that implies the replacement of ions between solids and liquids (Hu et al., 2020). and
has great success for the removal of Cr (V). Cr (VI) was removed from water using a
variety of ion exchange resins. These resins are composed of a matrix, a three-
dimensional molecular network having chemically bonded charged functional groups.
Sapari et al. (1996) considered the removal of Cr (VI) from real plating wastewater
using synthetic ion exchange resin (Dowex 2-X4) and achieved 100% results. Use of
IRN77 and SKN1 cation resins for removal also shows effective results and remove
95% Cr (V1) from water. Adsorption capacities for both IRN77 and SKN1 were 35.38
and 46.34 mg/qg respectively (Rengaraj et al., 2001). Some of the important parameters
for ion exchange method include resin dose, pH, and initial Cr (V1) concentration (Fu
etal., 2013).

The main drawbacks of this process are
e Other competing ions like sulfate, carbonate, and phosphate reduce the removal
efficiency.
e The cost of resin, waste disposal and regeneration make the process expensive.

e Treated water contains high levels of chlorides.

2.4.5 Adsorption

Adsorption is one of the most appropriate, competent, and applicable
technology for the removal of heavy metals including Cr (VI) (Yujuan Zhang et al.,
2018). Researchers have been looking for suitable adsorbents having higher removal
efficiencies and higher adsorption capacities for the removal of Cr (V1) from polluted
water. For that purpose, variety of adsorbents including natural organic, natural
inorganics, and synthetic adsorbents have been considered. These adsorbents have
been used in their original form, but their modification i.e., change in chemical
structure, cross-linking, and grafting has attracted great attention (lbrahim et al., 2020).
Four mechanisms proposed for the interaction between Cr (V1) and adsorbents are

e Cr (VI) reduction to Cr (I1I)

e Adsorption through electrostatic forces
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e lon Exchange mechanism

e Complex formation
The adsorption process is greatly enhanced with the discovery of 2D materials like
Graphene followed by MXenes. The next chapter will cover a detailed discussion of

MXene and its properties as an adsorbent.

2.4.5.1 Characteristics of an Ideal Adsorbent

The particle size of the adsorbents plays a vital role to improve the adsorption
efficiency (Hamadi et al., 2001). The important characteristics of an ideal adsorbent
are (Bhatnagar & Minocha, 2006).

e It has large surface area
e Adsorbent has uniform pore structure
e It requires less time to reach equilibrium

e It has high chemical and physical strength

2.5 PU foams for Water Treatment:

PU foam is chemically inert and does not possess the risk of health hazards,
therefore there is not any exposure limit for PU foam. Owing to their properties like
chemical inertness, high surface area, biocompatibility and 3D interconnected skeleton
which could attach numerous functional groups for capturing toxic species from water,
PU foams share great potential for water remediation. For this purpose, several
researchers employed PU foam functionalized with graphene, chitosan and other
adsorbents or PU foam composites for the treatment of toxic waste. For example,
(Kumari et al., 2016)extracted lignin from a bio waste material (pine needles) and
employed it as a polyol in the synthesis of PU foam. Obtained Lignin Polyurethane
foam (LPUF) was utilized for the removal of Dyes such as malachite green. LPUF
exhibited an adsorption capacity of 80 mgg-1 and excellent regeneration performance
(collective adsorption of 1.33 gg*after 20 regeneration cycles) . Hong et al. embedded
Carboxymethylated cellulose nanofibrils (CMCNFs) in PU foam and applied it to
remove heavy metal ions from industrial wastewater (Hong et al., 2018). CMCNFs are
promising bio-sorbent for heavy metal ions. Hong and co-workers successfully
removed Cu?*, Cd?*, and Cr3*ions from water with an initial concentration of 50 mg/L.

Equilibrium was achieved by soaking PU foam for 72 hours. Prepared PU foam
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embedded with CMCNFS exhibited 78.7 mg. g™t Cu?*and 216.1 mg. g* Cr3* removal

with the facile treatment method and achieved excellent recovery and recyclability.

Machado Centenaro et al. studied coated PU foam with chitosan and employed
it as a low-cost adsorbent for the Dyes in textile waste (Machado Centenaro et al.,
2017). Chitosan-coated PU foam (EPU-Chitosan) exhibited an adsorption capacity of
86.43 mg. g * towards reactive blue dye RB198. Adsorption was enhanced in an acidic
medium because at low pH amino groups of chitosan become protonated and
electrostatic interaction between chitosan and sulfonated ions (SO*") of RB198 dye
increases. (Yin et al., 2022) functionalized PU foam with alkoxysilane group to impart
hydrophobicity and affinity towards oil and other organics. Salinized PU foam
exhibited oil absorption capacity of 75 times of its own weight and maintained 90%
absorption after reusing 8 times. The authors also showed continuous oil water
separation by filling salinized PU foam in a vacuum cleaner. PU foam is an ideal
material for continuous oil-water separation. (M. Peng et al., 2019) prepared a super-
hydrophobic polysiloxane coated PU foam for continuous oil water separation and
achieved separation up to 300 cycles without losing hydrophobicity. Similarly, (Anju
& Renuka, 2020) prepared superhydrophobic/super oleophilic magnetic PU foam by
anchoring Fe3Os4 nanoparticles onto the PU foam skeleton using dopamine self-
polymerization, followed by the addition of hydrophobic molecules such as
heptadecafluoro-1,1,2,2-tetrahydrodecyltrimethoxysilane (FAS-17) to induce the
superhydrophobic transformation. Prepared superhydrophobic PU sponge performed
well with stability under corrosive environments, excellent oil-water separation
performance under magnetic actuation and in extreme environments (pH=1). (Santos
et al., 2017) impregnated lignin in the PU foam skeleton to enhance oil sorption
capacity. PU-10 (PU with 10 wt % lignin) exhibited maximum oil sorption capacity of
28.9 g g-1and excellent reusability with 95% absorption capacity after 5 cycles.

2.6 Chitosan

Chitosan, an antimicrobial polysaccharide derived from chitin, is the most
abundant polysaccharide after cellulose in the biosphere. Chitosan's biological
properties, including biodegradability, non-toxicity, antifungal effects, wound healing
enhancement, hemostatic function, and immune system stimulation, make it a

favourable material for medical applications. To enhance the impact of chitosan-based
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materials, the specific surface area can be increased by creating either nanoscale

materials or highly porous architectures.

Table 1: Different Applications of Chitosan (Rinaudo, 2006; Siqueira et al., 2010)

Agriculture Plant growth can be stimulated by seed
coating, frost protection, and time-

released fertilizers and nutrients.

Water and waste treatment Flocculant to clarify water Removal of

metal ions Odor reducer

Food and beverages Fruit can be coated with a protective,
fungitoxic, and antibacterial substance to

preserve sauces

Cosmetic and toiletries Creams and lotions maintaining skin
moisture Shampoos, hair colorants, hair
sprays Oral care (toothpaste, chewing

gum)

Biopharmaceutics Immunology, antitumor agent
Hemostatic and anticoagulant Healing,

bacteriostasis

Biomedical Artificial skin Wound dressing Dental
implant Bone reconstruction Corneal

contact lenses Controlled drug release

Chitosan's structure is shown in Figure 3, which consists of f-(1—4)-linked D-
glucosamine units with an undefined quantity of N-acetylglucosamine moieties. The
proportion of glucosamine to the sum of glucosamine and N-acetylglucosamine is
known as the deacetylation degree (DD), as shown in Equation 1. When the degree of
deacetylation is higher than 50%, partially deacetylated chitin can be considered as
chitosan (Crini & Badot, 2008).
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2.7 MXene

MXene belongs to recently discovered family of 2D transition metal carbides
and nitrides. MXenes are prepared by selectively etching A layer from MAX phases.
MAX phases are transition metal Carbides/Nitrides with a general formula of
Mn+1AXn, where M refers to early transition metal (such as Sc, Ti, V, Zr, Hf, Nb, Cr,
Ta, Mo, etc.), A denotes the element from group IlI-A or IV-A and X denotes
carbon/nitrogen. MAX phases have layered structure and 2D MXene sheets are also
structurally similar to Graphene, because of this MXene name was given to this newly

discovered family of 2D materials (Ihsanullah, 2020).

2.7.1 Structure of MAX Phase and MXene

MXenes have a similar hexagonal crystal structure to the parent MAX phase.
The general formula for MAX phases is Mn+1AXn, where n typically varies from 1 to
3, resulting in M2AX (211), M3AX2 (312), and M4AX3 (413) phases, as shown in
Figure 4a. In all the MAX phases, the “M” transition metal atoms form the octahedra
and “X” atoms reside in these octahedra formed between the layers of “M” atoms,
forming MeX interleaved with the layers of “A” elements. The only difference between
the 211, 312 and 413 phases is the number of M layers between two consecutive A
layers (Sokol et al., 2019). In these MAX structures, there are two distinct M sites; M
(1) that are adjacent to A and M (2) that are not adjacent to A layer. In short, the MAX
phases consist of alternating layers of MX and A. Figure 4b illustrates a high-resolution
TEM image of a MAX phase that appears “zig-zag” stacked and twinned due to the
presence of two MX layers with the A layer acting as a mirror between them (Mathis
etal., 2021). MAX phases have a hexagonal crystal structure having two formula units
per unit cell with P63/mmc symmetry, as shown in Figure 4c. MAX phases are

anisotropic with c lattice parameter of around ~ 13 A for 211 phase, ~ 18 A for 312
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phase and ~ 23-24 A for 413 phases. When an MXene layer is removed from MAX
phase via etching, the remaining M layers having X elements in their octahedral sites
are called 2D MXenes. These MXenes are mono transition metal MXenes, but
chemically ordered MAX phases containing them were only discovered recently, more
than one M element having in-plane ordering in 2014 (Hadi et al., 2018), and out-of-
plane ordering in 2017 (Gonzalez-Julian, 2021), the double transition metal MXenes

and divacancy MXenes with ordered structure have been developed..
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Figure 4: Crystal Structure of different MAX Phases

2.8 Mxene for Water Treatment

Various types of MXenes are employed for water treatment applications
including heavy metal ion removal, Dyes removal and desalination. MXene as an
adsorbent, with its unprecedented performance in water remediation, superseded
graphene, and other adsorbents. Here we will briefly discuss the employment of

MXene for the removal of heavy metal ions and organic Dyes from wastewater.

2.8.1 MXene for Heavy Metal lon Removal

Heavy metal ions such as Pb?*, Cu?*, Hg?*, Ba?*, etc. are dangerous to human
health even at very low concentrations. MXene with high surface area, abundant ad-
sorption sites and affinity toward metal capturing is a promising candidate for removal
of toxic metal ions from water. So far, several researchers reported successful
sequestration of heavy metal ions from water using MXene as an adsorbent. Some of

these studies are discussed below.
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2.8.1.1 MXene for Lead (Pb) Removal

The addition of lead to water is usually ionic (Pb2+). Lead, a toxic heavy metal,
is prevalent in a variety of industries, including oil refining, lead-acid batteries, and
construction materials. MXene, a novel, lightweight, effective, and environmentally
friendly material, has the potential to be used for the removal of Pb(Il) from water
through electrostatic adsorption and exchange. MXene and Chitosan was used on the
PU foam as a support materials and breakthrough curves were observes. Different
adsorbents based on the coating were studies and 80% of lead removal was observes
in first 20 minutes of operation (Shafiq et al., 2021). Despite having a surface area of
powder activated carbon (~470 m?/g) that was ~50- fold higher than that of MXene (10
m?2/g), MXene also exhibited better elimination capacity due to its higher negative
surface charge (Jun et al., 2019).

2.8.1.2 MXene for Mercury (Hg) Removal

Mercury (Hg) is a water-soluble and highly toxic heavy metal. Hg could cause
several health-related issues, such as kidney illnesses, chromosome alteration, birth
defects and damage to the central nervous system. Major sources of mercury are
cement factories, gold mining industries, paint industries, electronic home appliances
and Chromium acid batteries etc. To address this issue, Shahzad et al. reported sodium
alginate functionalized MXene and prepared TizC2Tx-filled spheres containing sodium
alginate (MX-SA) with ultrahigh capturing (932.84 mg g-1) of mercuric ions.
Functional groups like carboxyl(-COOH), hydroxyl(-OH) & alkanes(-CH) of
biopolymer alginate performed a crucial role in heavy metal. The formation of new
binding groups like [Ti—O]-Ca+ and [Ti—O]—-H+ in MX-SA4:20 was also predicted to
have strong interaction with Hg+. Shahzad et al. also integrated MXene (Ti3C2Tx)
sheets with nanolayered MoS: for capturing toxic mercuric ions Hg+2 at the pCr level
and showed its high stability in water and demonstrated the prepared adsorbent as
recyclable. Sulfur atoms from MoS2 and O from MXene played a crucial role in the
sequestration of mercuric ions and it was shown that Adsorption occurred as a result
of the formation of Hg-S and Hg- O complex binding (Shahzad et al., 2018).

2.8.1.3 MXene for Barium (Ba) Removal
Barium is also water soluble and can cause difficulty in breathing, increase in
blood pressure, muscle weakness, changes in nerve reflexes, heart rhythm changes,

stomach irritation, liver and brain swelling, and heart and kidney damage. To address
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this issue, Fard et al. conducted an adsorption study for Ba®" ions using Ti3C2Tx
adsorbent (Fard et al., 2017). They achieved 9.3 mg g adsorption capacity with an
initial metal ion (Ba®*) concentration of 55 ppm at pH 6-7. Fard and co-workers
reported high selectivity of Ti3C2Tx MXene (presence of -OH groups on the MXene
surface) towards Ba?* removal in a solution containing multiple metal ions. Jun et al.
also studied MXene for Ba?* ion removal and achieved an adsorption capacity of 75.1

mg g in a 2gL* Ba solution using 1gL™* MXene (TizC2T).

2.8.1.4 MXene for Copper (Cu) Removal:

Copper ions can be removed from contaminated water using MXene. Dong et
al. used an MXene/alginate composite to remove copper from wastewater. (Dong et
al., 2019b). 382.7 mg g—1 of copper was adsorbed in the presence of Cu2+ (Dong et
al., 2019b). The adsorption process was accelerated by MXene/alginate as well as
enhanced by copper (Dong et al., 2019b). Cu ions are captured on MXene/gelatin
through both chemical coordination and ionic exchange (Dong et al., 2019b). The
Levodopa (DOPA), an amino acid, was successfully functionalized on MXene surfaces
using self-polymerization. Cu2+ ions were adsorbed by carboxyl groups that were
induced on the surface of MXene through chemical self-polymerization. Moreover, the
Ti3C2TX-PDOPA composites (Gan et al., 2020)were used for Cu2+ adsorption,
showing much higher adsorption than the unmodified TizCoTx.

2.8.1.5 MXene for Dye Removal

Every year, more than 700,000 tons of 10,000 unique dyes are produced for use
in a variety of industries, primarily textiles. Dyes are extremely poisonous and
carcinogenic, which causes them to be extremely harmful to aquatic ecosystems. Due
to their stable molecular framework, dyes are difficult to biodegrade. Due to the fact
that adsorption is the most economical and efficient dye removal technique, it is the
most widely used. There are many reports in the literature about the removal of organic

dyes from wastewater using MXenes (Xu et al., 2022).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials

MAX phase (TisAlC,, Carbon-Ukraine Ltd.) with a particle size of < 40pm,
Lithium Fluoride (LiF, Rieden-de Haen, Assay 99%) and HCI (37% reagent grade)
were procured from Scharlau Chemicals. Glacial acetic acid (99%), Potassium
dichromate (K2Cr.O7) powder (Assay> 99.5%), and 1,5-Diphenylcarbazide (DPC)
reagent were procured from DaeJung Chemicals, South Korea. Polyurethane Foam
(White color) of the commercial grade was purchased from the local market. Yellowish
powdered Chitosan was purchased from Solarbio, Beijing, China with a degree of
acetylation of > 75%. All the solutions were prepared with high-purity deionized water
(DIW) and experiments were carried out with laboratory-scale distilled water(DW).

3.2 Experimental Section

Experimental section consists of four steps:

— Adsorbent (TisC2Tx MXene) synthesis
— Dip coating PU Foam with TisC2Tx Adsorbent
— Characterization of TisC2Txand TisC2Tx coated PU foam

- Adsorption test of PU Foam coated with TizC2Tx

Schematic of the experimental section is represented in Figure 5:

Synthesis of Characterization Adsorption
Adsorbents of Adsorbents Studies for
Cr(VI) Removal
A Processing of PU Foam A  FTIR and XRD @ Batch Adsorption Studies
B Synthesis of MXene B |/ SEM and EDX Continuous Adsorption
Studies
Synt.hesm ofNano- C  UV-Vis Spectroscopy © Regeneration Studies
Particle Solutions and

Adsorbents

Figure 5: Schematic diagram for the research study
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3.3 Synthesis of Ti3C2Tx MXene From MAX Phase (TisAlC:)

TisC2Tx MXene was synthesized by selective etching of the Al element from
TisAlC2 MAX phase via in-situ hydroflouric acid (HF) formation. For Etching 2g of
MAX Phase (TisAlC2), 2.66g Lithium Flouride (LiF) (TisAIC2: LiF = 1:10 Molar
ratio) was mixed with 40ml of 9M HCI in a polypropylene bottle with constant stirring
for 5-10 minutes for HF formation, and then TisAlIC2 powder was added slowly to the
mixture of LiF and HCI under constant stirring for 5 minutes to avoid excessive heat
and gas bubbles formation in the bottle. After completely adding TisAICz, the mixture
was kept under constant stirring at 35°C for 24 hours. After 24 hours of reaction time,
a black solution of MXene (TisC2Tx) was obtained, which was washed several times
with deionized water until the solution reached pH ~ 5.5-6. For each washing cycle,
the transparent supernatant is discarded, and fresh DI water is added for the next
washing cycle. As the pH is reached the desired value as mentioned above, TisC2Txis
collected by adding DI water and shaking for 30 seconds. The first collected sample is
expected to be the ink of single-layer 2D TizC2Tx nanosheets. Further collection by
adding DI water and shaking for 30 seconds yields a mixture of single and multilayered
2D TisC2Tx nanosheets. A schematic of TisC2Tx MXene synthesis by etching of
TisAlC2 MAX phase is shown in Figure 6 (Yu et al., 2022).

- TisAlC= l
|

Tis=C=2 Al

3 few—layer TisCz

; |
.\. multi-layer Ti>C= 5 ‘ L. TEN

> ultrasonication J
HF treatment for 3 h \ /
g

£ 3 HF

. . - samples 80 °C BoE .HsOH
- <=
NS S
: 2 sz
" -‘ \‘_‘y(i‘u?_a,
curing = —

poured onto the molds homogeneously dispersed

Figure 6: Synthesis of MXene (TisC,Tx) from MAX Phase (TizAlIC,)

3.4 Synthesis of PUF Adsorbents Coated Chitosan/MXene (TisC2Tx)

PU foam was cut into 1x1x1 cm3size samples and washed 3 times with DI water
and ethanol respectively. After washing, these samples were dried in the oven at 60°C

temperature for 4 hours. After the drying is completed, 10 samples of dried Pristine PU
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foam (PUF) were separated and the remaining samples were dipped in a 0.4 wt%
(4mg/ml) chitosan solution, squeezed several times until the foams were completely
soaked with chitosan solution. After soaking, the 2 minutes of residence time was given
in Chitosan solution. After 2 minutes the foams were squeezed to remove extra
chitosan just absorbed by the PU foam skeleton and dried in the oven at 60°C for 4
hours. After the drying is completed, 10 samples of dried chitosan-coated PU foam
(CH@PUF) were separated and the remaining CH@PUF samples were dipped in 4.5
mg/ml TisC2Tx solution, squeezed several times until the CH@PUF samples are
completely soaked by TisC2Txsolution. After a residence time of 20 minutes in TizC2Tx
solution, CH@PUF samples were squeezed to remove extra TisC2Tx just absorbed on
the skeleton of CH@PUF and dried in Oven at 60°C for 4 hours. After drying, 10
samples of CH@PUF coated with TisC2Tx (named Mi@CH@PUF, where 1 denotes
the no. of layers of TisC2Tx) were separated. The remaining 10 samples of
M:@CH@PUF were again coated with chitosan and TisC2Tx for two more layers of
each CH and TisC2Tx, using the same approach as described above (2 minutes in CH
and 20 minutes in TisC2Tx solution). After coating 3 layers of CH and TizC2Tx, the 10
samples (MXs@CHz@PUF) were separated. Pristine PU foams with the same
dimension mentioned above were also dip-coated directly with TisC2Tx without using
CH. For this purpose, 10 samples of Pristine PU were dipped in TisC2Txsolution, after
squeezing several times in TisC2Tx solution until the foams are completely soaked,
foams are left in the solution for a residence time of 20 minutes. After that, foams are
sgqueezed to remove extra TisC2Tx solution absorbed in the skeleton and then dried in
the oven at 60°C for 12 hours. After drying, MX1@PUF samples are obtained. 10
samples were separated and the remaining 10 samples of MX1@PUF were again
coated with the same method as mentioned above up to 3 layers of TisC2Tx. samples
coated with 3 TisC2Tx layers without chitosan (MX3@PUF) are separated for further

use in fixed bed column studies.
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Figure 7: llustration of Polyurthane foam coating process with MXene and Chitosan

3.5 Characterization of MXene and Coated PUF Adsorbents

Coating nanomaterials and synthesized PUF adsorbents were characterized by

m

number of analytical techniques to evaluate the coating effectiveness on polyurthenae
foam as a adsorbent. Following section describes the experimental procedure with some

theoretical background for each technique.

3.5.1 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a powerful technique, used to analyze crystalline
phases of materials. It works on the principle of constructive interference, where
monochromatic X-rays interact with a sample such that the incident beam angle is the
same as the diffracted beam (the major condition to follow Bragg’s law nA=2dsin0)
and provide the peak intensities based on the atomic arrangement within the lattice. In
this study, Crystal structures were analyzed by X-ray diffractometer (6-6 STOE Germany).
Diffractograms were acquired with continuous scanning from 5 to 80° (20) with a step size
of 0.04° (20). The crystallinity of all the samples were calculated by using the equation

below;

o area of crsytalline + amorphous peaks
Crystallinity = - X100
Total area of crsytalline + amorphous peaks

Phase identification was measured using X Pert High Score Plus software. The degree of

crystallinity was determined based on characteristic peak’s intensity at 26.

3.5.2 SEM- EDS Analysis
In Scanning electron microscopy (SEM) highly focused electron beam falls on

the sample surface and interacts with the sample’s atom. In this study, surface
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morphology of the nanomaterial and prepared adsorbents were analyzed by scanning
electron microscopy along with energy dispersive spectroscopy (Joel JSM-6490A,
Japan). To acquire the SEM images the acceleration voltage was set as 20 kV. And
different magnifications i.e., 10X, 30X, 50X, 100X, 1000X was used.

3.5.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy works under the infrared range and deals with the vibrations
of the molecules. This technique is used for the analysis of polymeric, organic, and
often for inorganic materials. Every molecule has a different response in terms of its
vibration and bending movement which interacts differently with infrared light and
produces a specific signal. This signal helps identify the type of molecule present in
the materials. In this study, Functional groups on the surface of adsorbents were
determined by using Fourier infrared spectroscopy (FTIR; Bruker Spectrum 400
spectrometer). The KBr disk method was used for this purpose having wavenumber ranged

from 4000 to 400 cm-1, with a resolution of 1 cm™.

3.6 Adsorption Experiments

The Cr (VI) stock solution (1000 mg/L) was prepared by dissolving potassium
dichromate (K2Cr207) in distilled water.

3.6.1 Batch Adsorption Experiment

Batch equilibrium tests were carried out for adsorption of Cr (VI) on the
adsorbent prepared. Adsorption studies were carried out using Erlenmeyer flasks (250
ml) with glass stoppers. The freshly prepared solutions of adsorbate having different
initial concentrations were placed in these flasks (Zeng et al., 2021). A definite amount
of prepared adsorbents were placed on the flasks and kept inside a mechanical shaker
for a definite period of contact time. The effects of initial adsorbate concentration,
adsorbent dosage, and solution pH at a constant agitation speed of 200 rpm for
adsorption uptake and percentage removal were investigated. 0.1 gm of the adsorbent
was added with a 100 ml solution of differently concentrated chromium solutions at
pH 2.5 to check the adsorption ability. After the solutions achieve equilibrium, the
concentrations were measured using UV-Vis Spectrophotometer (Specord 200,
Anlytikjena, Germany). Different adsorption isotherm and kinetic models are used to

study the removal of heavy metal ions from heavy metal effluent(Feng et al., 2021).

22



Flow Diagram

Adsorbent L
i

age

. ; Filtrate
5 i i i . uv
Synthesis of Contaminated Adsorption Purified Water ectionhot .
Adsorbents Water spectrophotometer

and Wastewater
Figure 8: Schematic of Batch adsorption studies

3.6.1.1 Selection of Efficient Adsorbent

To select the most efficient adsorbent, adsorption experiments were carried out
by shaking 0.1 g of adsorbent with 100 mL of Cr (V1) solution at 150 rpm. The initial
concentration of Cr (V1) was 20 mg/100 mL. After filtration, the final concentration of
Cr (V1) was determined by UV-Spectrometer (Specord 200 plus Germany). Removal
efficiency (%) and adsorption capacity (mg/g) of the adsorbent was calculated as

Removal Efficiency (%) = % *100 (2)

Volume of solution

Qe = (Co — Ce) X 3)

mass of adsorbent

where Co (mg/L) and Cs(mg/L) represent the initial and final concentration of Cr (VI)
respectively. V (L) is the volume of solution and m is the mass of adsorbent.

After the selection of an efficient adsorbent, batch experiments were performed on the
efficient adsorbent to optimize the experimental parameters i.e., adsorbent dosage, pH,

contact time, initial concentration, and temperature.

3.6.1.2 Experimental Parameter Optimization
To optimize the experimental parameters for the removal of Cr (VI), all the

parameters were varied one by one keeping the other parameters constant.

Effect of adsorbent dosage was determined by varying the dosage from 0.5 to 9 g/L.
Other parameters include initial concentration of Cr (VI) 100 mg/L, pH 2.5, contact
time of 120 minutes, temperature 25°C and RPM 200.

Effect of pH was investigated by varying the pH value from 1.5 and 9. Other
parameters include the initial concentration of Cr (V1) 20 mg/L, adsorbent dosage 2.5
g/L, contact time of 120 minutes, temperature 25 °C and RPM 200.
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Effect of contact time varied from 0 to 360 minutes during which samples were
analyzed at different time intervals (5, 15, 30, 60, 90, 120, 180, 240, 300, and 360
minutes). Other parameters include the initial concentration of Cr (VI) 20 mg/L,
adsorbent dosage 2.5 g/L, pH 2.5, temperature 25°C and RPM 200.

3.6.1.3 Adsorption Kinetic Studies
To quantitatively assess the trap of Cr (V1) by adsorbent, two well recognized
kinetic models, i.e., Pseudo-first order (PFO) kinetic model and Pseudo-second order

(PSO) kinetic model were used
qt = qe(1 —e™) (4)
qt = Qezkzt/l'l'qeth (5)

in which ge (mg/g) and qt (mg/g) represent the amount of Cr (VI) adsorbed at
equilibrium and at time t, respectively. K1 (min) and k2 (g/mg/min) are the respective

rate constants.

3.6.1.4 Adsorption Isotherm Studies
Two well-known isotherm models, i.e., Langmuir Isotherm model and
Freundlich Isotherm model were employed to quantify the adsorption data. These

models predict the single and multilayer adsorption respectively.
gde = qmax- K- Ce/ 11K Ce (6)
ge = KpCel/™ (7)

in which gmax (Mg/g) represents the uptake capacity of adsorbate onto the adsorbent.
KL represent the energy constant,1/nr is the coefficient related to sorption intensity, and
KFris the coefficient correspond to adsorption capacity (mg/g).

3.6.2 Fixed Bed Column Adsorption Experiment

Column studies are used to treat bulk amounts of wastewater with high yield,
easy operating procedures, and simple design. Among all other column studies, Fixed
bed column is well recognized and widely used method due to its excellent cyclic
performance. In fixed bed column, a 100ml glass burette with a diameter of 1.5cm and
height of 2 feet is packed with with the desired adsorbent with glass beads to the height
needed by weighing the glass beads and then packing them in the columns (Laureano-

Anzaldo et al., 2021). Contaminated water is circulated through these tubes with a
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controlled flow rate adjusted with the help of a peristaltic pump. After passing through
the adsorbent with a certain contact time, water is collected from the bottom of the tube
and analyzed to check the reduced concentration of contaminants. The concentration
vs time plot is given by a S-shaped breakthrough curve (C/Co), which is the most
important component of the adsorption studies via fixed-bed column (Shahzad et al.,
2019).

- [©

Figure 9: Schematic diagram of Column adsorption studies

3.6.3 Regeneration Studies

Regeneration experiments were also implemented after adsorption of Cr (V1) onto
the adsorbent. The Cr (VI) packed adsorbent was compiled by filtering the adsorption
experiment suspension and then placed in 1M NaOH solution for desorption while
being meticulously stirred for 40 minutes. After stirring, the adsorbent was separated
from the NaOH solution and washed numerous times with distilled water before being
dried overnight. Adsorption experiments were performed as described earlier. The

adsorption-desorption experiments were performed several times.
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CHAPTER 4

RESULTS AND DISCUSSIONS
4.1 Characterization of MXene (Ti3C2Tx) and Adsorbents

The chapter presents the characterization and experimental results of all the
adsorbent samples. The physical and chemical properties of the prepared adsorbents

are determined.

4.1.1 SEM - EDX Analysis

The morphologies of pristine and coated polyurethane foam were examined using
scanning electron microscopy. Elements present on the surface of adsorbents were also
examined using EDS. The morphologies of pristine PU foam, anchored with Chitosan
nanoparticles through dip coating and 3 layer by layer Ti3C2/chitosan coated PUF
(MXs@CH3@PUF) before and after adsorption process are shown in Figure 10. The
porous structure and interconnected skeleton of the clean pristine PUF were clearly showed
in Figure 10(a). Surface of the uncoated pristine PU foam is smooth because of washing
with the DI water and ethanol. Figure 10(b) reveals the internal structure of the chitosan
coated PU foam (CH@PUF). It is observed that chitosan coating was done without
deforming the internal structure of the PU foam. Furthermore, Figure 10(c) shows the
coating of 3 LBL Ti3C2/chitosan on the PU foam (MXz@CHs@PUF) made the surface
rougher and clearly exhibits the deposition of TisCz/chitosan on the lateral face of the PU
foam before adsorption process. In Figure 10(d), the deformation of the PU foam internal
skeleton was observed after the adosrption process which is the indication of adsorption

process and influence of other parameters during the heavy metal removal process.

EDS is the technique used for the determinations of the elemental composition
of a selected area and the relative elemental mass of synthesized adsorbents as shown
in Figure 10. The achieved results confirmed that different elements present in the
sample, such as nickel, iron and oxygen, while other elements like chlorine and sodium
were also detected because the salt of the elements was used in the study as shown in
Table 2. After Cr (VI) uptake, small particles were observed on the surface of
MX3@CH3@PUF. These observations have been in line with the results of EDS where
Cr(VI) anchored on the surface of MX3@CHz@PUF. Other common elements include

C and O whereas trace elements of Ni and Cu are also present.
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Figure 10: SEM analysis for (A) Pristine PU foam, PU foam anchored with different nanoparticles (b)
Chitosan@PU foam, (C) MX3@CH3@PU foam (before adsorption),(D) MX3@CH3@PU foam (after
adsorption) at different magnifications

Table 2:EDS of (a) MX3@CH3@PU foam (before adsorption) and (b) MX3@CH3@PU foam (after
adsorption)

Elements Weight (%) Atomic (%)

C 48.1 64.4
@) 22.8 22.9
@) F 5.1 4.3
Al 1.4 0.9
Cl 11 0.5
Ca 1.3 0.5
Ti 17.5 5.9
Ni 2.6 0.7

Elements Weight (%) Atomic (%)

C 34.6 49.2
0] 33.3 35.9
(b) F 3.9 3.5
Al 1.8 1.2
Cl 2.2 11
K 1.0 0.4
Ca 1.9 0.8
Ti 15.6 5.6
Cr 4.0 1.3
Cu 1.7 0.5
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4.1.2 FTIR Analysis

To characterize surface functional groups on prepared TisC2Tx and TisC2Tx
coated PU foams, FTIR spectroscopy was performed. MXene film was prepared from
the same MXene which was used to coat PUF and small piece of Film and coated PUF
was utilized for FTIR analysis. Figure 11 shows the FTIR spectrum of TisC2Tx, Pristine
PUF, CH@PU, MXs@CHz@PU (Before adsorption) and MXs@CHz@PU (After

adsorption) respectively.

For TisC2Tx, the broad peak at 3428 cm™ is attributed to the stretching of the hydroxyl
functional group (-OH) on the intercalated MXene surface. The presence of water
molecules and hydroxyl group(-OH) on TisC2Tx are confirmed by the bending
vibration of H-OH at 1625cm™. The peak at 619 cm™ is expected to be of stretching
vibrations corresponding to Ti-O . The absorption peak at 1103 cm-1 refers to C-F
stretching vibrations. Functional groups expected to be on MXene surface are also
confirmed by the FTIR spectrum, affirming MXene to be an excellent adsorbent for heavy
metal ions and other organic pollutants.

In Pristine PUF spectrum, Peak at 3393 cm™ is ascribed to the stretching vibrations of N-
H group. Peak at 2916 cm™ was assigned to stretching of alkanes C-H with C=CH2 bond.
Peak at 2314 cm™ is of the asymmetric stretching of N=C=0. 1603 cm™ peak in the
spectrum is associated with the C=0 stretching vibrations. Peak at 1324 cm™ corresponds
to C-C stretch of Alkane. The Broad peak at 1141 cm™ is attributed to asymmetric
vibrations(stretching) bands of C-O from N-CO-O group. Finally, the peak at 810 cm™
represents C-H bond.

Chitosan-coated PUF has a similar spectrum to that of pristine PUF. MXene coated
PUF (MXs@CHs@PU) Spectrum exhibited combined peaks of MXene and PUF.
After adsorption of Cr (VI), -CO and -OH peaks are suppressed in the spectrum of
MX3@CHs@PU because the surface of foam is covered with MXene layers and also,

Cr (VI) ions are attached to most of the OH sites causing reduced peak intensity.
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Figure 11: FT-IR spectra of (A-a) MXene (Ti3C2Tx),(A-b) Pristine PUF, (A-c) Chitosan@PUF and
(A-d) MX@PUF (B) of potential adsorbent MX3@CH3@PUF before and after adsorption of
chromium ions

4.1.3 XRD Analysis and UV-Vis Spectra

X-ray diffraction patterns of MXene and Chitosan are shown in figure 000. X-ray
diffractometer (Theta/Theta STOE Joel Germany) with monochromatized Cu Ka was used
to obtain X-Ray diffraction patterns of both of the compounds. The measurement was
performed in the range from 5° to 80°. XRD spectrum of the prepared sample was
investigated to confirm the formation of synthesized MXene and Chitosan nanoparticles.
The major diffraction peak of MAX at 9.5° (002) is shifted to 7.1° in the exfoliated

TisC, Ty pattern indicating an expansion in the interlayer distance.

——— Chitosan
——Ti3CoTx MXene

(110)

Intensity (a.u.)

10 20 30 40 50 60 70
206 (Degree)
Figure 12: XRD Analysis of MXene and Chitosan
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Where D is the crystallite size, B is the line broadening at the full width at half maximum
(FWHM) of the most intense peak, K (0.9) is Scherrer constant, 0 is the Bragg angle and
A is the X-ray wavelength. The average crystalline size of nickel ferrite nanoparticles was
calculated as 30.254 nm. The average crystalline diameter (D) was calculated by Scherer’s
equation (8),

D=0.97/BcosO (8)
UV-Spectra of MXene colloidal solution is with a broad characteristic MXene peak at

270nm validating the synthesis of delaminated MXene (see Figure 13).

pog 275 —— Chitosan
/ / — MXene

£ 260

Absorbance (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Figure 13: UV-Vis Spectra of MXene and Chitosan nanoparticles
4.2 Adsorption Experimental Results

4.2.1 Standard Calibration Curve for Cr (VI)

Diphenyl carbazide (DPC) standard method APHA 3500-CR was used for the
detection of Cr (VI) using UV spectrophotometer. A red violet color indicates the
presence of Cr (VI) ions in the solution. A calibration curve was prepared at Amax 540
nm using concentrations of Cr (VI) from 0.1 mg/L to 0.9 mg/L. Fig. 14 showed the

calibration curve and the equation with a correlation factor R?0.9998.
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Figure 14: Calibration Curve of Chromium (V1)

4.2.2 Batch Adsorption Studies

The kinetic studies were performed using 250 ml volumetric flasks. 100 ml of
20 ppm Cr (VI) was taken in ten volumetric flasks each, 250 mg of pure
MX3@CHs3@PUF was added to each flask and then placed on an orbital shaker at 200
rpm, volumetric flasks were removed from the shaker after 120minutes. The solution
left after was analyzed using UV Spectrophotometer (Spectrecord-Germany). The
same process was repeated for the other adsorbents to find the optimum adsorbent for

Chromium removal.

4.2.2.1 Selection of Efficient Adsorbent

To evaluate the appropriate adsorbent for Cr (V1) removal, different adsorbents
were employed. The efficacy of these was assessed based on the Cr (VI) removal
experiments taking the initial concentration of 10 mg/L at Ph 2 and 2.5 g adsorbent dose.
Fig.000 exhibits the removal efficiencies of different adsorbents utilized. The removal
efficiencies of pristine PUF, Chitosan@PUF (CPU), MXene@PUF (MPU), MXene(1
layer)@Chitosan (1 layers)@PUF (MC1PUF) and MXene(3 layer)@Chitosan (3
layers)@PUF (MC3PUF) are 29%, 42%, 59%, 73% and 85% respectively.
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MX3@CHs@PU (MC3PUF) showed outstanding adsorption performance with 80%
chromium removal at 25°C in 2-hour operation. This high removal efficiency is due to high
MXene loading on PUF as a result of strong electrostatic interaction of negatively charged
MXene with positively charged chitosan on PUF surface.

The higher removal efficiency of MX3@CH3@PU is due to the higher surface area
provided by the composite materials prepared by the chitosan and MXene coating. MXene
provided extra strength to the PUF skeleton to uphold more chromium ions and stabilize
its cubical structure. Also, because of chitosan, MXene layers were more uniformly
attached to PUF as compared to that without chitosan (MX3@PU). Therefore,
MX3@CHs3@PU showed high durability and >40% Chromium removal even after 3 hours
of the continuous flow of Chromium-containing water. From this, we can speculate that
MX3@CHs3@PU with a weight of 20 g becomes saturated after treating 1000ml of water

upto 80% efficiency (50 times more than its own weight).
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Figure 15: Types of different adsorbents used for Chromium (V1) removal.

4.2.2.2 Effect of Adsorbent Dosage

Adsorbent dose is a critical constraint influencing the adsorption capacity of an
adsorbent under given adsorbate concentration and operating conditions. Figure 16
represents the removal efficiency and adsorption capacity of Cr (VI) on Adsorbent at
different doses (0.3, 0.5, 1, 1.5, 2, 2.5, 3 g). As the adsorbent dose increases removal

efficiency also increases whereas adsorption capacity is reduced.
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This increment was assigned to more active sites and large surface area for high adsorbent
doses. It was noticed that removal efficiency increased rapidly when the adsorbent dose
increased from 0.5 g to 2.5 gL-1 as compared to 2.5 to 3 gL-1. In comparison adsorption
capacity tends to decrease with an increase in adsorbent dose. This trend was attributed to
the fact that for a particular initial concentration of adsorbate available sites and surface

area was larger and the intensity of adsorbate loaded onto the unit surface area was lower.
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Figure 16: Effect of adsorbent dosage on Cr (V1) removal efficiecny and adsorption capacity

4.2.2.3 Effect of pH

It is evident from the Figure 17 that Cr (VI) ion pH is critical in adsorption
study. To determine the optimum pH on which maximum adsorption is obtained the
removal was observed on different pH values(1.5-9) by MXs@CHs@PUF. The
removal efficiencies calculated were 95.63%, 96.11%, 87.34%, 65.35%, 34.73%,
30.69% and 25.74% at pH value 1.5,2,3,4.5,6,7.5 and 9 respectively. The results
indicates that MX3@CHs@PUF uptakes higher ions at more acidic than alkaline pH.
pH range 1.5-3 found the optimum and pH 2 is considered for the futher
experimentations which is also indicated in many previous studies. Adsorption
capacity showed a harmonized relation with the removal efficiency of ions at acidic
pH range. Adsorption capacity decreases with the decrease in removal efficiency as

moving towards alkaline pH.
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Figure 17: Effect of pH on Cr (VI) removal efficiency and adsorption capacity

4.2.2.4 Effect of Initial lon Concentration

To evaluate the adsorption performance of the MX3@CH3@PU adsorbent, the
initial Cr (V1) ions concentration was varied (5, 10, 20, 50, 100, 200 ppm). The influence
of several initial concentrations of Cr (V1) on adsorption capacity is shown in Figure 18.
It can be seen from the figure that adsorption capacity increased from 1.96 mg/g to 17.38
mg/g while removal efficiency(%) decreased from 98.35% to 22.11% with an increase in
initial concentration of Cr (VI) from 5 mg/L to 200 mg/L. This increase in adsorption
capacity results from higher pollutant i.e., Cr (VI) concentration, which offer higher
driving force to overcome all mass transfer resistances, that ultimately result in high Cr

(V1) adsorption.
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Figure 18: Effect of initial ion concentration on Cr (V1) removal efficiency and adsorption capacity

4.2.2.5 Adsorption Kinetic Studies

To quantitatively evaluate the adsorption Kkinetics and mechanism for
adsorption the experimental data of adsorbetn was fitted by pseudo first order, and
pseudo second order kinetic models. The fitted plots are shown in Figure 19.
Adsorption process of 3 times coated PU foam was better fitted with pseudo second
order kinetic model with correlation coefficient R? = 0.991 as compared to the pseudo
first orderi.e., R?= 0.990 for adsorbent. The calculated values of adsorption capacity
(mg/g) were close to the experimental values as depicted from Table 3. Therefore,
these results proposed the adsorption of Cr (VI) onto the porous adsorbent was
subjugated by chemisorption by sharing or exchanging of electrons between adsorbents
and Cr (V1).
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Figure 19: Adsorption kinetic model plot for Cr (V1) removal

Table 3: Kinetic model parameters for Cr (V1) adsorption

Pseudo First Order Pseudo Second Order
Model Model
ge gecal. Ki ) geCal. K )
Adsorbent exp. (mg/g) (L/mg.m) R (mg/g) (g mg™. min?)
E/BE@CH?’@ 17.52 12.073 0.0344 0.990 13.401 0.0035 0.991

ge exp.= ge Experimental  ge Cal.= ge Calculated

4.2.2.6 Adsorption Isotherms Studies

The Langmuir and Freundlich isotherm models were used to quantitatively
analyze the adsorption performance of Cr (VI) by adsorbent (Figure 20). Data were
fitted by nonlinear regression using Origin Pro 2021 Software. Results presented in
Table 4 have shown that Freundlich isotherm model better describe the adsorption of
Cr (V1) by MX3s@CHs@PU with a higher correlation coefficient of R?=0.932 as
compared to Langmuir isotherm model R? = 0.757 under 25°C temperature. Freundlich
isotherm suggested that the uptake of Cr (V1) occurred on the multifaceted surface of
adsorbent, succeeding in multilayer adsorption on the surface of binding sites between
surface functional groups of MXs@CHs@PU and Cr (VI). The 1/nr value of
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Freundlich isotherm model was less than 1 and proposed that the adsorption of Cr (V1)

onto the MXs@CHs@PU was favored by chemical adsorption.

Moreover, the maximum Langmuir uptake(gmax) of MXs@CHs@PU for Cr (V1) was
estimated to be 17.38 mg/g at 25°C which is comparable to other adsorbents previously

reported as shown in Table 4.
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Figure 20: Adsorption Isotherm Model for Cr (V1) Removal

Table 4: Adsorption Isotherm Parameters

Langmuir Isotherm Freundlich Isotherm
q K -
Adsobent o - 2 e (mg/g) R2
(C) (mgly)  (Limg) Umg)"
EAJQ@CHa@ 25 13.562  0.378 0.757 0.298 3.629 0.932

4.2.2.7 Regeneration Studies

The reusability of the adsorbent is an important factor in determining its
practical application in industry. Adsorption of Cr (V1) is highly pH dependent of the
solution and difficult to desorb with acidic reagents. Results of Cr (V1) adsorption-
desorption are depicted in Fig. 19 and indicate that removal of Cr (VI) using
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regenerated MXs@CHs@PU maintained over 50% after first three cycles. While
decreased to 18.24% after fifth cycle. Meanwhile the desorption efficiency was far less
than that of adsorption. It decreased from 85.97% after first cycle to 18.24% after fifth
cycle. Results concluded that strong chemosorption of Cr (V1) occur on the adsorbent
surface. Decrease in adsorption-desorption efficiencies during each cycle could be due
to the blockage of pores and hard desorption of complex between functional groups
and Cr (VI), which ultimately reduce the active sites on the surface of adsorbent (Qu
et al., 2021). Overall, results suggested MXs@CHs@PU to be dependable adsorbent

and can be applied for practical application.
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Figure 21: Regeneration performance of MX3@CH3@PU adsorbent
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4.2.3 Fixed Bed Column Studies

Initial/influet concentrations of the adsorbate on breakthrough curves were analyzed.
Regeneration and recycling efficiency of the column for MX3@CH3@PU are presented
in the subsequent section.

4.2.3.1 Selection of Efficient Adsorbent

Adsorbents were packed in columns and continuously feeded with the synthetic
effluent containing 10ppm Cr(V1) with a flow rate ~1mL/min. Breakthrough curves
for each of the samples are shown in Figure 22. Initially, Pristine PUF exhibited ~74%
adsorption in the first 5 min, later its adsorption capacity gradually decreased over
time, and ultimately desorption started after 130 minutes of operation. Chitosan@PUF
(CH@PUF) on the other hand showed slow adsorption as compared to pristine PUF in
the first 10 min, however, ~20% more saturation time was observed as compared to
pristine PUF. The moderate increment in adsorption capacity was ascribed to the
presence of suitable functional groups on chitosan which chelates the Cr(VI) ions.
MXz@PUF showed >70% Cr(V1) adsorption from continuously flowing effluent up to
20min and >55% chromium removal up to 40 min of continuous feed of Cr(VI)

containing water.
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: ——MX@PUF
MX,@CH,@PUF
0.0- ——MX,@CH.@PUF

0 20 40 60 80 100120140160 180
Time (minutes)

Figure 22: Breakthrough curve for Cr(\VI1) removal with different adsorbents
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This enhancement in adsorption capacity was due to plentiful negative surface
functional groups (--OH, --O) on the MXene(Ti3C2Tx) surface which captures Cr(V1)
ions from water with strong electrostatic interaction. MXz;@CH:@PUF showed
excellent adsorption performance with 80% Cr(V1) removal during initial 20 min and
>50% removal after 2h. The high removal efficiency was caused by the strong
electrostatic interactions between negatively charged MXene and positively charged
chitosan on PUF that resulted in high MXene loading. A continuous flow of Cr(VI)
contaminated effluent was able to remove >40% of MXz:@CHs@PUF after 6 hours.

4.2.3.2 Effect of pH

The initial pH value of the solution is of great importance in the adsorption
performance due to the fact, pH value affects the surface charge of PU foam and forms
of Chromium ions. The effect of aqueous pH on the adsorption of hexavalent
chromium onto MX3@CHs@PUF was studied by varying the range of pH from 2.5 to
6. Figure 23 shows the effect of pH on the adsorption behavior of MX3@CH3@PUF
in a continuous process. The highest adsorption removal efficiency was observed at
pH 2.5, where the salinity of the solution was highest. Due to the presence of Ti-O
groups, ionic exchange and electrostatic interaction are the main adsorption
mechanisms. Chromium ion removal efficiency decreases from 82% to 65% from pH
2 to 4 and 18% at pH 6. The degree of protonation of the functional groups on the
adsorbent, the surface charge of the adsorbent, and the form of chromium in the

adsorption system are all affected by the pH value.

When the pH ranged from 2 to 6, the main forms of chromium were Cr3" Cr?* Cr,07*",

and HCrO4. Mainly chemical reactions in the solution were following;

Cr,0% 7+ H20 — 2HCrO ™ * 9)
HCrO 4 — CrO* 4+ H* (10)
2Cr04* +2H* — Cr20 7%+ H,0 (11)
Cr,07%” + 14H" + 6 — 2Cr®*" + 2H (12)
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Figure 23: Breakthrough curve for MX3@CH3@PU with different pH for Cr(VI1) removal

4.2.3.3 Effect of Initial lon Concentration
To observe the adsorption performance of the adsorbent (MXz@CHz:@PUF) the initial
concentration of Cr(VI) was varied (10ppm, 20ppm, 50ppm).
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Figure 24:Breakthrough curve for MX3@CH3@PU with different initial ion concentration for Cr(VI)
removal
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Breakthrough curves of MXs@CHs@PUF show that with the higher Cr(VI) ion
concentration, the adsorbent gets saturated in less time (see Figure 24). For 20ppm
adsorbent reached the 50% removal in 47 minutes of operation, for 20 ppm chromium
solution it took 115 minutes and for 10ppm solution it reached 50% removal in 380
minutes. Therefore, in a situation where Cr(VI) concentration is high, a higher

concentration of adsorbent will be required for effective performance.

4.2.3.4 Regeneration Studies

Regeneration also called recyclability is an aspect of importance for practical and
economic viability. Adsorbent Regeneration experiments were performed on
MXs@CHz@PUF sample by passing 0.2M NaOH for desorption of adsorbent after
each adsorption cycle. 10 ppm initial concentration was used in the following cycles
to compensate for the loss of effectivity during the first operation. The reduction in the
removal efficiency observed is might be due to fatigue and loss of adsorbent. Figure
25 Shows exceptional regeneration performance of MX:@CH:@PUF for 3
adsorption-desorption cycles at 10 ppm Cr (V1) concentration.
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Figure 25: Breakthrough curve for regenration performance of MX3@CH3@PU

4.3 Mechanism of Cr(VI) Adsorption

Adsorption experiments were performed to understand the mechanism involved for the
removal of Chromium (VI). The maximum removal percentage achieved in this study was
at pH range 1.5-2.5 and 2.5 was selected as the optimum pH. In acidic conditions, the

functional groups present on the surface of the adsorbent such as hydroxyl group (-OH),
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carboxyl group (COOH) get protonated and adsorb the negatively charged chromium
species. Moreover, at pH < 3 the dominant form of chromium is HCrO* and requires only
singular site for adsorption whereas, at pH > 3 the dominant forms of chromium are
Cr,07%, CrO4* which require at least two exchangeable sites for adsorption. This
electrostatic phenomenon was well supported by the kinetic and isotherm studies where
the Pseudo second order (PSO) kinetic model and Freundlich Isotherm model better fit the
experimental data revealing that the adsorption process is controlled through
chemisorption. SEM of the adsorbent MX3@CH3@PU after uptake of Chromium (V1) had
a blocky structure which might be due to the uptake of Chromium (VI). This is also
confirmed by EDS results. Moreover, the FTIR curves of MX3@CH3@PU after uptake of
Cr (V1) indicate a shift of the curve after binding of Chromium. This could be due to the
complexation (Egs.(12) - (13)) between adsorbent active sites and Cr. lon exchange
(Eq.14) process was also involved in the adsorption process. Thus, overall mechanism of
Cr (V1) adsorption onto MX3@CH3@PU involve chemical adsorption i.e., lon exchange,
electrostatic attraction, and complexation between functional groups on the surface of

adsorbent and chromium.

R — COO- + Cr® R — COO-Cr®* (12)
R-O-+Cr**R-0-Cr** (13)
R — COOH + Cr®* R — COO-Cr5* + H* (14)

4.4 Disposal of Adsorbent

Disposal of adsorbents is also a considerable
aspect of utilizing the best available materials for
wastewater treatment. In this study, adsorbent
disposal was kept into account and choose the best
way possible to dispose of the adsorbent at the end
of its life. Lin et al. has studied the fire hazards of

the PU foam and showed the significant results of

fire and smoke suppression effect by using
chitosan and MXene layer-by-layer surface Figure 26: Disposal o% PU foam adsorbent
coating. The study showed 71% less smoke release 70% reduction in the formation of
carbon monoxide and carbon dioxide gases and 65.5% reduction in total heat release
by layer-by-layer surface coating of PU foam. This aspect makes the PU foam coated
with chitosan and MXene an ideal candidate from the perspective of wastewater

treatment and post-treatment handling (Lin et al., 2020).
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CHAPTER 5

CONCLUSION

In this study, different adsorbents utilizing polyurethane foam (PUF) as low-cost
support material have been observed for the removal of hexavalent chromium Cr (V1).
The results showed that MXz@CHs@PUF prepared by 3 layer by layer coating was
effective for chromium removal from wastewater due to high surface area and more
active sites. MX3@CH3z3@PUF achieved maximum removal efficiency than other peer
adsorbents. When the pH value is between 1.5 to 2.5, the removal efficiency of Cr(V1)
by MXz@CHz@PUF reached >95% which is higher than other prepared PUF-
supported adsorbents. The adsorbent data fitted better with the pseudo second order
(PSO) and Freundlich isotherm model. Further investigation into Cr(\VI) removal
exhibits that the electrostatic attraction, ion exchange, complexation of chromium with
MX3@CHz@PUF and reduction Cr(VI) to Cr(lll) due to MXene coating are the
dominating mechanism of Cr(VI) binding on the surface of MX3@CHz@PUF. Fixed
bed adsorption studies showed the structure stability of MX:@CHz:@PUF in
continuous operations and proved to be a promising adsorbent for chromium metal
removal from wastewater. Regeneration of the MX;@CH3;@PUF showed the stability
of chitosan and MXene as adsorbent materials. Overall, the adsorption cost is much
lower by using PUF as support material and chitosan as a surface binder than utilizing
the MXene powder for heavy metal removal.
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