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ABSTRACT

Chromium is one of the most typical heavy metal pollutants that is genotoxic, carcinogenic and
accumulates in plant and animal bodies. The use of emerging materials for efficient removal
of chromium is in high demand. MXene and MoS, were employed in this investigation to
extract hexavalent chromium (Cr(VI)). The pseudo second order kinetic model described the
adsorption of Cr(VI) on MXene and MoS;. In the meanwhile, the Freundlich and Langmuir
Isotherm models best fitted MXene and MoS,, respectively. The greater number of surface-
active sites in MoS; led to a higher removal efficiency for Cr(VI) as compared to MXene. At
298K, the highest adsorption capacities of MXene and MoS; for Cr(VI) were 59.805 mg/g and
113.71 mg/g, respectively. Thermodynamic investigations of both materials exhibited that the
adsorption process was endothermic and spontaneous. The effect of coexisting ions was also
investigated in the study that involves coexisting anions like PO4*, HCO3?*, CI" and coexisting
cations such as Ca**, Mg?*, Na!*. MXene showed a decrease in removal percentage up to 70%
after fifth cycle whereas the decrease in percentage removal reached 79% in case of MoS; after
fifth cycle. According to the findings, it can be inferred that these developed materials have the
advantages of simplicity and effortless operation like adsorption for reducing heavy metal

pollution.

Keywords: MXene, Molybdenum Disulphide, Water treatment, Adsorption.
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CHAPTER 1: INTRODUCTION

1.1 Background of Study

The environmental damage caused by human activities has continued for years. The need for
solutions to environmental issues resulting from improper waste disposal has expanded due to
the expeditious development of industry and the depletion of natural resources. No doubt, water
is a crucial constituent playing a notable role in all the ecosystems and has a profound impact
on every facet of existence. Regretfully, the discharge of multiple contaminants, including
pesticides, pharmaceutical products, and potentially hazardous metal ions, has resulted in a
decline in the quality of these water resources (Abilio et al., 2021). In the earth's mantle,
chromium (Cr) is one of the prevalent elements. Vaughlin made this discovery in 1797, and it
is currently the 17™ most abundant element in the earth's crust's mantle layer. Unlike other
elements, chromium also possesses chemical and physical properties. The atomic number of
chromium is reported as 24, atomic mass of 51.996 gmol!, 1.6 electronegativity. Other
properties of chromium include 7.19 gecm™ density, 1907 °C melting point, 2672 °C boiling
point. Other literature studies report the ionic radius of chromium as 0.061 nm for trivalent
chromium and 0.044 nm for hexavalent chromium and Van Der Waals radius to be 0.127 nm

(Ukhurebor et al., 2021).
1.2 Prevalence of Chromium

The sources of chromium can both be natural and artificial due to human anthropogenic stresses
(Peng & Guo., 2020). Increase of hexavalent chromium in the environment also occurs from
the natural processes in groundwater mainly due to the interaction of existing water with
ultramafic rocks (Georgaki et al., 2023). Other sources of Cr(VI) in ground water originate
from geogenic sources. In these processes, natural leaching of chromium occurs into water
from the surrounding rocks having higher concentrations of chromium (Boussouga et al.,
2023). Additionally, Cr(VI) is formed naturally by manganese catalysis. Cr(VI) in water
treatment can also result from oxidative processes such as ozonation and chlorination (Konradt
et al., 2023). Numerous industries, including the tanning of leather, metal plating,
electroplating, military, pigment, and refractory industries, use chromium extensively.
Wastewater generated from industrial processes is a primary source of release of hexavalent

chromium to water bodies mainly from cement industries, paint industries, wood preservation,



manufacturing of stainless steel, electroplating and metallurgical processes (Ojembarrena et
al., 2022). Industrial effluents release chromium oxide in its +2 to +6 chemical states into
aquifers and streams, among other receiving habitats. The two most recurrent forms of
chromium are trivalent (CrIIl) and hexavalent chromium(CrVI) owing to their malignancy and
substantial impacts to the environment. The poisonousness of hexavalent chromium (CrVI) is
noticeably higher than trivalent chromium (CrIII) (Ojembarrena et al., 2022). The virulency of
Cr(VI) in terms of carcinogenicity and mutagenicity is 500 times greater than Cr(IIl) (Liu et
al., 2021). Compared to the Cr(IIl) form, the extremely poisonous, soluble, and mobile Cr(VI)

form has more detrimental effects on both people and animals (Prasad et al., 2021).
1.3 Guidelines for Hexavalent Chromium Cr(VI)

The World Health Organization has established a maximum allowable limit of 0.05 mg/L for
hexavalent chromium (CrVI) in drinking water (Aslani et al., 2018). According to USEPA,
permissible concentration of hexavalent chromium in water is 0.1 mg/L. These strategic
standards impose the restrictions of excessive discharge of hexavalent chromium in drinking
water (Ojembarrena et al., 2022). Directive drinking water of European Union recommends
Cr(VI) level up to 25 pg/L (Konradt et al., 2023). Furthermore, in future, strict regulations are
expected for Cr(VI) concentrations due to its potential health impacts. Hexavalent chromium
1s known to be carcinogenic and is the cause of numerous diseases which mainly includes lung
cancer, damage to kidney and liver, gastrointestinal problems, skin and nasal irritation, eardrum
damage (Heidari et al., 2021), dermatitis, respiratory disorders, and eye infections. According
to international literature, hexavalent chromium is the leading cause of dysfunction of digestive
system, immune system , urinary system, respiratory and reproductive systems as well

(Georgaki & Charalambous., 2023).
1.4 Hexavalent Chromium Exposure

Hexavalent chromium is also referred as Group A carcinogen (Ukhurebor et al., 2021). The
effect of chromium on human body is regulated by multiple factors such as the duration of
exposure, dosage of chromium intake, form of chromium which is also dependent on the route
of'its intake such as through food, water, inhalation or with skin contact. Hexavalent chromium
exposure over an extended period of time may be harmful to health and is influenced by a
number of variables, including body weight, age, and gender (Georgaki et al., 2023).

Hexavalent chromium is classified in different categories depending on the time and duration
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of its exposure. The exposure is considered acute if exposed to Cr(VI) for 14 days. The
exposure is referred as intermediate if it lasts between 75 to 364 days and it will be chronic
exposure if it extends to 365 days according to the literature reports (Yang et al., 2020;
Shekhawat & Chatterjee., 2015; Georgaki & Charalambous., 2023).

1.5 Scope of Research

A great deal of researches have been completed to cure the presence of heavy metals in drinking
water. Reported treatment methods for the remediation of hexavalent chromium are
coagulation and flocculation, membrane separation, solvent extraction, ion exchange, reverse
osmosis, chemical precipitation, electrochemical processes (Ojembarrena et al., 2022)
chemical sedimentation, and adsorption techniques. However, adsorption using various
materials is a growing substitute technique due to its low cost, ease of design and operation,
ability to remove substances at low concentrations, low sludge generation, and environmental
friendliness. The creation of a novel adsorbent with features and attributes that suggest a high
adsorption capacity for metal ions is required, given the benefits of adsorption (Heidari et al.,
2021). Adsorbents such as activated carbon, activated alumina, charcoal, silica gel, carbon
films, clay minerals, zeolite, and biomass have all been used. Due to their lack of selectivity
and weak affinity for the target heavy metals, the majority of the adsorbents listed above have
limited effectiveness. Absorbency is regarded as the primary element in the adsorption of heavy
metals. Choosing the best and most effective adsorption material is crucial. This kind of
material needs to have a lot of surface area, lots of surface contacts, excellent adsorption sites,

low cost, and a quick rate of adsorption.

MXene and Molybdenum Disulphide are regarded as two popular two-dimensional
nanomaterials in water treatment. They have been investigated extensively for adsorption of
environmental pollutants with numerous modifications. An emerging class of two-dimensional
nanomaterials named MXenes (pronounced as maxines) was discovered in 2011 in Drexel
University. MXenes is a group of two-dimensional transition metal carbides, nitrides and
carbonitrides with fascinating chemical, mechanical, electrical, and magnetic properties. The
general formula for MXenes nanomaterials is Mn+1 Xn Tx, n ranging from 1 to 3. M in the
formula represents early transition metals of periodic table such as such as Ti, Sc, W, Cr, Mo
Ta, W, Zr, Nb, Hf, Y, or V), X represents carbon or nitrogen and T denotes the surface
terminating group such as hydroxyl (-OH), Chlorine (-Cl), Florine (-F) or Oxygen (=0O) and x



stands for the surface functionalities (Karthikeyan et al., 2021; Shahzad et al., 2019). MXenes
are usually synthesized from MAX phases by selectively etching the Al atoms in layered
hexagonal ternary carbide Ti3AIC2. On the other hand, MoS: is an inorganic compound which
is formed by the combination of one atom of molybdenum and two atoms of sulfur, and it is
categorized as transition metal dichalcogenides (Ali et al., 2022). MoS: nanosheets can be
synthesized by numerous techniques. Some of the methods reported in the literature are
chemical vapor deposition, chemical exfoliation, mechanical exfoliation, electrochemical

exfoliation, liquid exfoliation, and hydrothermal synthesis.

The aim of this study is to compare the performance of two-dimensional MXene and MoS> in
unmodified form for the removal of hexavalent chromium under identical working conditions.
MXene was synthesized by the process of etching. Room temperature is more suitable for the
etching process due to the exothermic reaction. For this purpose, Ti3AlC, was etched using
ammonium (NH4F) as an etching agent. The reaction was completed after 24 hours to
successfully synthesize Ti3C>Tx MXene. Hydrothermal synthesis was opted for synthesis of
MoS: with increased surface area. Materials were synthesized and tested through different
characterization methods. XRD, FTIR, SEM, EDS and BET surface area analysis were
performed to depict the crystallinity of the adsorbents, investigation of the functional groups,
morphology of structures and their elemental composition, and to check the surface area of
MXene and MoS», respectively. Adsorption studies were conducted to investigate the use of
efficient two-dimensional nanomaterials for Cr(VI) removal. Furthermore, the adsorption

capacities of MXene and MoS; were compared for Cr(VI) adsorption.
1.6 Aims and Objectives
1.6.1 Aim

The aim of this study is to compare the performance of two-dimensional MXene and MoS; in

unmodified form for the removal of hexavalent chromium under identical working conditions.
1.6.2 Objectives
1. Synthesis of MXene and MoS; by etching and hydrothermal method, respectively.

2. Characterization analyses of both materials through XRD, SEM, EDX and FTIR

analysis.



Study of various adsorption parameters for the adsorption of Cr(VI) using MXene and
MoSo.

To assess the impact of regeneration studies on the performance of adsorbents for

Cr(VI) removal.



CHAPTER 2: LITERATURE REVIEW

2.1 Importance of Water

Since water is thought to be the most plentiful and vital resource for life on Earth, water
pollution has become a major global concern. Rising population, fast industrialization, and
changing consumption habits caused the world's water consumption to increase by a factor of
six between 1900 and the current decade. Consumption is increasing at a rate of 1 % per year,
which should alert humanity to the need to protect its water supplies (Mohanapriya et al., 2023).
One essential natural resource for the continuation of life is water. Ten countries in Southeast
Asia and the Pacific region rely on groundwater as one of their major domestic resources.
About 66 % of urban households and 60 % of rural households rely on this for their drinking
needs. Furthermore, it is estimated that by 2050, the global demand for freshwater would rise
by up to 70 %. Even still, just 0.76 % of the world's water resources are fit to drink. Programs
to protect water resources should therefore be put into place in several nations. Population
outburst and industrialization have increased fresh water demand and incurred a stress on water
bodies and maritime habitat due to rapid excretion of pernicious heavy metals and chemical
pollutants in to the water bodies (Zhao et al., 2019). In fact, 2 million tons of wastewater is
estimated to mix with natural water systems daily (Geissen et al., 2015; Geng et al., 2019).
Unfortunately, in developing countries, 90 % of the sewage water is released in water bodies
without treatment (Hairom et al., 2021), and 300 to 400 megatons of industrial waste is dumped
into water bodies annually (Boretti & Rosa., 2019). Wastewater generated from industries
alone contributes to 16 % of the world's generation of wastewater (Younas et al., 2022). The
deterioration of natural water system due to heavy metals, such as mercury, lead, chromium,

and arsenic is a major global environmental concern (Ledezma et al., 2021).
2.2 Heavy Metals

Heavy metals are poisonous and accumulate in water bodies. Due to their toxicity, they pose
the biggest threat to the ecological balance. Heavy metals are gathered in the aquatic ecosystem
through man-made or natural channels. The addition of heavy metals resulting from natural
occurrences such soil erosion, volcanic eruptions, and aquatic life metabolism does not impact
the food chain or ecological balance. On contrary, the aquatic ecology is heavily impacted by

the man-made heavy metals discharged from cities, industries, and agriculture (Mohanapriya



et al., 2023). With densities over 5 g/cm >, heavy metals are inorganic pollutants that pose a
concern to the ecosystem and human health because of their everlasting nature and
bioaccumulation, which also results in their carcinogenic and mutagenic properties (Ramli et
al., 2023). Different types of chromium (Cr) exist in nature depending on its oxidative states.
One of the most prevalent heavy metals in the environment is hexavalent chromium Cr(VI), a
hazardous metal ion that has been demonstrated to be 1000 times more harmful than trivalent

chromium Cr(III).
2.3 Toxicity of Chromium

On its Substance Priority List, the US Environmental Protection Agency places Cr in 17th
position, reflecting its higher danger level in comparison to other compounds (Ahmad et al.,
2019). In order to handle these compounds safely, authorities have also developed a number of
safety protocols. For example, the Occupational Safety and Health Act and the National
Institute of Occupational Safety and Health have established the maximum permissible levels
of Cr for mercury vapor exposure at 0.05 mg/m’ and 0.0002 mg/m?, respectively, in the
workplace. The World Health Organization established a tolerable limit of 0.05 mg/L for Cr in
drinking water (Ramli et al., 2023). Chromium is contemplated as the 21 most occurring
element present on the Earth’s surface. The natural presence of hexavalent chromium is (0.2 -
1 ug/L) in rainwater (0.04-0.51 pg/L) in sea water, (0.5-21 pg/L) in surface water and <1 pg/L
in ground water (Vaiopoulou & Gikas., 2020). The US Environmental Protection Agency’s
(EPA) allows maximum limit for chromium in drinking water to be <0.1 mg L™!, while World
Health Organization’s is 0.05 mgL™' (Jin et al., 2019; Vilela et al., 2019). Chromium is
considered as the 129" concerned contaminant and is ranked as the 14th most polluting heavy
metal by (EPA) Environmental Protection Agency (Sharma et al., 2012). In industrial
wastewater, the concentration of chromium ranges from 0.5 to 270000 mg/L (Kumar &
Dwivedi., 2021). Topmost countries in the chromium mining industries include South Africa,

China, India, and Kazakhstan (Lukina et al., 2016).
2.4 Sources of Chromium

Anthropogenic sources of chromium include leather tanning, electroplating, aerospace, alloys,
metal ceramics, metal finishing, chromate production, paint and pigments, dye paints, wood
preservation, manufacturing of synthetic rubies, and steel manufacturing industries (Almeida

et al.,, 2019). The trivalent chromium species Cr(IIl) exists predominantly in the natural



systems, while the hexavalent species Cr(V]) is the second most stable form originated mainly
from industrial sources (Hiller & Leggett., 2020). Although Cr(III) is extremely important for
lipid and sugar metabolism and is consumed by humans as dietary supplements, it has a lower
solubility and bioaccumulation potential than the Cr(VI), which has harmful health effects
(Periyasamy & Viswanathan., 2018), including diarrhea, kidney and liver damage,
hemorrhaging, gastric damage, vomiting, nausea, and lung cancer (Anirudhan & Senan., 2011)
(Karthikeyan et al., 2020). Sources of chromium from industries include wastewater from
leather tanning, ceramic glazes, lumber modification, wood preservation, electroplating, textile
wastewater, dyes from clothing industries, mordants, paints and pigments, pulp and paper

production, alloying, industrial cooling towers, refractory bricks, metallurgy, and road dust.
2.5 Health Impacts

Numerous waterborne illnesses, including skin allergies, kidney failure, circulatory problems,
gastrointestinal distress, cancer, blue baby syndrome, nervous system disorders, and bone
weakness, are brought on by contaminated water. It is estimated that 53,000 children perish
from various waterborne illnesses each year, primarily from diarrhea (Adewumi., 2022; Fida
et al., 2023). Numerous occupational studies on workers who were exposed to chromium (VI)
dust or vapor on a long-term basis have documented effects on the respiratory system, such as
dermatitis, bronchitis, reduced lung function, itching, rhinorrhea, sneezing, nose bleeding,
ulcerations and perforations, and bronchitis. Asthma may also have been noted in certain
instances. Lung cancer and other adverse consequences, including liver and kidney failure,
nasal inflammation, allergies, and burning in the lungs, have been linked to exposure to Cr(VI)
(Ramli et al., 2023). Additional research on humans showed that long-term exposure to Cr(VI)
in drinking water may raise the risk of prostate, bladder, kidney, and stomach cancers. In
addition, it may result in aberrant hematological function, gastrointestinal disorders,
dermatological problems, and hypertension in expectant mothers. Cr(VI) in the body at a low

quantity (0.1 mg/g) has the potential to be fatal (Astuti et al., 2023).
2.6 National Scenarios

Pakistan's drinking water quality is gradually declining as a result of the country's worrisome
population increase, fast industrialization, changing climate, and ineffective water quality
management. Most people in Pakistan are compelled to consume contaminated water since

they lack access to sources of clean, safe drinking water. Water bodies around the world may



have increased Cr (VI) concentrations following the release of untreated wastewater containing
Cr from the steel and metal processing industries, electroplating, and leather tanning processes.
In light of this, there are clearly highly contaminated sites with Cr (VI) in Pakistan's industrial
areas, with levels of the metal surpassing safe limits in soil (6900—19,500 mg/kg) and drinking
water reservoirs (1.990-13.53 mg/L) (Usmani et al., 2023). Vredenburg found a vast supply of
chromite in the Muslim Bagh area of the Qila Saifullah district of Baluchistan province,
Pakistan, in 1901. The chromite reserves in the Muslim Bagh valley, a well-known chromite
hub of the nation, cover an area of around 2000 km. The country's economy greatly benefits
from the chromium mining operations in this region, but the environment and local population
are also seriously threatened, and major health problems are brought on by these activities
(Chandio et al., 2021). In order to evaluate the level of heavy metal contamination in Malakand
Agency, 75 water samples were taken from hand pumps, springs, tube wells, dug wells, and
bore wells. The allowable limits of the World Health Organization and National Standards for
Drinking Water Quality were surpassed by the heavy metals, including Cd (12 mg/L), Ni
(77mg/L), Cr (61 mg/L), Mn (78(mg/L) and Pb (16 mg/L) (Nawab et al., 2016; Fida et al.,
2023). The large contribution to leather exports came from a number of manufacturing units
concentrated around Korangi, Karachi. Aside from the unofficial count, which is far more than
the above total, there are approximately 170 tanneries documented in Korangi, Karachi. Thus,
Korangi tanneries are well-known and noted for their detrimental effects on the environment
and pollution levels, especially when it comes to chromium. Selective parameters (total
suspended solids, total dissolved solids, pH, biochemical oxygen demand, chemical oxygen
demand, and chromium) were analyzed, and the findings were found to be within permissible
limits (in April, May, and June) with the exception of chromium, which had values that
exceeded 10.26 mg/L and 13.05 mg/L in May and June, respectively. The permissible limits
of hexavalent chromium by Sindh Environmental Protection Agency is < Img/L. The analysis's
findings highlighted the need for effective tanning procedures, optimum industrial practices,
chromium recovery, and recycling (Neelam., 2018). The primary industry that consumes
chromium is the tanning sector. Although there are tanning industries all throughout Pakistan,
Sialkot, a tiny industrial city, has the highest concentration of tanning industries. Wastewater
samples were gathered from various tanneries and Nullah Aik, located in Sialkot, and subjected
to analysis in order to determine the pollution level. The effluent sample showed high levels of
total solids (2265-19314 mg/L), total dissolved solids (1313-17467 mg/L), hexavalent
chromium (1.8-9.8 mg/L), total chromium (3.75-16.7 mg/L), pH (5.1-10.9), biological oxygen



demand (335-5818 mg/L), and chemical oxygen demand (740-14546 mg/L) (Riaz & Zia.,
2020). Another study was conducted for the investigation of total chromium and hexavalent
chromium in Sheikhupura and Kasur cities of Pakistan and the results demonstrate that
Comparable Cr(VI) level was found in the wastewater of the Sheikhupura and Kasur tanneries
at head, but significantly greater total Cr (in parentheses) was found subsequently, at 89.7 mg/L
(1440.57 mg/L) and 94.9 mg/L (3527.95 mg/L). The Cr(VI) level decreased as one moved
farther down the stream, decreasing steeply at Kasur and exponentially at Sheikhupura
(Benjamin & Nishat., 2021). High levels of chromium were also shown in multiple studies
conducted by (Shakil et al., 2023; Younas et al., 2023) and the results were exceeding the

permissible limits.
2.7 International Scenarios

A study conducted in the Sukinda Valley of India shows high levels of hexavalent chromium
as India is listed as the world’s third supplier of chromite. According to a May 2021 scientific
study, the Sukinda region's overall atmospheric chromium concentration ranges from 10 to 400
mg/L (parts per million), much beyond the permitted limit of 0.1 mg/L. Surface water and
groundwater have been found to have 3.4 mg/L and 0.6 mg/L of chromium(VI) contamination,
respectively, while the safe threshold of 0.05 mg/L remains unsurpassed. The safe assumable
limit of 0.05 mg/L for hexavalent chromium has been significantly exceeded by the quantity
of the metal in the mining water. Mining water contamination (0.01-4.25 mg/L) surpasses both
surface water (0.03—0.56 mg/L) and groundwater (0.01-0.59 mg/L), despite their higher
counts. Hexavalent chromium was found to be more contaminated in the mining water than
other Cr-species, whereas both surface and groundwater samples had large amounts of
chromium(III). As a result, the deposition of heavy metals like chromium has led to an increase
in toxicity in water bodies (Mohanty et al., 2023). A study conducted in Bangladesh for
determining the toxic effects of dam’s construction in tannery effluent with high chromium
concentration demonstrated that for the obstruction construction period, the mean
concentration of Cr(VI) in the upstream canal water was 52.1 ng/L, which was greater than the
downstream canal water's 1.36 pg/L concentration for the same period. During the barrier
erected period, nearly 50% of the upstream canal water samples had Cr(VI) concentrations
above the US-EPA's Cr(VI) guideline threshold of 16 pg/L. Even during the time when there
were as many tanneries as possible prior to the relocation of tanneries (the nonblockage period),

the proportion of canal water samples with Cr(VI) concentrations over the recommended level
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was just 4-5 percent. These findings suggest that the isolation of upstream and downstream
canal water by the blocking construction caused an unexpected increase in Cr(VI) pollution
(Kurniasari et al., 2024). Another study conducted in Chinese Loess Plateau to determine the
Concentration of hexavalent chromium in four different rivers named as Bali river, Luo river,
Xingzi river and Wuding rivers. The Cr(VI) values throughout the region varied from 0.005 to
0.251 mg/L, with a mean of 0.049 mg/L (He & Li., 2020).

2.8 Techniques for Cr(VI) Removal

Chemical precipitation, ion-exchange resin , coagulation, reverse osmosis, membrane filtering,
electrodialysis, electrochemical treatment, photocatalysis, biological treatment , and adsorption

are among the different methods established for Cr(VI) removal.
2.8.1 Chemical Precipitation

Because of its low operating costs and convenience of use, chemical precipitation is widely
used in industrial processes. Heavy metal ions are precipitated by the precipitating agents as
insoluble precipitates that are easily separated by sedimentation or filtering during
precipitation. Reusing the purified water is possible. Precipitation based on sulfide and sodium
hydroxide is typically used in chemical methods. Chemical precipitation was the method
Ramakrishnaiah and Prathima (Prokkola et al., 2020) tried to remove Cr (VI) from industrial
effluents. Studies conducted in laboratories using sodium hydroxide, iron chloride and calcium
hydroxide as precipitants range. A sludge production of roughly 7 ml/L was found, indicating
a 99.7 % removal effectiveness of Cr (VI). The authors draw the conclusion that sodium
hydroxide and calcium hydroxide are appropriate precipitants for the elimination of chromium

(Kerur et al., 2020).
2.8.2 Coagulation/Flocculation

The methods of flocculation and coagulation are employed to extract suspended particles from
the effluents. Particle size, shape, and density all affect how well suspended particles separate.
Similar surface charges on suspended materials resist one another, keeping them suspended in
water. Through sedimentation, flocculation and coagulation increase collision of particles,
counteract changes on surface, and expand floc. Coagulants produce micro flocs, which are
tiny, suspended particles, by counteracting the negative surface charges found on non-settleable

materials. Collisions of particles and proper coagulation are encouraged by agitation, which
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also disperses the coagulant. Usually, the rapid-mix chamber has a contact time of one to three
minutes. Particle size is increased by flocculation, resulting in larger flocs known as pin flocs
from micro flocs. The duration of flocculation contact is 15 to 20 minutes. To avoid tearing
apart flocs, the mixing velocity is gradually reduced. Low soluble chemicals such as
hydroxides, sulfides, and carbonates are precipitated using coagulation procedures
(Ghernaout., 2015). A suspension of atoms or molecules with a density equivalent to that of
water is called a colloid. The low density prevents these particles from settling. These colloidal
particles are eliminated, and the density is increased via the coagulation treatment process. The
kind of coagulant, dosage, temperature, alkalinity, pH, and mixing conditions all affect
coagulation efficiency. Chemical reagents, also known as inorganic flocculants, such as
Alx(SO4)3, Fe2(SO4)3, and FeCls, as well as its derivatives, such as poly aluminum chloride and

poly ferric chloride, are utilized in this approach of treating wastewater (Kerur et al., 2020).
2.8.3 lon-Exchange

Ketonic granular particles with a chemical structure that encourages the exchange of basic or
acidic radicals are known as ion exchange resins. The ions of the same signs that are present in
the solution in contact with these radicals replace the positive or negative ions that are present
on their surface. In the ion exchange process, sludge generation proceeds somewhat slowly.
Anion and cation exchange resins are part of an ion exchange system. Anionic resins are
appropriate for wastewaters with low concentrations. Ion exchange was employed to treat Cr
(VD) and Mn (II). The ion exchange method has drawbacks that restrict its application for
treating industrial wastewater, including the need for chemical reagents to regenerate the ion
exchange resin, the production of a lot of backwashing water, and high operating costs (Kerur

et al., 2020).

2.8.4 Reverse Osmosis

Based on the principles of charge exclusion and size exclusion, reverse osmosis (RO)
selectively eliminates dissolved contaminants using a membrane that is either semi-permeable
or selectively permeable and has a thickness ranging from 0.1 to 1.0 nm. Only water molecules
are allowed to pass through desalination plants. Applications of RO for heavy metal removal
in wastewater treatment are growing. (Petrinic et al., 2015) investigated the removal of
suspended particles and heavy metal ions from industrial effluents by combining ultrafiltration

with effluent treatment from the metal finishing industry.
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2.8.5 Adsorption

Adsorption is defined as a process that involves the deposition of a substance or pollutant on
the adsorbent’s surface at higher concentration in molecular form. The process of adsorption
depends on the layer of adsorbent having unique surface structure that can capture micro
pollutants on its surface. This process is effective due to lower energy consumptions and the
ability of available raw materials to capture the heavy metals even at lower concentrations.
Two common types of adsorption are known as physisorption and chemisorption. In case of
sorption the interaction between adsorbent and adsorbate takes place due to the van der Waals
forces whereas in chemisorption adsorbate is attached on the surface of adsorbent by forming

chemical bonds (Maftouh et al., 2023).

Adsorption is expressed by the following equation (Kerur et al., 2020).

qe = (Co = C)*V) /m (1.1)

Where m represents the mass of the adsorbent, C, and C; represent the initial and final

concentrations of adsorbate at time t, V is volume, and the q; is adsorption capacity at time t.
2.9 Nanomaterials

In literature, four major types of nanomaterials are identified. These are zero-dimensional (0D),
one-dimensional (1D), two dimensional (2D), and three-dimensional (3D) on the basis of
nanoscale dimensionality principle as shown in Figure 2.1 (Khan & Malik., 2019). 2D-layered
nanomaterials have garnered huge interest in both industry and science because of their
applications in electronic devices, catalysis, sensing, hydrogen evolution, air purification,
batteries, fuel cells, and water treatment due to their remarkable characteristics (Santhosh et
al., 2016). Two dimensional nano adsorbents are extensively studied and utilized for reducing
the toxicity of heavy metals from water (Ihsanullah., 2020; Peng et al., 2017; Xu et al., 2018;
Liuetal., 2019; Tran et al., 2019; Liu et al., 2019; Peng et al., 2017).
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Figure 2.1: Types of nanomaterials

Presently, the technologies for chromium remediation include precipitation,
electrocoagulation, nanofiltration, reverse osmosis, membrane processes, bioremediation,
catalytic transformation, and adsorption. Among the available technologies, adsorption is an
effective, less expensive, and sustainable option for eliminating contaminants from drinking
water (Karthikeyan et al., 2020). Several materials are being modified to be used as adsorbents
such as saw dust, wheat straw, coconut husks, and food waste (Salleh et al., 2011). The aim of
using these materials is to control waste by utilizing them in water treatment by adsorption.
However, these natural materials often show poor selectivity and low adsorption efficiency,
arduous efforts were made to develop and use industrial adsorbents, such as carbon nanotubes,

silica, activated carbon and zeolites to achieve better performance.
2.9.1 Emerging Nanomaterials

The requirement for nanoscale material becomes critical. Because of the exceptional qualities
that come with being so small, nanomaterials have gained popularity and show great promise
as trustworthy adsorbents for the effective removal of heavy metals from the environment.
Many kinds of nanoparticles, including polymeric nanocomposites, quantum dots, carbon-
based nanomaterials, metal oxide nanoparticles and clay nanocomposites, have been studied

for their potential as nano adsorbents for the treatment of heavy metals. Their huge surface area
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and small size make them effective adsorbents for cleaning up different types of environmental

pollutants (Inobeme et al., 2023). Some of the nanomaterials are discussed in detail.
2.9.1.1 Graphene based nanomaterials.

Graphene belong to two dimensional nanomaterials, and it is composed of sp> hybridized
carbon atoms arranged in a strong hexagonal lattice. Its unique structure makes it impervious
to all other atoms and molecules, having high surface area of 2630 m%/g (Aigbe & Osibote.,
2020), high thermal conductivity up to 3000 W/mK. Young’s modulus of graphene is shown
to be 1060 GPa. Due to its two-dimensional nature and unique layer arrangement of atoms,
graphene has shown exceptional performance in various applications. In addition to that,
Graphene Oxide (GO) is a two-dimensional material with micron-sized dimensions and
multiple active oxygen and hydroxyl groups on its surface, making it an ideal substrate to
support a variety of nanoparticles (Yu et al., 2018). GO has gained attention for separation of
heavy metals from water because of its excellent stability, hydrophilic nature, and adsorption
capacity (Ahmad et al., 2020). The remarkable adsorption performance of GO is attributed to
multiple oxygenated functional groups (e.g., carbonyl, carboxyl and hydroxyl) on its surface
(White et al., 2018). To further improve the heavy metal removal capability of GO, chemical
functionalization 1s applied on graphene made through Hummers methods. Acid treatment is
applied on graphene oxide to transform it to graphene nanosheets before functionalization,
which is the process of modifying the surface properties of the material by incorporating new
functional groups via adsorption or chemical bonding. Both covalent and noncovalent
alteration methods are utilized in the functionalization of graphene. The resulting
functionalized graphene will allow the faster removal of heavy metals than other nano

materials.
2.9.1.2 MXene based nanomaterials

MXenes, being a class of two-dimensional nanomaterials, are used in various environmental
remediation practices such as catalysis, energy storage and water treatment. MXenes are used
as adsorbents in water treatment because of their exceptional surface characteristics, including
excellent surface functionalization, greater hydrophilicity, and enhanced chemical stability.
MXene are represented by the generic formula written as Mn+1 Xi Tx, in which M is expressed
as an early transition metals e.g., W, Ti, Zr, Mo etc., X signifies nitrogen/carbon, T signifies

termination groups on surface such as chlorides or fluorides and x stands for distinct functional
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groups and value of n can be in between 1 and 4. Chemical etching of A layers from the parent
MAX phases is typically applied to synthesize MXenes. Different protocols are adopted to
improve the performance of MXenes for metal adsorption applications. The negatively charged
MXene sheets produced via wet chemical etching usually have abundant (OH, O, F and Cl)
functional groups, making them suitable for collecting positive heavy metal ions including
hexavalent chromium. MXene is usually synthesized through etching and delamination from
MAX phase (Alhabeb et al., 2017) and . Figure 2.2A discussed the delamination of single layer

MXene with improved intercalation through etching followed by delamination.

MXenes have shown exceptional performance in a variety of applications due to their
remarkable structural characteristics. They possess various metallic hydroxide sites that are
easy to functionalize due to greater specific area, broader interlayer spacing and increased
chemical stability. Preventing water bodies from being contaminated by toxic heavy metal ions
is critical to safeguard living organisms and aquatic life. Therefore, MXene-based
nanomaterials are being explored for eradication of heavy metal ions from drinking water in
multiple research studies by adsorption. In a study (Wang et al., 2020), it was reported that
reduction and adsorption of hexavalent chromium can be enhanced by increasing the active
sites and surface area of adsorbent. Ti3C2/TiO> composite is fruitful in the confiscation of
Cr(VI) as compared to pure Ti3C2/TiO2 nano sheets as shown in Figure 2.2B due to the unique
structure and properties of MXenes, they offer numerous adsorption sites and effective

elimination of heavy metals from water such as lead, mercury, chromium barium etc.

To increase the practical applicability of MXenes in adsorption of heavy metals, regeneration
of MXenes is paramount. Literature reports different solutions that have been effectively used
in the adsorption process. Two common solutions reported in the regeneration of chromium
are HCl and NaOH. The use of regeneration solution depends on the targeted pollutant, whether
it 1s cationic or anionic pollutant, due to varying adsorption mechanism (Karthikeyan et al.,
2021; Sheth et al., 2022). The cationic heavy metal ions are generally adsorbed in acidic
medium through electrostatic repulsion mechanism in adsorption process dependent on pH
(Chai et al., 2021). HCI is mostly used for the regeneration of positively charged pollutants
such as Pb, Hg and NaOH is used in regeneration of anionic pollutant species such as arsenic

and Cr(VI) (Sheth et al., 2022).
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Figure 2.2: (A) MXene synthesis from MAX phase (Alhabeb et al., 2017). (B) A schematic
description for the removal of hexavalent chromium by Ti3C,/TiO, composites (Wang et al., 2020).

2.9.1.3 Molybdenum disulfide-based nanomaterials

Molybdenum disulfide consists of two layers of sulfur atoms sandwiching a layer of
molybdenum atom. The strong covalent bonds hold the Molybdenum and Sulfur atoms together
while the atomic layers of Sulfur-Molybdenum-Sulfur are linked to each other by van der
Waals interaction forces. These weak interaction are easily broken, and infiltration of other
molecules or ions into the layers of MoS> becomes easy. MoS, forms two-dimensional shapes
because of its anisotropic structure Figure 2.3A which makes it a suitable candidate for
adsorption of heavy metal ions because of its permeable channels and greater surface area. In
addition to surface area many other factors such as its thermal and chemical stability,
hydrophilicity, excess sulfur groups on its surfaces, excellent dispersibility and edges make
MoS; a good adsorbent for heavy metal ions (Sun et al., 2018). Each layer of MoS; is almost
0.62 nm thick and the interlayer distance in each layer is almost 0.30 nm. MoS: is capable of
adsorbing heavy metal ions through three mechanisms: electrostatic interaction, redox reaction,
and complexation. Due to its strong binding affinity with heavy metals, S ions can form S-
heavy metal complexes on the surface of MoS, and makes the removal of Cr(VI) ions faster
from water bodies (Liu et al., 2019). Additionally, the negatively charged MoS> adhere to
positively charged pollutant ions through -electrostatic interaction. Adsorption due to
electrostatic interactions may not be much significant as compared to sulfur chemical
complexation as the charge distribution on the surface of MoS: changes once the inner layers

of MoS: undergo complexation with cations. While electrostatic interactions may not be as
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significant as chemical complexation, they are advantageous for removing heavy metal ions
that do not have an affinity to bind with MoS; through complexation, such as cobalt and copper

ions (Liu et al., 2019).

Another possible mechanism for adsorption of hexavalent chromium ions on MoS; surface is
by redox reaction. Redox reaction mechanism is only suitable for some heavy metals, which is
attributed to their redox potentials. Heavy metals having higher redox potential than
S0427/MoSz and MoO4>~ pair (0.429 V) potential (Zhu, et al., 2016; Bussche, et al., 2016) can
only be adsorbed by two dimensional MoS,. This is the only case which permits the
elimination of pollutants by MoS,. If the redox potential is less than 0.429 V, then the
confiscation of heavy metals by adsorption process on MoS; is achieved either by electrostatic
interaction or though chemical complexation. As shown in the Figure 2.3B (Cai et al., 2020)
reported that redox potential of CrO4> /Cr** pair (1.35¢V) is higher than MoO4*/MoS; pair
(0.429 V) which allowed MoS; to reduce chromium (VI) ions (Wang et al., 2018; Bussche, et
al., 2016). The higher redox potential confirms that a redox reaction occurred between CrO4>~

species and MoS,/CTAB in addition to adsorption.
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Figure 2.3: Top view of 2H/1T MoS, monolayer and polymorphic structures of MoS>
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nanosheets (Cai et al., 2020).
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2.10 Key Influencing Parameters for Cr(VI) Adsorption
2.10.1 pH Effect

The treatment of hexavalent chromium is highly pH dependent as it can change the structure
of adsorbate, functionality on the surface of adsorbate, speciation of ions, the dissociation of
termination groups and degree of ionization in water solutions (Ahmed et al., 2021).The
speciation of hexavalent chromium is highly pH dependent. At lower pH values below 7, the
existing species of Cr(VI) reported are HoCrOs, HCrO4~, CrO4>and Cr.O7*". The higher
adsorption of chromium is reported at pH 1 and pH 2 where the species of chromium exist as
H>CrOs4, and HCrO4  respectively (Avila et al., 2014). Therefore, pH is counted as a significant
factor in the adsorption process of heavy metal ions. Chromium (VI) adsorption by
synthesizing green silicon nanoparticles conducted at the specific dose of 100 mg/L for 60 min
keeping the initial concentration 50 mg/L with pH of solution between 2 to 7 and the highest
removal percentage achieved at pH 4 (Mehmood et al., 2022). Chromium exists as HCrO4 ",
H>CrOs, and Cr07% in the pH range 3 to 6 (Yao et al., 2020), whereas the ions of chromium
existing in the pH range of 6 to 12 are mostly reported as CroO7*~ (Zhang et al., 2019) which
are difficult to reduce in comparison to other chromium ions (Kekes et al., 2021). Acidic pH
range is more favorable for the adsorption of chromium ions as compared to alkaline pH due
to the excess of positive hydronium ions which attracts the negative ions (Mehmood et al.,
2022). Similar results are shown for adsorption of chromium into polyimidazoles chain
attached to surface of MXene (Ti3Co@Imidazoles) in which highest removal was seen at pH 2
and further increases in pH resulted in reduced adsorption capacity (Yang et al., 2021).
Adsorption of chromium ions is also confirmed by reduced graphene oxide hydroxyapatite
composite in which the highest adsorption capacity of 45.24 mg/g was attained at pH 2
attributed to the strong attraction between positive adsorbent surface and negative chromium
ions (Karthikeyan et al., 2021). In the case of MoS»2, chromium removal is also achieved
maximum at acidic pH. The results are confirmed by a study performed by (Xiang et al., 2021)
indicating the impact of pH on chromium adsorption over a wide range from 2 to 10.
Polypyrrole / MoSz showed highest hexavalent chromium removal a pH 2 as compared to MoS:
and Polypyrrole. HCrO4 and Cr,O7* chromium species were dominant at pH value ranging
from 2 to 6. The surface performance of the samples eliminated most of the Cr(VI) species at
lower pH. Electrostatic sorption capacity of different adsorbents can be determined through

zeta potential. The calculated pHpzc of Polypyrrole and Polypyrrole/MoS: in this study are
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reported to be 7.9 and 7.5 respectively. pHp..>pH indicates the positive zeta potential showing
the excess of H" ions which speeds up the removal of Cr(VI) through electrostatic attractions.
And when the pH >pHp.., the elimination of Cr(VI) reduces due to repulsive forces (Xiang et
al., 2021).

2.10.2 Dosage Effect

The investigation of impact of adsorbent dosage on adsorption of heavy metal ions is
investigated in multiple researches. Dosage of adsorbent directly impacts the efficiency and
capacity of adsorption. It is also dependent on the economy of the process so the choice of
optimum dosage for improved adsorption is quite essential (Khurshid et al., 2022). The
adsorption capacity varies with change in dosage of the adsorbent. For example, a study
completed by (Singh et al., 2022) reported that dosage increase of adsorbent from 1 g/L to 5
g/L resulted in the improved removal efficiency of hexavalent chromium from 41.5 to 96.05
% at an initial Cr(VI) concentration 5 mg/L with pH of solution 8.02 However, the results did
not show high percentage removal when the dosage increased above 2 g/L as demonstrated in.
Adsorbent dosage improves the removal efficiency up to a certain limit and it is attributed
mostly to the number of increased adsorption sites. As the adsorption sites are saturated then
further increase in the dosage does not show positive impact in the removal of pollutant (Lyu
et al., 2017; Zhang et al., 2019). Effect of adsorbent dosage on Cr(VI) adsorption by the
MXene-chitosan (Wan et al., 2021) is depicted in which the increase in the dosage of adsorbent
from 0.02 to 0.12 g/L resulted in increased removal efficiency from 12.9 % to 40.5 % due to
more contact surface and availability of greater number of adsorption sites. However, the
adsorption capacity kept declining from 30.5 mg/g to 16.1 mg/g because limited amount of

hexavalent chromium can be adsorbed or removed by the adsorbent.
2.10.3 Temperature and Time Effect

Adsorption experiments have been widely performed on the removal of chromium at room
temperature, which typically ranges from 20 °C to 30 °C (Almeida et al., 2019). This
temperature range is generally considered cost effective as there is no need for expensive
heating and cooling solutions. As the temperature increases up to 45 °C, the adsorption
reactions become generally endothermic (Tang et al., 2021). Recent studies by (Wang et al.,
2022) indicate maximum adsorption capacity is achieved at highest value of temperature,

which suggests that the reaction is endothermic.
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Emerging nanomaterials usually perform the process of adsorption within minutes and are
further modified to make the process faster. The adsorption capacity of chromium varies
significantly with changes in contact time. In general, the increasing time of adsorption
enhances the adsorption initially and as time passes it slows down until the equilibrium is
achieved. The sudden decline in the percentage removal is due to more availability of active
adsorption sites at the beginning of the experiment which keeps reducing with passing time.
Similar results are shown in the study conducted by (Jiang et al., 2017), demonstrating the
influence of contact time on the adsorption capacity of chromium at three different

concentration, 30, 50 and 70 mg/L, respectively.
2.10.4 Concentration Effect

The adsorption capacity of two-dimensional nanomaterials raises with an increase in initial
concentrations of the chromium solutions. Results can be confirmed from the multiple
researches (Harijan & Chandra., 2016; Tang et al., 2021) showing the similar trends for change
in adsorption capacity with increasing initial concentrations. Results have shown a decline in
‘percentage removal with an increase in concentration while the adsorption capacity raises by
increasing initial chromium concentrations. Another study completed by (Wang et al., 2022)
confirms that the adsorption capacity of Cr(VI) increases until the adsorption limit of the
adsorbent is achieved. The trend increases with change in initial concentration from 300 to 550

mg/L with decreased removal efficiency of hexavalent chromium.
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CHAPTER 3: METHODOLOGY

3.1 Chemical Reagents

Ternary carbide MAX powder (TizAIC2) was purchased from Dr. Asif Shahzad (Uppsala
University, Sweden). Hydrochloric acid (49%), Ammonium Fluoride, Polyvinyl Pyrrolidone
(PVP), Sodium Hydroxide, Potassium Dichromate, Syringe Filters, Acetone, Diphenyl
Carbazide (DPC), Orthophosphoric Acid, Thiourea, Ammonium Heptamolybdate, Acetic Acid
Tetrahydrate, Ethanol was purchased from Sigma Aldrich. All necessary chemicals were
utilized without any additional purification. For experiments and washing, deionized water was

used.
3.2 Synthesis of MoS:

For the preparation of MoS,, 5 mmol of ammonium heptamolybdate (NH4)sMo07024) was
dissolved in 25 mL of water at 25 °C. 0.15 g of polyvinyl pyrrolidone (PVP) K30 (C¢HoNO),
was added to the mixture at low temperature using an ice bath. The solution was further
sonicated for 60 minutes. After sonication, 10 mmol of thiourea (CH4N>S) was immersed in
the solution and continuously stirred for 30 minutes. A further 1.5 mL of acetic acid
(CH3COOH) was added to the solution before transferring the solution to autoclave. The
autoclave was kept in a 180 °C oven for a whole day. After the autoclave was cooled to room
temperature, methanol and water were used to filter the black particles multiple times. The

mixture was then dried for 24 hours at 80 °C.
3.3 Synthesis of MXene

MXene was synthesized by the process of etching. This process used ammonium fluoride
(NH4F) as an etching agent to produce MXene. At room temperature (298 K), 0.5 g of MAX
phase powder (Ti3AlC>) that had been sieved with 200 screen was slowly immersed in 100 ml
of 1 M NH4F. The mixture was then agitated for a whole day. After centrifuging the sedimented
solids for 15 minutes at 6000 rpm, the pollutants were entirely removed using deionized water,
and the dispersion's pH was stabilized at around 7. In order to create the synthesized Ti3C2Tx
MXene, the filtrate was dried for 24 hours at 60 °C in a vacuum oven and then stored for later

use.
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3.4 Preparation of Cr(VI) Stock Solution

Chromium stock solution was prepared using potassium dichromate (K2Cr20O7). Ina 1000 mL
volumetric flask, 2.83 g of K2Cr207 (99% purity) was dissolved into 1000 mL of deionized
water to freshly prepare 1000 mg/L Cr(VI) stock solution. After giving the mixture a good

shake, it was put to use in other experiments.
3.4.1 Preparation of Calibration Curve

For calibration curve, prepare Cr solutions of different known concentrations to get the
concentration of an unknown solution. The curve was prepared by using UV Vis

Spectrophotometer.
3.4.1.1 Reagents used
+ DPC(Diphenyl carbazide)
+ Acetone
+ Orthophosphoric acid
3.4.1.2 Preparation of chromophoric reagent
Dissolve 250 mg of DPC in 50 ml acetone in an airtight brown bottle.

3.4.1.3 Solution Preparation for analysis of hexavalent chromium wusing UV Vis

Spectrophotometer

Add 2 to 3 drops of orthophosphoric acid to the prepared solution. Leave the solution for 1 to
2 minutes and then add 2 ml of the above prepared chromophoric reagent into it. The color of
the solution will turn pink. Repeat the same procedure for Cr solution of 0.5, 1, 1.5, 2,2.5, 3
mg/L (Table 3.1). Then, check the absorbance of each solution through spectrophotometer and

get the required calibration curve.
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Table 3.1: Data for calibration curve

Concentration (mg/L) Absorbance
0.5 0.4225
1 0.8714
1.5 1.2663
2 1.6229
2.5 1.9797
3 2.3416

Calibration Curve
2.5
y = 0.7587x + 0.0897 L®
2 R2=0.998 o

S 15 -9

2 .

= .

2 !

=
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O 1
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Figure 3.1: Calibration Curve

3.5 Batch Adsorption Measurements

In the adsorption experiments for the removal of chromium, batch technique was applied. In a
typical procedure, 5 mg of MoS; and 10 mg of MXene was immersed in 10 mL of chromium
solution with concentration varying from 20 mg/L to 120 mg/L, respectively, and shaken at
120 rpm at 298K. After adsorption, solid residue was separated using 0.2 um syringe filters.
The supernatant was further used for measuring adsorbent’s removal efficiency. Cr(VI)
concentration was measured using the standard curve shown in (Figure 3.1) using UV vis
spectrophotometer by diphenyl carbazide method at a wavelength of 540 nm (Jin et al., 2020).
After adsorption, adsorbents were washed with deionized water and desorption reagent (0.1 M
NaOH) for recycling experiments. To check the effect of pH, pH tests were conducted by
adjusting pH from 2 to 8 using 0.1 M HCI and 0.1 M NaOH solutions. Kinetics studies were
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conducted at a fixed concentration of 30 mg/L at 298K for designated time. Also, the ionic
strength of different cations and anions was applied to study the effect of competitive ions on
Cr(VI) removal. All the kinetics and isotherm studies were conducted at 3 different
temperatures (25 °C, 35 °C, 45°C) for thermodynamic studies. At last, the removal efficiency
and adsorption capacities were measured for chromium by MoS> and MXene, respectively,

using the following equations.
3.5.1 Adsorption Capacity

Qe = (Co — Cc) X V/m (3.1
3.5.2 Removal Percentage

R = (C, — C,)/Cyx 100% (3.2)

where C, is the pollutant’s (CrVI) initial concentration, Ce is the final concentration, V is the

working volume and m is the mass of adsorbent used in the experiment.
3.6 Material Characterization of MoS:2 and MXene

The morphology of the synthesized adsorbents was analyzed by Scanning Electron Microscopy
(SEM) (JSM6940LA Analytical Low Vacuum SEM). The functional groups on the adsorbents
were characterized through Fourier-transform infrared (FTIR) spectroscopy (PerkinEimer
Spectrum 100 FTIR Spectrophotometer) in the range of 400 to 4000 cm™'. The crystalline
nature of the adsorbents was studied through acquiring their powder X-ray diffractograms
using an X-ray diffraction (XRD) spectrometer (BRUKER 2D Phaser) in the 20 range from 0°
to 80° The specific surface area, pore volume, and pore size distribution of the samples
(degassed at 180°C for 24 hours) were determined by the Brunauer—-Emmett—Teller (BET)
method using a surface area analyzer (Gemini VII 2390t, Micromeritics). The zeta potential
measurements were conducted using a zeta potential analyzer (Wallis Zeta Potential Analyzer,

Cordouan Technologies.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Material Characteristics of the Synthesized Adsorbents
4.1.1 XRD Analysis

XRD analysis of MXene and MoS; was performed to assess the crystalline structures and
interlayer spacing of the particles. An intense peak of TizAlC, appears at 20 = 39°
corresponding to (104) in Ti3AlC,. Other peaks of Ti3AlC; are shown at 9.33°, 19.25°, 33.82°,
41.61° corresponding to (002), (004), (003) and (105) respectively. As the MXene was etched
by NH4F, the peak at (104) disappeared and a new peak is seen at 27.3" corresponding to (008)
diffraction. An undefined peak of TiC impurity was seen at 38" as shown in Figure 4.1A. XRD
results of MXene are consistent with standard pattern (JCPDS no: 52-0875). Moreover, after
etching, the peak of MXene is moved towards the smaller angle and gets broaden which
confirms the enlarged interlayer spacing in MXene (Kong et al., 2021). From the XRD results,
it can be concluded that etching of Ti3AlC; with NH4F resulted in the weakening of Ti-Al metal
bond and removed the Al element from MAX phase (Jamaluddin et al., 2022).

JCPDS No MXene: 52-0875 JCPDS No MoS,: 37-1492

=z

=

(002)

Intensity (a.u.)
Intensity (a.u.)

0O 20 40 60 80 0 20 40 60 80
2 thetha (degree) 2 thetha (degree)

Figure 4.1: XRD analysis of (A) MXene and (B) MoS,.

XRD peaks of MoS: at diffraction angles of 14.2°, 33.4°,39.6°,49.36°, and 58.86° respectively
correspond to (002), (100), (103), (105), and (110) signature peaks of MoS, Figure 4.2B.
Pattern of MoS: are in good agreement to the standard XRD pattern (JCPDS no: 37-1492).
Peak of (002) shows the formation of multiple layers along (002) direction . The formation of
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peak at 14.2" is formed due to the scattering of Mo-Mo atomic layers in the MoS: interlayer
whereas other peaks at 33.4°, 39.6°, 49.36°, and 58.86" are formed due to interlayer interactions
(Xiang et al., 2021). The XRD results confirm the successful synthesis of crystalline MXene
and MoS; as reported in the literature.

4.1.2 SEM Analysis

Figure 4.2: SEM images of (A-B) MXene and (C-D) MoS: at different magnifications.

Morphologies of MoS; and MXene were analyzed by Scanning Electron Microscope. SEM
analysis of the MXene showed thin layered surface arrangement Figure 4.2A representing
lamella like structure Figure 4.2B. The accordion-like structures of the synthesized MXene
represent the splitting of layers as compared to TizAlC; which exhibits a brick like structure
with compacted layers connected with strong metallic bonds of Titanium and Aluminium
(Kong et al., 2021). Figure 4.2C and 4.2D show the flower-like structure of MoS; at a scale of

2 um and 1 pm, respectively. The interconnected spherical MoS: particles indicate a porous
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material structure. This porosity of clustered nanoparticles is often associated with better
adsorption performance of Cr(VI) (Sun et al., 2018). The results reported in this research for
both the nano materials are mostly similar to those reported in the literature (Kong et al., 2021;

Sun et al., 2018).

4.1.3 EDS Analysis

Element | Weight% | Atomic
%
9.8K C K 208 386
MK 21 4.0
7.0K oK 1.6 169
F K 29 54
4.9K TK 626 351
’ Total 100 100
14K
'-‘ -
1.3 2.6 3.9 5.2 6.5 7.8 9.1
Energy(keV)
21.6K B]
Element | Weight% | Atomic
%
16.8K CK 28 309
0 K 26 10.7
12.0K s K 36.2 arz
Mo L 58.4 2.2
T.2K Total 100 100
24K

0.67 1.34 201 268 3.35 4,02 469 536 6.03
Energy(keV)

Figure 4.3: EDS analysis of (A) MXene and (B) MoS..

EDS analysis of MXene shows that Al is decreased Significantly after etching with NH4F and
the layers are spaced apart. The removal of Al verifies the formation of MXene and presence
of surface terminations of functional groups such as O, and fluorine groups (Figure 4.3A). In
the case of MoS» (Figure 4.3B), it can be seen that the sample majorly comprises of Mo and S.
The elemental composition determined from EDS for MoS; constitutes S (58.4%), O (2.6%),C
(2.8%), and S (36.2%), while for MXene, it includes Ti (62.6%), C (20.8%), O (11.6%), and F
(2.9%).
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4.1.4 FTIR and BET Analysis

FTIR is a characterization technique to characterize surface structure and associated functional
groups of any sample. Figure 4.4A shows the FTIR spectrum of MXene before adsorption in
which a clear peak of OH" group appears at 3435 cm™' confirming the formation of hydroxyl
functional groups on the surface of synthesized MXene. Other typical peaks of MXenes
appeared at 1637 cm™, 1289 cm™!, 868.76 cm™!, and 544 cm™ representing H-OH, C-H, C=O0,
and Ti-O respectively. After the adsorption of Cr(VI), the intensities of functional groups on
the surface of MXenes were weakened. The intensity of -OH group decreased, and the peak
shifted from 3435 cm™! to 3444 cm™! which shows the interaction of OH group and Cr during
adsorption (He et al., 2020). The broadband at 1628 cm™ is attributed to H-OH stretching
vibrations of MXenes (Karthikeyan et al., 2021). Similarly, the shifts in other peaks with
reduced intensity after the adsorption confirms further that Cr(VI) is successfully adsorbed on

the surface of MXenes. Unlike MXenes, the spectrum of MoS; before adsorption (Figure 4.4B)
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Figure 4.4: FTIR analysis of (A) MXene and (B) MoS, before and after Cr(VI) adsorption.

showed a peak at 596 which corresponds with Mo-S stretching vibrations (Chen et al., 2022).
Peaks at 1055 cm™ and 1215 cm™! were associated with C-N-H stretching vibrations (Xiang et
al., 2021) which merged and shifted to 1047 cm™ after adsorption. Peak at 1645 cm™ shows
the bending vibrations of hydroxyl group (-OH) (Xiang et al., 2021). Peak at 3474 cm™! before
adsorption is attributed to stretching vibrations of hydroxyl group which shifted to 3419 cm™!
with reduced intensity after adsorption (Wang et al., 2018). The shifts occurring in the FTIR

spectrum of MoS; after adsorption indicate that chemical interactions occur between the MoS»
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adsorbent and Cr(VI) (Cai et al., 2020). The BET analysis showed that the surface area of
MXene and MoS> was 5.35 and 4.68 m?*/g, respectively.

4.2 Effect of Operational Parameters on Adsorption of Cr(VI) onto MXene and MoS:2

Many batch experiments were performed to check the influence of different parameters on the

adsorption of chromium onto MXene nanosheets and pure MoS».
4.2.1 Effect of Solution pH on Adsorption

The pH of solution is a very essential parameter in determining the speciation of chromium in
water as it controls the ionic forms and valence states of heavy metals. The effect of pH ranging
from pH (2 to 8) on both MXene and MoS; is shown in Figure 4.5A and 4.5B respectively. It
can be seen that the maximum removal of MXene and MoS; is shown at pH 2 whereas the
increase in pH of solution decreases the adsorption capacity which confirms that the pH greatly
influences the removal capacity of adsorbent. Similarly, for MoS,, the removal of Cr(VI) shows
strong dependency on pH as maximum removal of Cr(VI) is found at pH 2 after 90 minutes.
When the pH of solution was increased to pH 8, the adsorption capacity is reduced to 26.98

mg/g. Chromium dissociates into different oxyanions in water.

H,Cr0, = HCrO; + H* (4.1)
Cr,02~ 4+ H,0 = 2HCrO; (4.2)
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Figure 4.5: Effect of pH on adsorption capacity (A) MXene (Co= 30 mg/L, T =298 K, Time =9 h,
Dosage =1 g/L) and (B) MoS,(Co,=30 mg/L, T=298 K, Time = 1.5 h, Dosage = 0.5 g/L).
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The existence of different ions for Cr(VI) is regulated by pH. Within the pH range of 2-6, the
dominant species of chromium are Cr,07>" and HCrO4 and at pH > 6, CrO4> species become
dominant in water (Wang et al., 2018). HoCrO4 dominates at pH < 1 (Feng et al., 2021). The
zeta potential values are also maximum at pH 2 for both MXene and MoS; which indicates the
higher percentage of HCrO4 over Cro07%* at lower pH value (Zeng et al., 2021). The change in
zeta potential values of MXene and MoS; at different pH values is shown in Figure 4.6.
MXenes show good chromium removal in acidic pH due to the protonation of the surface of
MXene nanosheets (Karthikeyan et al., 2021). In the case of MoS,, the addition of PVP during
synthesis process induces positive charge on its surface (Baig et al., 2020). This makes it highly
protonated due to the strong electrostatic force of attraction between adsorbate and adsorbent
in aqueous media. Acidic pH is more favorable in the removal of chromium (Wang et al., 2020).
Based on these results, pH 2 was taken as the optimum pH for both adsorbents which was

further applied in the following studies.
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Figure 4.6: Zeta Potential measurements of MXene and MoS;.
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4.2.2 Effect of Adsorbent’s Dosage on Adsorption

At MXene (Figure 4.7A) and MoS, (Figure 4.7B), the impact of adsorbent dosage was
examined using dosages of materials ranging from 0.1 to 2 g/L and 0.1 to 0.7 g/L, respectively,
while maintaining concentration of Cr(VI) at 30 mg/L, solution temperatures of 298 K for both
MXene and MoS: and pH = 2. In the case of MXene (Figure 4.7A), the adsorption capacity
decreased sharply from 53.86 mg/g to 19.86 mg/g with an increase of dosage from 0.1 g/L to
1.2 g/L. The adsorption rate was maximum with further increase in dosage up to 2 g/L
indicating almost complete removal of Cr(VI). Similarly, for MoS», the adsorption capacity of
chromium was decreased from 71.14 mg/g to 42.75 mg/g with adsorbent dosage varying from
0.05 g/L to 0.6 g/L which was further decreased to 40.77 mg/g at 0.7 g/L MoS>. The optimum
dosage value chosen for MXene and MoS: was 1 g/L and 0.5 g/L, respectively, for further

experimentation.
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Figure 4.7: Dosage effect on removal percentage and adsorption capacity.(A), (B) MXene (Co,= 30
mg/L, T =298 K, Time =9 h, pH = 2) and (C), (D) M0S,(Co=30 mg/L, T=298 K, Time = 1.5 h,
pH=2)

4.2.3 Effect of Contact Time on Adsorption

This study aims to analyze the effect of time on the adsorption of MXene and MoS: and the
results are shown in Figure 4.8A and 4.8B respectively. Adsorption of Cr(VI) was performed
at MXene dosage of 1 g/L and MoS: dosage of 0.5 g/L, an initial chromium concentration of
30 mg/L, temperature of 298 K, 308 K and 318 K, and pH value of 2. Q. achieved after 9 hours
was 24.34 mg/g for MXene and Q. achieved for MoS,; was 47.10 mg/g after 90 minutes.

Chromium removal was faster by MoS; as compared to MXene. The enhanced chromium
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adsorption of MoS2 is due to the unique structural arrangement of MoS> with enlarged interlayer
spacing. The defects in the structure acted as permeable channels in the diffusion of ions in the
bulk of MoS,. Moreover, the average pore diameter of MoS» is larger than MXene which
provides more active sites for the adsorption of Cr(VI). Upon saturation of MXene and MoS»,

the uptake of Cr(VI) decreases and finally equilibrium is achieved.

4.3 Kinetics of Cr(VI) Adsorption onto MXene and MoS:2
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Figure 4.8: Effect of time on Cr(VI) adsorption and nonlinear kinetics of different models (PFO,
PSO, Elovich) for Cr(VI) adsorption (A) MXene and (B) MoS,.

Reaction time determines the efficiency of the absorbent in its practical application. Therefore,
two dimensional nanomaterials MXene and MoS> were selected to check their performance for
Cr(VI) removal. Compared to MoS., longer time was taken by MXene to achieve adsorption
equilibrium with lower adsorption capacity. In order to research both material’s adsorption rate
and their role in potential rate limiting steps, linear and nonlinear kinetics of different models
were applied on both materials. The following equations were used to compute the kinetics
curves for Cr(VI) adsorption at three different temperature values on MXene and MoS: for the

pseudo first order, pseudo second order, Elovich model and Intraparticle Diffusion Model.
4.3.1 Pseudo-First Order
Q: =Q, (1 —exp(—=kqit)) .oviiviiiiinn.n. Linear (4.4)

log(Q. — Q;) = (log(Q,) — k.t /2.303) ............ Non-Linear 4.5)
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where ki denotes pseudo first order rate constant, Q; represents the adsorption capacity (mg/g)
at equilibrium and Q; represents the adsorption capacity at time t, (min) for MoS; and (hour)

for MXene.
4.3.2 Pseudo-Second Order
Qr = Q2kit [/ Qukat +1 .o Linear (4.6)
t/Qr = (1/kyQ%2+4 t/Qp)ccvevviiniiiiinn.., Non-linear 4.7)

Where k> denotes pseudo second order rate constant, Q represents the adsorption capacity
(mg/g) at equilibrium and Q; represents the adsorption capacity at time t, (min) for MoS; and

(hour) for MXene.
4.3.3 Elovich Model
Qe = 1/ (14 L) i Linear (4.8)

Qr = PIn(t) + fIn(@) «vvvenveiiiiiiii, Non-Linear (4.9)

where Qq is the adsorption capacity of Cr(V1) at time t, (min) for MoS> and (hour) for MXene.
« is for the primary rate of adsorption. £ represents desorption parameter and is used to

characterize the activation energy and degree of chemisorption.
4.3.4 Intraparticle Diffusion
Q = Ky, t'/? + C (4.10)

The nonlinear kinetics curves are shown in figure 4.8A and Figure 4.8B whereas the fitting
curves for linear kinetics are shown in Figure 4.9 and Figure 4.10 for MXene and MoS»
respectively. All the chi square values and kinetic parameters of MXene and MoS; adsorbents

are shown in Table 4.1 and Table 4.2.
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Figure 4.9: Linear kinetics of different models (A) PFO, (B) PSO, (C) Elovich, (D) Intraparticle
Diffusion for Cr(VI) adsorption by MXene at T =298 K, 308 K, 318 K.

From the tables, it can be clearly observed that the linearized and non-linearized pseudo second
order shows higher values of correlation coefficients of R? for MXene and MoS», respectively
than pseudo first order and Elovich model. The pseudo-second order Q. values that are
computed also fit well with the experimentally determined Q. values. Additionally, Qe
calculated by the non-linearized equation is well suited to Qe exp than linearized equation which
suggests that experimental data is more coherent to non- linearized pseudo second order kinetic
model then linearized one. Additionally, the pseudo second order model's computed values of
X2 are lower than those of the pseudo first order model, confirming the suitability of the pseudo
second order model for the adsorption kinetics process and suggesting that chemisorption for

both MXene and MoS: is a part of the adsorption process.
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Figure 4.10: Linear kinetics of different models (A) PFO, (B) PSO, (C) Elovich, (D) Intraparticle
Diffusion for Cr(VI) adsorption by MoS; at T=298 K, 308 K, 318 K.

Table 4.1: PFO and PSO kinetics parameters for Cr(VI) adsorption by MXene and MoS;

Kinetic Adsorbent
Model MXene MoS:

Temperature (K) Temperature (K)

2908 308 318 298 308 318
Pseudo-first order
(Qe)exp 2993542 2996441 29.98155  59.00092 59.98946  59.99501
Linear
(Qe)cal 29.8865 20.1136 20.47542  49.89994  41.69299 49.6793
K 0.46966 0.42731 0.79213 0.02757 0.06355 0.31327
R? 0.98103 0.97456 0.95379 0.93195 0.95533 0.87667
Non-Linear
Best fit values
(Qe)cal 30.64025  28.92704  29.12255  60.73888 59.11846  59.40416
K 0.19352 0.3695 0.58034 0.01709 0.04633 0.18091
R? 0.98987 0.89601 0.7718 0.9598 0.88484 0.91768
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Kinetic Adsorbent
Model MXene MoS:

Temperature (K) Temperature (K)

298 308 318 298 308 318
X2 0.7477 4.5493 4.34572 9.24451 19.0286 3.90276
Std.error
(Qe)cal 0.98041 1.34465 1.29228 3.50836 2.1617 0.65795
K 0.01459 0.05434 0.10141 0.00214 0.00665 0.01562
Goodness of fit
Degrees of 6 6 6 9 9 9
freedom
Number of points
Analyzed 8 8 8 11 11 11
Pseudo-second order
Linear
(Qe)cal 42.28157  34.8594 32.8795 74.54213 65.85134  60.78934
K> 0.00369 0.01196 0.0246 0.000256  0.00112 0.01055
R? 0.98653 0.9927 0.9966 0.95058 0.99419 0.99964
Non-Linear
Best fit values
(Qe)cal 41.62159  34.20287 32.5032 80.18667  67.32323  62.66437
K> 0.00392 0.01285 0.02636 0.000193 0.000965  0.00512
R? 0.9917 0.96107 0.90402 0.96862 0.92688 0.95976
X? 0.6126 1.64606 2.5373 7.21515 12.08289  1.90758
Std. error
(Qe)cal 1.81717 1.43039 1.30848 5.77509 2.8111 0.6285
K> 0.00018 0.00232 0.00587 0.00004 0.00020 0.0005
Goodness of fit
Degreesof 6 6 6 9 9 9
freedom
Number of points
Analyzed 8 8 8 11 11 11

Units: Ki: 1/h; Ko: g/mg/h (Qe)exp, (Qe)cal: mg/g, (MXene)

Units: Ki: 1/m; K2: g/mg/m (MoSz) ,(Qe)exp, (Qe)cal: mg/g,(MoS>)
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Table 4.2: Elovich model kinetic parameters for Cr(VI) adsorption by MXene and MoS»

Kinetic Adsorbent
Model MXene MoS:2

Temperature (K) Temperature (K)

298 308 318 298 308 318
Elovich model
Linear
A 0.10899 0.14578 0.17933 0.07036 0.08218 0.171
B 40.11051  78.80637  93.56995  265.2249  25.96045 201.58136
R? 0.98519 0.97345 0.92278 0.90519 0.92549 0.72342
Non-Linear
Best fit values
A 8.15968 29.13768  112.37741  1.64315 12.04337  2127.60783
B 0.0784 0.13308 0.18316 0.04368 0.07814 0.17105
R? 0.98764 0.98726 0.93686 0.97338 0.92697 0.72336
X2 0.91258 0.5385 1.66924 6.12093 12.06753  13.11528
Std.error
A 0.85372 3.73571 4427588  0.22049 3.98903 3601.12547
B 1 0.006909 ]0.0073  ]0.01927 | 0.00472 | 0.0084 | 0.03305

Units: MXene: a =gmg' h'!, = g/mg
Units: MoSz: a :gmg' m!, = g/mg

Additionally, pseudo first order, pseudo second order and Elovich model do not explain the
diffusion mechanism of Cr(VI) removal. As a result, Weber and Morris' inter particle diffusion
model was applied at 298 K, 308 K, and 318 K to study the diffusion process and rate-limiting
steps of the adsorption process on MXene and MoS; as shown in Figure 4.9D and Figure 4.10D,
respectively. Qtis the Cr(VI) adsorbed quantity at time t (mg/g), kip stands for the rate constant
of the model, (g/mg/time), t is for the contact time which is (min) for MoS: and (hour) for
MXene and C denotes the intercept written as (mg/g). Different intraparticle diffusion rate
constants such as ki, and C were calculated at three temperature values using slope and intercept
values of the graphs and the results are shown in Table 4.3. Based on the data, it can be inferred
that the boundary layer's influence on the surfaces of MXene and MoS; is what caused the first
adsorption. Adsorption is redirected towards porous diffusion on the interior structures of
MXene and MoS:; as the active sites on their surface decrease. At the end stages of adsorption
curve, adsorption reaches equilibrium as shown in Figure 4.9D and Figure 4.10D for MXene
and MoS», respectively. As a result, the adsorption process involves two different types of

diffusion mechanisms i.e. adsorption on surface and internal diffusion.
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Table 4.3: Intraparticle diffusion model kinetic parameters for Cr(VI) adsorption by MXene and

MoS:.

Kinetic Adsorbent
Model MXene MoS:

Temperature (K) Temperature (K)

298 308 318 298 308 318
Intraparticle diffusion model
Linear
A 0.10899 0.14578 0.17933 0.07036 0.08218 0.171
Kaitr 8.36098 6.3407 4.97166 4.64345 3.639 1.50704
C 1.23946 7.35222 13.86036  0.85133 21.36579  45.53085
R? 0.96873 0.96689 0.84499 0.97276 0.81524 0.44264
Non-Linear
Best fit values
Kair 7.9097 6.31923 4.80513 4.64345 3.639 1.50704
C 1E-14 7.4111 13.65879  0.85133 21.36579  45.53085
R? 0.96489 0.96559 0.88046 0.97276 0.81524 0.44264
X2 2.5918 1.45499 3.16013 6.26365 30.52888  26.4237
Std. error
Kaitr 0.22325 0.44974 0.6628 0.24538 0.54172 0.50398
C |0 | 1.14662 | 1.68982 | 1.99208 | 4.39793 | 4.09157

4.4 Effect of Cr (VI) Concentration on Adsorption

A comparative study for optimizing the optimal conditions for the removal of Cr(VI) was
conducted for both MXene and MoS:z. To check the effect of concentration of pollutant on the
adsorption capacities of both adsorbents, seven Cr(VI) concentrations ranging from 20 mg/L
to 120 mg/L were used and the results are shown in Figure 4.11A of MXene and Figure 4.11B
of MoSz. As seen in the figures, adsorption capacity of MXene and MoS> enhanced with
increase of Cr(VI) concentration and rapid increase in the adsorption capacities at early stages
may be attributed to excess of unoccupied adsorption sites on the surface of adsorbents at lower
concentrations. But with increasing concentration of Cr(VI), the number of adsorption sites on
the surface of adsorbent declined and behaved as limiting step for the Cr(VI) adsorption
(Shahzad et al., 2017; Harijan & Chandra., 2016).

4.5 Adsorption Isotherm Study

To study the interaction of adsorbate on the surface of adsorbent, isotherm models are studied.

In this study, adsorption isotherm was fitted using Langmuir, Freundlich and Tempkin
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isotherms models at three different temperatures 298 K, 308 K and 318 K as shown in Figure
4.11A and 4.11B. Experimental data was simulated using Langmuir, Freundlich and Tempkin
isotherms to better understand the adsorption process and determine the highest adsorption
capacities. The linearized and non-linearized equations of all the three models applied are as

follows.

Langmuir Isotherm Model describes that maximum adsorption is due to monosaturated layer
of adsorbate on the surface of adsorbent. The energy of adsorption remains constant, and less
transmigration of adsorbate is involved. The active sites possess the same energy, and the
intermolecular forces are weakened as the distance increases from the adsorption surface (Jun

et al., 2020).

Equations of Langmuir model are as follows.

Q. = Qm* K, xC) J(A+K, xC,)  oiiiiinn.nn. (Non-Linear) (4.11)
where Qm is the maximum adsorption capacity (mg/g)

K1 is the Langmuir constant (L/mg)

Co/Qo =Co/Qm +1/(Qm*Ky) v, (Linear) (4.12)

Qmis determined by the slope and Ky is measured from the interaction of fitted line on abscissa

(Ce) and ordinate(Ce/ Qe).

Langmuir isotherm (Rp) is also known as balance parameter or separation factor as it is a

dimensionless constant having formula as follows.
R, =1/(1+ K, *C) (4.13)
where Ry is dimensionless constant, C; is the initial concentration of Cr (VI) pollutant.

Ry also indicated the type of adsorption. RL= 1 represents linear adsorption, R > 1 represents
unfavorable adsorption, RL = 0 represents irreversible adsorption, and 0 < Rp <1 represents

favorable adsorption (Bazaine et al., 2022).

Freundlich isotherm model is related to the heterogenous surface of the adsorbent and describes

the exponential behavior of the active sites and their binding energies (Fard et al., 2017).
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Equations of Freundlich model are as follows.
Qe = Kr + CF (Non-Linear) (4.14)

Kr is the Freundlich constant (mg/g), and n represents Freundlich exponent related to the
intensity of adsorption. n is dimensionless. Linearized equation of the Freundlich model is as

follows
logQ, = (1/n)logC, + log Kp .ovvvvvvviiiiiiinin.. (Linear) (4.15)

n is determined by the slope and Kr is determined from intercept of fitted graphical line on

abscissa (InCe) and ordinate (InQ.).

The value of 1/n range from 0 to 1 and depicts the degree of non-linearity between adsorption
and concentration of solution. Value of (1/n) = 1 shows linear adsorption. Lower values of n
corresponds to the presence of abundant high energy active sites whereas higher values of n

shows that the surface is a bit uniform in structure (Bazaine et al., 2022).

Tempkin isotherm model describes the interactions between the adsorbate and species.

Equations of Tempkin model are as follows.
Qo= (RT /D) In(Kyr * C.) e, (Non-Linear) (4.16)
where.
(RT/b) =B (4.17)

b represents Tempkin constant. K is for Bound Equilibrium constant (L/g) and B is referred

as heat of adsorption with units J/mol. Linearized equation of the Tempkin model is as follows
Qe = BInCo+ BINKp oonvviiiii i (Linear) (4.18)

B and Kr can be determined from slope and intersections of lines fitted by plotting Q. on the

ordinate and In C. on the abscissa (Bazaine et al., 2022).
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Figure 4.11: Fit of data to nonlinear isotherms of Langmuir, Freundlich and Tempkin Model (A)
MXene and (B) MoS;at T=298 K, 308 K, 318 K).

The fitting plots of linear Langmuir, Freundlich and Tempkin models for the removal of

hexavalent chromium are shown in Figure 4.12, Figure 4.13, and Figure 4.14 for MXene and

Figure 4.15, Figure 4.16, and Figure 4.17 for MoS; at T = 298K, 308K and 318K respectively.

Also, isotherm parameters and chi square values calculated from the experimental data are

shown in Table 4.4.

Table 4.4: Langmuir Freundlich and Tempkin Parameters for Cr(VI) sorption on two dimensional
MXene and Molybdenum Disulphide.

Isotherm Adsorbent
Model MXene MoS:2
T(K) T(K)
298 308 318 298 308 318
Langmuir model
Linear
Qnm 61.88453 68.086 74.43299 117.73593 131.32983 146.28767
b (Kv) 0.20058 0.2255 0.63115 0.26277 0.4963 1.37287
Ry 0.1425 0.12879 0.05016 0.11257 0.06294 0.0237
R? 0.98924 0.98405 0.9849 0.99427 0.99723 0.9996
Non-Linear
Best fit values
Qnm 58.08086 63.22466 65.21087 111.53312 126.60033 142.83439
b (K) 0.26746 0.31041 2.6571 0.37356 0.63843 1.6353
R? 0.91895 0.87804 0.72407 0.94865 0.94944 0.92575
X? 18.25742 36.49205 117.409 41.52163 61.10199 135.58129
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Isotherm Adsorbent
Model MXene MoS:
T(K) T(K)
298 308 318 298 308 318
Std error
Qm 3.21786 4.5338 5.79248 4.2893 5.01873 7.1602
b(K) 0.06757 0.10378 1.5181 0.06662 0.1235 0.41746
Goodness of fit
Degrees of 5 5 5 5 5 5
freedom
Number of points
Analyzed 7 7 7 7 7 7
Freundlich model
Linear
Kr 19.30478 22.04332 39.29928 41.2009 53.88313 73.44234
I/n 0.27815 0.27364 0.1671 0.25727 0.23827 0.21209
R? 0.99299 0.99652 0.99137 0.91072 0.92617 0.88509
Non-linear
Best fit values
Kr 19.91323 22.15969 37.99446 44.27104 58.3098 79.38933
n 3.73631 3.67775 5.83374 4.28897 4.80817 5.73324
R? 0.9939 0.99435 0.98586 0.94188 0.927 0.86545
X? 1.37408 1.69071 6.01526 46.99017 88.21097 245.6789
Std. error
Kr 0.68563 0.74259 1.25387 4.03228 5.11221 7.49695
n 0.1421 0.13788 0.36524 0.4995 0.64126 1.0602
Goodness of fit
Degrees of 5 5 5 5 5 5
freedom
Number of points
Analyzed 7 7 7 7 7 7
Tempkin model
Linear
Bt 9.98992 10.45347 6.96347 18.46316 18.75173 18.3871
Kr 5.16216 7.16854 452.61265 7.4782 19.75939 85.7793
R? 0.98693 0.96611 0.9086 0.96716 0.96725 0.9288
Nonlinear
Bt 9.98992 10.45347 6.96347 18.46316 18.75173 18.3871
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Isotherm Adsorbent

Model MXene MoS:2
T(K) T(K)
298 308 318 298 308 318
Kt 5.16216 7.16854 452.61265 7.4782 19.75939 85.7793
R? 0.98693 0.96611 0.94086 0.96716 0.96725 0.9288

Units: Qm: mg/g, b: L/mg, K¢: mg/g

From table 4.4 it can be concluded that for Cr(VI) adsorption at MXene nanosheets, Freundlich
linear and nonlinear isotherms had higher R? values as compared to linear and nonlinear
Langmuir and Tempkin isotherm models. In addition to that, X* values of Freundlich isotherm
model are lower than Langmuir isotherm model. In the case of MoS;, linear and nonlinear
Langmuir isotherm model had higher R? values as compared to linear and nonlinear Freundlich
and Tempkin isotherm model. Moreover, X values of Langmuir isotherm model are lower than
Freundlich isotherm model. Higher values of R? and lower values of X? for isotherm models
suggest the best fitting of Freundlich and Langmuir isotherm models on MXene and MoS;
respectively. The maximum adsorption capacities achieved in case of both adsorbents were
close to experimental values at different temperatures of 298 K, 308 K and 318 K. The fitting
of Freundlich model in case of MXene suggests that process of Cr(VI) adsorption at MXene
nanosheets was heterogenous adsorption and the highest adsorption capacities achieved at 298
K, 308 K and 318 K were 59.805 mg/g, 66.329 mg/g, and 75.582 mg/g respectively whereas
for MoS: the best fitting of Langmuir model was observed which means that the process of
Cr(VI) adsorption at MoS, was homogenous adsorption and the highest adsorption capacities
achieved at 298 K, 308 K and 318 K were 113.71 mg/g, 129.68 mg/g, and 144.97 mg/g
respectively. The increase in Krvalues with increasing temperature signifies that the adsorption
capabilities improve with the rise in temperature (Xiang et al., 2021). Also, the values of other
coefficients in the table such asb>0and 1/n (0 <1/n> 1) depict the rapid capture of chromium
ions on MXene and MoS». Ry values were also calculated to check the influence of temperature
on Cr(VI) adsorption. All the Ry values are falling between 0 and 1 for both adsorbents which
shows that the adsorption was favorable at all the three temperatures. The data in Table 4.4
summarizes the overall performance of MXene and MoS; adsorbents for Cr(VI) removal. The
comparison in both materials highlights that MoS, shows good removal efficiencies for

chromium removal as compared to MXene.
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4.6 Thermodynamic Investigation

To study the thermodynamic properties of the Cr(VI) adsorption on MXene and MoS,,
comparative analysis was performed at different temperatures of 298 K, 308 K and 318 K, at
initial concentration of 30 mg/L and pH 2. It is worth mentioning that increase in temperature
(298K, 308K, 318K) increases the adsorption capacities of Cr(VI) for both MXene (26.82
mg/g, 27.64 mg/g, 29.74 mg/g) and MoS> (54.39 mg/g, 56.69 mg/g, 59.20 mg/g) shown in
Figure 4.18(A), 4.18(B). Similar adsorption patterns for Cr(VI) adsorption were shown by
(Xiang et al., 2021; Shahzad et al., 2017). Thermodynamic parameters, including entropy (AS),
enthalpy (AH) changes, and Gibbs free energy (AG), were calculated using the following

equations:

K, = ‘g— (4.19)
AG = — RTInK; (4.20)
InK, = (A4S /R)- (4H / RT) (4.21)

where K. stands for equilibrium gas constant, R represents the ideal gas constant equal to 8.314
J/mol/K, T stands for temperature in Kelvin, and Q. and C. are the adsorption capacity of
adsorbent and chromium concentration in the effluent respectively. AS and AH are determined
from intercept and slope of the graph plotted InKc vs 1/T (Figure 4.19A and 4.19C). The Cr(VI)
adsorption increases with an increase in temperature. All the AG (Figure 4.19B and 4.19D)
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Figure 4.18: Temperature vs Adsorption Capacity (A) MXene and (B) MoS,.
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values are negative which indicates the reaction of adsorption was feasible and spontaneous
(Xiang et al., 2021) and the decrease in AG with increasing temperature (Table 4.5) represents
the endothermic adsorption of Cr(VI). Greater positive values of AH (23.46911 kJ/mol for
MXene and 48.32241 kJ/mol for MoS») indicate that the process of adsorption on
nanomaterials is endothermic and is promoted at increasing temperature. Also, the positive
values of AS for MXene (0.06912 kJ/mol/K) and MoS; (0.17113 kJ/mol/K) represent high
degree of dislocations and disorder at Cr(VI) / MXene and Cr(VI) /MoS; interface, respectively
(Wang et al., 2018).
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0.4] 31
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Figure 4.19: Thermodynamic parameters plot for Cr(VI) adsorption by MXene (A), (B) and by
MoS; (C), (D).
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Table 4.5: Thermodynamics parameters for Cr(VI) adsorption by MXenes and MoS..

Adsorbent T(K) Thermodynamic Parameters
AG AH AS R’
(kJ/mol) (kJ/mol) (kJ/mol/K)
298 -1.29194
MXene 308 -1.98522 23.46911 0.06912 0.978
318 -2.95687
298 -2.82582
MoS; 308 -4.0661 48.32241 0.17113 0.9392
318 -6.26934

4.7 Effect of Coexisting Ions on Adsorption

Most of the inorganic ions are found in the drinking water (Ca®", Mg?", Na'*, POs*, HCOs>,
CI') and the natural water sources are contaminated due to rapid industrialization (Shahzad et
al., 2020). Coexisting anions compete with Cr(VI) ions for occupying the active sites and
decrease the removal percentage of Cr(VI). Therefore, to assess the efficiency of an adsorbent
for selective adsorption performance, the effect of coexisting ions on Cr(VI) removal at MXene
and MoS» were calculated, and the results are shown in Figure 4.20. Influence of three cations
(Ca', Mg**, Na") and three anions (POs*, HCO3%, CI) was studied on Cr(VI) removal using
MXene Figure 4.15A) and MoS: (Figure 4.15B) respectively. Influence of three cations (Ca**,
Mg?*, Na*) and three anions (PO4>", HCOs*, CI) was studied on Cr(VI) removal using MXene
(Figure 4.20A) and MoS: (Figure 4.20B) respectively. From the above results it can be
concluded that the positive ions had little competition with Cr(VI) ions as the adsorbents were
positively charged in the acidic media which favored electrostatic repulsion as compared to
anions which showed more competitiveness due to the negative charge which was attracted by
both adsorbents. In the case of MXenes, the competitiveness in the ability of anions for
adsorption is shown maximum for POs* then comes the CI" and the least effect of HCOs> is
seen with Cr(VI) adsorption. The greater effect by PO4> may be attributed to varying charge
distribution and hydrated radii (Xiang et al., 2021). On the other hand, MoS; exhibits varying

adsorption capacities with multiple ions coexisting with Cr(VI) ions in water. The effect of
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coexisting ions on Cr(VI) adsorption is not very significant in the presence of MoS,. The above

results ensure the better selectivity of MoS, over MXene.
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Figure 4.20: Effect of coexisting ions on Cr(VI) adsorption by (A) MXene (Dosage = 1 g/L, T =298
K, Time =9 h, pH = 2, C,=30 mg/L) and (B) MoS, (Dosage = 0.5 g/L., T =298 K, Time = 1.5 h, pH
=2,Co=30 mg/L).

4.8 Reusability of MXenes and MoS:2

In order to assess the practical application of adsorbents, it is significant to evaluate the
reusability and recyclability of the materials. Therefore, regeneration experiments were
conducted to check if the adsorbents can be reused for the Cr(VI) removal. For
experimentation, 1 g/l of MXene and 0.5 g/L of MoS: were taken in 100 ml Cr(VI) solution at
room temperature with chromium concentration 30 mg/L at pH 2. Further, the materials were
separated after adsorption and moved to 1 M NaOH solution. The MXene-Cr and MoS,-Cr
complex was agitated in 1 M NaOH solution for 8 hours to desorb the adsorbed Cr species
from the surface of adsorbents. MXene and MoS; were further washed with deionized water
several times to attain neutral pH for conducting the next cycle. The regenerated adsorbents

were dried overnight and used again for chromium adsorption.

Figure 4.21A and Figure 4.21B show the adsorption performance of MXene and MoS:
respectively, after each cycle. MXene showed a decrease in removal percentage up to 70% after

fifth cycle whereas the decrease in percentage removal reached 79% in case of MoS: after fifth
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Figure 4.21: Regeneration studies of MXenes and MoS for Cr(VI) adsorption.

cycle. The reduction in the removal efficiencies is attributed to the loss of adsorbent’s mass

and the number of active sites.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this study, comparison of two emerging two dimensional nanomaterials was made and MoS;
showed efficient adsorption capacities for Cr(VI) removal as compared to MXenes. MXenes
and MoS; were utilized in unmodified form to better compare both the materials in water
treatment applications. MoS, nanosheets performed well due to the addition of PVP in
synthesis process. Different characterization techniques such as SEM, XRD, FTIR and BET
confirmed the successful synthesis of MXene and MoS,. The effect of adsorption parameters
was also applied on both adsorbents to better understand the operating conditions and
performance operators. Both the adsorbents showed better performance as compared to the
conventional adsorbents, but this needs further modification to make the process efficient and
faster. The analysis of adsorption data reveals the best fit of Langmuir model for MoS> and
Freundlich model for MXene and the maximum adsorption capacities achieved for MXene and
MoS; were 59.805 mg/g and 113.71 mg/g at 298K respectively. Furthermore, the process of
adsorption was signified by the AG and AH values. The negative values of AG and positive
values of AH confirm that the ongoing adsorption of both composites was spontaneous and
endothermic in nature. The comparison study is a key index to highlight the properties of two-
dimensional materials in water treatment applications. MXenes are arduous to handle for
adsorption as they have less stability which retards its performance for heavy metal adsorption.
Moreover, the research can also be extended for comparison of other two-dimensional
adsorbents and the composites of two-dimensional nanomaterials. The study will pave a way
for the treatment of multiple cations and anions present in industrial wastewater. The synergetic
effect of both adsorbents will be a good approach to trap the negative ions of chromium. It can
be convinced that both MXene and MoS: are potential adsorbents for heavy metal adsorption
even in unmodified form and this potential can further be enhanced through multiple
approaches of modification. To the best of our knowledge, this is the first comparative study
conducted for Cr(VI) removal using MXene and MoS, without any surface modification. The
higher removal efficiencies over conventional adsorbents at different time intervals suggests
that MXene and MoS; can further be functionalized and manipulated with desired materials to

improve their performances in water and wastewater treatment applications.
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5.2 Recommendations

Conventional adsorbents are less efficient in the adsorption process. Different challenges are
still associated with emerging two-dimensional materials in terms of cost, their stability,
preparation procedure and laboratory synthesis. It is the dire need to develop synthesis methods
which require less cost and give more yield. Multiple two-dimensional materials have been
discovered till now with unique chemical and physical properties. MXenes were discovered in
2011 and a lot of research is being done in water treatment applications. Currently, the
application of MXenes is seen mostly in batch mode. Most of the experiments are run in the
laboratory on a very small scale. The potential of MXenes for practical applications on large
scale still needs to be considered especially in the water and wastewater treatment applications.
Functionalization of MXenes also improves their stability which is one of the serious
challenges associated to MXenes, so extended study is required to improve the stability of
MXenes and improvement in the antioxidant capacity of MXenes. Studies are conducted on
the treatment of a single pollutant in water treatment, but the real water treatment performed is
different from the ultrapure water treated in the laboratory. The fate of MXenes in the complex

water treatment needs to be studied to deal with environmental concerns.

MoS: nanoparticles are more favorable for the elimination of softer heavy metals over
conventional adsorbents and other nanomaterials. MoS; nanomaterials have been widely tested
and modified for multiple water treatment applications due to their extraordinary performance
in the removal of pollutant ions but their use in large scale application is still a major concern
mainly because of fast separation from the solution. MoS> nanoparticles can be made magnetic
through different techniques for easy separation from solution after treatment. Also, the
stability of these materials has remained a serious issue for the researchers. They easily get
oxidized in some solutions which also release certain harmful ions to the solution such as .
Mo0O4?*, SO4>". Efforts need to be made in future to make these nanomaterials cost effective

with simple and efficient process preparation methods.
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