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ABSTRACT

In recent years, metal chalcogenide photocatalysts with high performance for water treatment
and pollutant degradation under visible-light have attracted considerable interest in solving
energy and environmental issues. Metal chalcogenide semiconductors have found
applications in various fields of science as well such as solar cells, sensors, polarizers, and
thermoelectric cooling materials. In this thesis, we have synthesized tin sulfide (SnSj)
nanosheets, a metal chalcogenide with the crystalline structure Cdl, comprised of triple plane
layers of S-Sn-S by strong ion-covalent bonds coupled with weak Van der Waals forces,
using conventional hydrothermal method. The prepared catalyst was characterized by PXRD,
TEM, HRTEM, DRS, and BET which inferred they were nanometer in size with a bandgap

in the visible range.

The as-synthesized SnS, nanosheets were used for adsorption of organic dyes- RhB,
methylene blue, and methyl orange. It is observed that the catalyst has more adsorption
capacity for RhB than that of methylene blue. We also found the effect of different pH on
adsorption and it has been observed that the adsorption process is much more facilitated in
the basic medium in case of methylene blue; however, in the case of RhB, the adsorption
process is not regular at pH>10. The prepared SnS, catalyst has shown 90% adsorption of
methylene blue up to 5 cycles. Both the adsorption process followed pseudo-second-order
kinetics and Langmuir adsorption isotherm implying adsorption due to chemisorption and
monolayer adsorption. The prepared SnS; NSs did not show any adsorption of methyl orange
which indicates that the adsorbent has (-)ve surface charge and it capable of adsorbing

cationic dyes.

Photocatalytic reduction of Cr-(VI) is also carried out using the as-synthesized SnS,
nanosheets. It has been observed that the catalyst is capable of 95% removal of Cr-(V1) in 26
minutes in the presence of ammonium oxalate, a hole scavenger, in Xenon lamp. The

reaction follows pseudo-first-order kinetics with a rate constant of 0.1 min™.

This study suggests that as-prepared SnS, nanosheets can be considered as a promising

catalyst for wastewater purification and pollutant degradation.



1. INTRODUCTION

The discharge of industrial waste in water bodies poses an enormous danger to human health
and the environment. Pollution by wastewater effluents containing synthetic dyes has been a
potential hazard for our environment, and it disturbs the whole food web and thus affecting
all living beings. The dye industries comprise a small part of the overall chemical industries.
Dyes have been used extensively for many years for textile, paints, pigments, printing,
rubber, cosmetics, leather, and other applications® 2 ® %, Today, textile industries manufacture
at least 100,000 different types of dyes. To meet industrial demands, about 1.6 million tons
of dyes are produced annually, of which 10-15% goes off to watercourses as wastewater
during the different process of textile industries making dyes as one of the toxic pollutants.*
Dyes are chemical compounds that impart colors by attaching to fabrics. Getting rid of dyes
from textile and other industries is a significant challenge for the environment as they are
water-soluble and yield bright colors in water with acidic properties?. Many health problems
arise due to excessive exposure to dyes. The most common health hazard is respiratory
problems due to inhalation of dye particles which leads to respiratory sensitization with
symptoms such as itching, watery eyes, sneezing, coughing and wheezing. Some reactive,
disperse dyes are classified as skin sensitive such as formaldehyde-based resins, ammonia,
acetic acid, shrink-resist chemicals causing skin irritation, sore eyes and blocked nose®. A
vast amount of dye discharges in water bodies causes high chemical oxidation demand
resulting in foul odor thus hampering the aquatic life*. Therefore, it is essential to remove
dyes from wastewater effectively to ensure the safe discharge of liquid effluents in water

bodies.

There are several physicochemical and biological ways of treating wastewater. The physical
methods for dye removal are adsorption, ion exchange, and filtration/coagulation, etc. while
chemical processes include ozonization, Fenton’s reaction, photocatalytic reaction, and
biological processes include aerobic degradation, anaerobic degradation and biosorption etc.?
The selection of the technique of dye removal depends on the properties of the wastewater.
Each method has its limitation in terms of cost-effectiveness, feasibility, reliability, sludge
formation, the release of byproducts®. Below mentioned are some of the means of dye

removal with their constraints®.



e Chemical precipitation- Consumption of oxidants and formation of sludge, which
leads to disposal problems.

e Coagulation/Flocculation- Requires adjunction of re-usable chemicals like
coagulants, flocculants, and aid chemicals. It produces an increased volume of sludge
generation, which is difficult to handle.

e Froth Floatation- Not cost-effective as it needs enormous energy, investment, and
maintenance, and selectivity is pH-dependent.

e Chemical oxidation- Involves the usage of oxidants that are toxic and generates
sludge.

e lon exchange- It does not apply to all types of dyes. It is not a cost-effective
procedure.

e Membrane filtration- Limited flow rates. The choice of membranes depends upon the

application. It requires enormous investment and maintenance costs.

Adsorption is one of the practical and accessible methods for dye removal. Adsorption is a
surface phenomenon where the adsorbable solute, called the adsorbate, interacts with the
adsorbent molecule, with a highly porous surface, due to intermolecular attraction resulting
in the concentration molecule on the solid adsorbent surface?. Most of the industries demand
fast removal of contaminants efficiently for which research on nanomaterial adsorbent came
to exist. Nanomaterials are a significant candidate for adsorption due to their high surface
area, thus providing more active sites. They are easily synthesized and a small amount is
required for the effective removal of pollutants’. Some of the nanomaterial adsorbents known
to remove heavy metals are ZnO, CeO,, etc'. Dyes can be categorized into ionic and non-
ionic. Vat dyes and disperse dyes fall into non-ionic dyes, and cationic and anionic dyes fall

into the ionic dyes category®.

Activated carbon is an essential adsorbent for dyes removal® !, but it is quite expensive
because of its production coat. Carbon nanotubes and their composites are known to be
useful adsorbents'. Another carbonaceous material is nanodiamond that can adsorb dyes’.
The most common and popularly used semiconductor material is TiO,. Several synthetic
procedures are used to prepare TiO, of different morphologies like nano TiO,, TiO;

nanotubes’, etc. to increase their adsorbing performance. Magnetic nanomaterials are also



being used for adsorbents purpose to make the whole process more economical. Some of the
magnetic nanoparticles known are Fe;O, nanoparticles and ilmenite FeTiO3 nanoparticles
known for adsorption of Rhodamine B and methylene blue dyes*. While searching for cheap
and low-cost adsorbents, researchers have derived adsorbents from natural materials such as
spent coffee grounds®, peels of fruits like orange and banana’. Some other bio-adsorbents for
methylene blue are kaolinite®, neem leaf powder®, wheat shells®®, dehydrated peanut shells™*,
rice husks®, cereal chaff'? etc. However, the adsorption capacities of these bio-adsorbents are
less, and they cannot be applied on an industrial scale where a massive amount of dye has to
be adsorbed in a short time'. Graphene, graphene oxide'®, and their composites like
GOlcalcium alginates™, GNS-Fe;0, NPs™ proved to be promising candidates for adsorption

718 ‘and oxides' have also been designed

of dyes. Several natural zeolites™, metal sulfides
for this purpose. Some reported metal oxides and their composites are TiO,," ZnO NPs?,
FeO™, WO; NRs?, C030s NPs*, W1304 NWs?, magnetic AC/Ce0,,%® for adsorption of
organic dyes. SnS, and MoS, composites such as SnS,/rGO*, SnS,/MoS,," magnetic
Fe;04/MoS, *are also known for organic dye adsorption. Various morphologies of MoS;
have been prepared like nanosheets®®, sponges® for enhancing the adsorption activity. SnS,
is also a popular adsorbent and many micro and nanostructures have been synthesized for dye

removal and degradation in previous research articles® 2" 28 2.

Photocatalytic Cr (VI) reduction

Exposure to heavy metals is also a severe threat to human health. Many industrial activities
such as leather tanning, steel production, electroplating, textile industries, paints, and
pigments, fertilizing, photographic, etc. lead to Cr (VI) discharge® 3 % 3 Hexavalent
chromium (Cr (V1)) is known to be the second most inorganic pollutant after lead (Pb)**. Cr-
(V1) is considered toxic when its concentration is above 0.05mg/L* and causes damage and
irritation to human skin®. It has been categorized as a group | human carcinogen by the
International Agency for Research on Cancer, considering its toxicities®’. Cr (VI) is
carcinogenic due to its ability to generate reactive oxygen species in cells causing liver
damage, pulmonary congestion, severe vomiting and diarrhea® and it has high migration to
water thus contaminating ground and surface water®® *®. On the contrary, Cr (111) is a useful

nutrient for living beings®! **. Therefore, it is necessary to convert toxic Cr (V1) to useful Cr



(1) for the remediation of environmental pollution caused by Cr-(VI1)*. There are many
conventional processing techniques for this purpose such as ion exchange, chemical
precipitation, membrane filtration, biological, chemical and electrochemical reduction and
adsorption®”. All these methods are not cost-effective and show less removal of Cr-(V1).
There are certain limitations to these techniques such as the Cr (lll) released into the
environment that can again oxidize to Cr-(\V1) pollute the surface water and also use of high
energy or extensive use of reducing agents. To solve these problems, there are specific
techniques to be used which are labor-extensive®. Therefore, it is essential to design a
method that is effective, environmental-friendly and economical for the reduction of Cr (V1).
Semiconductor mediated photocatalytic Cr (V1) reduction is one of the efficient, sustainable,
clean and cost-effective techniques that are used nowadays. This process involves the direct
use of infinite sunlight, recyclability and there is no release of unwanted chemicals under

ambient conditions® %,

So far, there are many reports on photocatalysts for the reduction of Cr (VI1), TiO; being the
most common photocatalyst. TiO, and its different composites have been synthesized over
the years and have been utilized for Cr (VI) reduction. Generally, the problem of small
bandgap and recombination of photogenerated holes and electrons arise. The solution to this
problem lies in the coupling of a semiconductor with the catalyst, which adjusts the bandgap
to our required value and also enhances the activity. TiO, has also been coupled with SnS,*
Au® ZnO*, reduced graphene oxide®” and carbon which gave good activity. CdS is also a
popular photocatalyst used in photocatalytic reduction of Cr (VI). CuFe,04/CdS*, CdS/a-
Fe,O3 heterojunction nanocomposite®®, CdS/Sn0,*, ZnFe,04/CdS nanorods®® had been
known to be reported with highly efficient reduction of Cr (VI). Since CdS is toxic, therefore
alternatives are being designed as well. Metal-Organic Frameworks (MOF) had also been
utilized for this same purpose. MOFs, incorporated with —NH, groups, photocatalysts like
ZnO, metal sulfide compounds such as SnS*, novel nanoparticles like Pd nanoparticles® and
graphene oxide, showed better performance for Cr (V1) reduction®?. Quantum dots have also
been used for Cr (V1) reduction and its composites as well*. Some other photocatalysts
reported are CuS nanostructures*®, CoO nanoparticles*’, ZnWO, nanostructures*, Mg-doped
WO3*, In-doped compounds®, SnO,/SnS,** nanocomposite which have shown an efficient
reduction of Cr (VI).



Photocatalysis

Catalyst is a component that enhances the rate of the reaction without changing the total
Gibbs energy in the reaction and it is restored after every catalytic activity. It doesn’t
influence the thermodynamic equilibrium composition after the end of the reaction.
Photocatalysis is the action happening when light interacts with the semiconductor material
called the photocatalyst and leads to the chemical transformation of the reactant participants.
During this process, light falls on the semiconductor photocatalyst leading to holes and
electrons formation in the valence band and conduction band, respectively. Oxidation from
photogenerated holes and reduction from photogenerated electrons happen simultaneously
due to redox reactions. Water is converted to strong oxidizing OH- radicals in the hole,
whereas electrons react with adsorbed molecular oxygen yielding superoxide radicals. Figure
1.1 gives a general outline of photocatalysis. The hydroxyl and superoxide radicals serve as

powerful oxidizing agents to degrade organic dyes from wastewater.

Reduction
Processes

Conduction
band

Catalyst :

excitation
uoneuiqwodal

Valence
band

Oxidation
processes

Figure 1.1 — A schematic outline of the photocatalysis reaction

Water treatment through photocatalysis has gained much attraction in the recent years. The
field of photocatalysis has become much more diverse since the achievement of

electrochemical photocatalysis of water on TiO, electrode by Fujishima and Honda in



1972%%. Photocatalysis is an alternative for the energy-intensive conventional treatment
methods utilizing renewable solar energy. This method doesn’t lead to the formation of
harmful byproducts and can be used for all states of pollutants. Photocatalysis can be of two
types- homogeneous (catalyst and reactants are in the same phase) and heterogeneous
(catalyst and reactants are in different phases). Heterogeneous photocatalysis has been widely
used for the treatment of organic pollutants in water and air. The benefits of heterogeneous
photocatalysis over homogeneous are the catalyst can be separated after each photocatalytic
cycle and thus can be reused, further making the whole process cost-effective.
Semiconductor photocatalysis is a promising technique for air purification, water

disinfection, and waste purification.
Metal sulfide photocatalysts

Zero dimensional metal semiconductors have gained much attention in recent years due to
their physical and chemical properties. These nanostructures exhibit properties such as
magnetic, optical, electronic etc which make them potential candidates for application in
nanodevices®. Metal sulfides possess narrow band gaps making them an active class for
photocatalysis besides metal oxide semiconductors®>. Some of the well-known metal sulfides
are CdS, MoS;, SnS; etc. CdS has been widely used for photocatalytic purposes however,
there is a requirement for its alternative due to its harmful side effects®. SnS, is an important
semiconductor, which is non-toxic, synthesized in a clean and cost-effective method. SnS; is
an n-type semiconductor with a bandgap of 2.18 eV-2.34 eV*® and Cdl,-type layered
hexagonal crystal structure consisting of two layers of close-packed sulfur anions with tin
cations sandwiched between them in SnSg octahedral coordination at the edges>. There are
several synthesis methods of SnS, known up to date such as hydrothermal method,
microwave heating, chemical bath deposition, solid-state synthesis >’etc. Hydrothermal
synthesis is the most used technique to have the desired shape and morphology of SnS..
According to previous literature, different morphologies of SnS;, have been synthesized like
graphene-like, nanotubes, nanosheets, nanoplates, nanocrystals, nanowires, nanobelts,
spherical, nest-like, flower-like® °’. The narrow bandgap of SnS, makes it perfect for
photocatalytic reactions such as water splitting®, dye degradation®®, Cr (VI) reduction®.

Several organic dyes such as Rhodamine B*°, methyl orange®’, methylene blue>, phenol®,



and heavy metals such as Pb**, Cd*" are known to be adsorbed and degraded by different
morphologies of SnS, and their composites. SnS, exhibits electronic properties that have
been put to use in many nanodevices. SnS, showed excellent performance in lithium-ion
batteries®® with good cycling stability and excellent capacity retention. Despite the varied
application of SnS,, a problem of recombination of photogenerated holes and electrons is
encountered. Researchers have solved this problem by coupling SnS, with various other
semiconductors and also forming heterojunctions such as reduced graphene oxide®, ZnS®,
Sn0,%, and many others. All these composites show excellent performance in photocatalytic
activity with good stability. SnS,/SnO, composite has been known to show antimicrobial
activity with the degradation of Enrofloxacin, an antibiotic pollutant®®. SnS, nanoparticles
have gas sensing properties® ®. Layers of tin sulfide crystals prepared by chemical vapor
deposition have been applied in integrated nanoelectronic/photonic systems for
photodetection purposes® ®’. Different morphologies of SnS, are known to exhibit excellent
performance for lithium-ion batteries®® ®. The outstanding performance of SnS, ultrathin
nanosheets on photodetectors suggested it to be a potential component for optical sensing and

low power FET® ¢,

In this project, we have synthesized SnS; nanosheets of 25-30 nm size by hydrothermal
method and studied its application on organic dye adsorption and photocatalytic Cr (V1)
reduction. The synthesized SnS, nanosheets were characterized using XRD, BET, TEM, and
HRTEM and DRS. The high porosity and surface area of as-prepared SnS; nanosheets
proved it to be a promising component for dye removal and pollutant degradation.



2. EXPERIMENTAL SECTION
Chemicals

Tin (IV) chloride pentahydrate (SnCl;.5H,0, Sigma Aldrich. 98%), thioacetamide (Sigma
Aldrich, 99.0%), absolute ethanol, Distilled Water, Methylene blue Solution (Sigma
Aldrich), Rhodamine B (Sigma, >95%, HPLC), Hydrochloric Acid (HCI, Rankem), Sodium
Hydroxide (NaOH, Merck), Potassium dichromate (Merck), ammonium oxalate(Merck).

Synthesis of Tin Sulphide (SnS;) nanosheets

The synthesis of SnS; nanosheets has been done by a simple hydrothermal method following
the given literature’. For the synthesis of SnS; nanosheets, 1mmol tin (IV) chloride
pentahydrate (SnCls.5H,0) and 4mmol thioacetamide (TAA) were mixed well in 80ml
deionized water, and consequently, a transparent solution was obtained. Then the solution
was transferred carefully to a 100ml Teflon-lined stainless steel autoclave and heated in an
electric oven at 160°C for 12 hours. Yellow-colored SnS, nanosheets were collected after
washing with distilled water and ethanol followed by centrifugation in each step. Then the
obtained sample was put to dry in the oven at 50°C for 12 hours. Figure 2.1 shows the steps of

synthesis, and the final compound formed.

4 )

1mmol SnCl,.5H,0
+

4 mmol thioacetamide

. J

Figure 2.1- Synthesis steps and final product formed




Characterization

Powder X-ray diffraction (PXRD) pattern was collected on a Rigaku Ultima IV
diffractometer equipped with a 3 kW sealed tube Cu Ka X-ray radiation (A=1.5418 A, 40kV
and 40 mA) equipped with a DTex Ultra detector using parallel beam geometry (2.5° primary
and secondary slits, 0.5° divergence slit with 20mm height limit slit). The sample, grounded
into a fine powder using a mortar and a pestle, was placed on a glass sample holder for room
temperature measurement. The data was collected over 26 from 10° to 80° with a scanning
speed of 2° per minute, with a 0.01° step. The diffuse reflectance spectrum (DRS) was
measured using a UV-Vis spectrophotometer (PerkinElmer, Lambda 365) and BaSO, was
used as the reference. The sample was grounded into a fine powder using a mortar and pestle
and then transferred carefully into the solid holder with a spatula maintain the uniformity of
the sample. TEM and HRTEM were carried out using JEOL JEM-F200. TEM sample was
prepared by dispersing it in ethanol and then sonicated for 10 minutes. The sample solution
was then drop-casted on a holey carbon Cu-grid. The sample was dried under vacuum before
starting the measurement. The BET measurements were carried out in Autosorb gas sorption
analyzer (Quantachrome Instruments, Model Autosorb 1Q-C-XR-XR (2 Stat.) EPDM ID
195391).

Adsorption experiments

For the adsorption experiments, methylene blue (MB) and Rhodamine B (RhB) were used.
The adsorption of the aqueous solution of MB and RhB was carried out at room temperature
(about 25°C). 15mg of the prepared adsorbent was added to a 50 mL aqueous solution
containing a certain concentration of dye. The resulting mixture was sonicated for some
seconds to ensure complete mixing of adsorbent in the solution. 3ml aliquot was collected to
observe the initial absorbance by a UV-monitoring before adding the adsorbent. The sample
was then poured into the solution. For MB solution, the solution was then stirred for 30
minutes and for RhB, the solution was stirred for 60 minutes in dark condition at 420 rpm on
a magnetic stirrer. An aliquot of 3 mL was collected every 5 minutes to record the
absorbance of the dye. The aliquot was centrifuged at 13.5 rpm for about 30 secs to 1 minute
to let the adsorbent settle and then monitored by UV-Vis spectrometry (PerkinElmer,



Lambda 365). The residual concentration of the dyes (C;) was determined by observing the
change in the absorbance centered at absorption maxima. The equilibration adsorption
capacity Q. (mg g™) and adsorption capacity at time t minutes Q; (mg g™) were calculated
using the following equations:

Qe= (Co-Ce)V/m
Q= (Co-CyV/m

Where Co, Ce and C; (mg L™) are the initial, equilibrated, and t time concentrations of
aqueous solutions of dyes respectively; V(L) and m(g) are the volume of solution and the

amount of adsorbent respectively™.
Kinetics of Adsorption

The applicability of pseudo-first-order and pseudo-second-order model was tested for the
adsorption of RhB and MB onto prepared SnS, NSs. For the kinetics study, adsorption of a
particular concentration of RhB and MB was carried out. The pseudo-first-order and pseudo-

second-order kinetic models followed are given as:
In (Qe-Qy) =In Qe — kit
t/Qt = 1/koQe"+ t/Qe

where Q. and Q; (mg g) are the dye adsorption capacity at equilibrium and at time t
(minutes). The parameters k; and k; represented the pseudo-first-order and pseudo-second-
order rate constant for the kinetic model, respectively. The parameters k; and Qe for the
pseudo-first-order kinetic model could be obtained from the slope and intercept of the plots
of In(Qe-Qy) versus t. In the case of the pseudo-second-order kinetic model, the Q. and k;

values can be determined from the slope and intercepts of plots of t/Q; versus t>° *'.

Adsorption isotherms

The experimental data were fitted in both Langmuir and Freundlich Isotherms using the

given equations.
Langmuir isotherm: Co/Qe = Co/Qm + 1/k Qnm

10



Freundlich isotherm: In Q¢ = In ke + (1/n)In C,

where C. is the concentration of dye at equilibrium (mg L™), Qe is the amount of dye
adsorbed by prepared SnS, NSs at equilibrium (mg g™), Qn is the theoretical maximum
adsorption capacity corresponding to monolayer coverage (mg g*). k. is the Langmuir
isotherm model constant (L mg™), ke (L mg™) is the Freundlich adsorption equilibrium
constant and indicates adsorption capacity, and n is a characteristic coefficient relating to

adsorption intensity> *'.

Photocatalytic activity- Cr(VI) reduction

The photocatalytic experiments were carried out in a 400 W Xe lamp as the visible light
source (A> 420 nm) with cut off filters and cooling attachments. The reactor used for the
experiment is a 50 mL pyrex glass round-bottomed flask. For the Cr(VI) reduction, 25 mL of
20 ppm of K,Cr,O; solution, and 25 mg of catalyst(SnS, NSs) were used. Prior to
illumination, the reaction mixture was stirred in the dark for 10 minutes for adsorption-
desorption equilibrium. Ar gas was purged into the reaction mixture for 20 minutes to create
an inert atmosphere with constant stirring, and the resulting reaction mixture was exposed to
light for photocatalytic reduction. During the reaction, 3 mL of aliquots were collected at
scheduled intervals and centrifuged for 30 minutes at 1.35 rpm to separate the photocatalyst.
The Cr(VI) content in the supernatant solution was determined at~370 nm through UV-Vis
spectrometry. The measured absorbance intensities at different intervals of time were

transformed to the reduction of Cr(V1) following the given expression®®-
Reduction of Cr-(VI) = (Ag-Ai)/A X 100%

where Ag and A; are the absorbance intensities for initial and t minutes solutions,

respectively.
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3. RESULTS AND DISCUSSION
3.1 Catalyst characterization

3.1.1 Powder X-ray diffraction

Figure 3.1 shows the PXRD pattern recorded for the as-synthesized SnS, NSs to check the
crystallinity and purity of the compound. All diffraction peaks appearing at 26 values of 15.1,
28.5, 30.2, 32.3, 45.8, 50.1, 52.6, 58.7, 59.6, 63.1, 67.2, 70.3 correspond to the (100), (002),
(101), (003), (110), (111), (200), (201), (004), (202) and (113) crystallographic planes
respectively of hexagonal SnS, NSs respectively (ICDD# 23-0677)> indicating that the
sample is devoid of impurities. It can be observed in the pattern that the intensities
corresponding to peaks 101 (I=1, 2, 3) are low (101) or altogether missing (102), (103)
suggesting poor crystallinity of this set of planes. Similar XRD patterns were observed
previously also, and it appears that the 101 peak intensity depends on the synthesis conditions

and becomes prominent only at high temperatures and longer reaction times* ** ",

——SnS2 nanosheets

(001)
(110)

(010)

(111)

©O11)

(003)

Intensity (a.u.)

10 20 30 40 50 60 70 80

20(°)

Figure 3.1 — PXRD pattern of prepared SnS, NSs
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3.1.2 Transmission Electron Microscopy images

The morphology and size of the SnS, nanosheets were characterized by transmission electron
microscopy (TEM). Figures 2a, b, and ¢ show low magnification TEM images of the SnS,
NSs. The sizes of the nanosheets are in the range of 25-30 nm. They have an approximately
hexagonal shape and connected to one another. Moreover, the nanosheets tend to buckle at
times forming scrolls at the edges. Figure 2d shows the TEM image of a single hexagonal
nanosheet with smooth edges. A closer inspection of larger SnS, nanosheet shows the
presence of continuous lattice fringes all across interspersed with crystal defects. Fast Fourier
transformation (FFT) patterns collected from the smaller domains of the nanosheet (Figure
2e) showed that the crystal orientation is indeed identical across a nanosheet. The high
resolution (HR) TEM image also shows the highly crystalline nature of the film with an inter
planner distance of 0.36 nm, corresponds to the (001) plane of the hexagonal SnS, NS
(Figure 2f). Figure 2g is the typically selected area electron diffraction (SAED) pattern
acquired from a single SnS, NS showing the hexagonal pattern corresponding to the (001)
zone axis, confirming that the sheets primarily grow in the (hkO) direction. The composition
of the as-synthesized SnS, NSs was further analyzed by EDS measurement revealing the co-
existence of Sn and S (Figure 2h) with a composition of 35.11% and 65.89% respectively,
close to the ideal value. Figure 2i shows the EDS mapping of the SnS, NSs, showing the

uniform distribution of Sn and S.

3.1.3 Diffuse Reflectance Spectroscopy (DRS)

The optical property of the SnS, NSs was characterized using UV-vis diffuse reflectance
spectrometer using BaSO, as a reference. Figure 3.3a displays that the onset of the abso-
rption started from 700 nm with strong absorption starting at ~ 550 nm, indicating the
absorption of the SnS; NSs in the visible range. The optical band gap was calculated using

the following tauc equation
ahv = A(hv —Eg)™?

A = constant, hv = light energy, Eq = optical band gap, a = measured absorption coefficient.
In the above equation, n tells us about the characteristics of the semiconductor, n=1 for direct
transition and n=4 for an indirect transition. The prepared SnS, NSs shows the direct
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transition. In Figure 3.3a, the optical absorbance spectrum of SnS, is shown. The
semiconductor shows absorption in the visible light range, and a steep absorption edge falls

in the visible region of the spectrum. Figure 3.3b shows the Tauc plot of prepared SnS, and a

bandgap of around 2.2 eV is obtained.

\ \ 0.36 fim
AR (€06 § B

L

s 10
Energy (keV)

Figure 3.2 — (a, b, ¢) TEM images of SnS; NSs. (d) TEM image of a single SnS, NS showing

their typical size (~25 nm). (e) High magnification-TEM image of a larger SnS; NS at a
higher resolution. FFT patterns were generated from various parts of the image, showing
that even though the crystallinity does not appear uniform throughout, the sheet has the same
crystal-orientation in all places within a nanosheet. (f) HRTEM image of a NS showing the
(001) crystal planes of SnS,. (g) SAED pattern of a single SnS; NS along the (001) zone axis.
(h) EDS spectrum and (i) elemental mapping images of the as-synthesized SnS, NSs.
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Figure 3.3b- Tauc plot showing the bandgap (Eg)
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3.1.4 BET surface area

The BET specific surface area of the SnS, NSs was determined by N, adsorption, as shown
in Figure 3.4, and the obtained surface area is 88.2 m?/g. Figure 3.4a shows the nitrogen
adsorption-desorption isotherm of as-synthesized SnS, NSs, where it is observed that it

exhibits type IV isotherm with a hysteresis loop?.

125
a) ) 7 1 b) 20 )y
1] 2 00°Sao ° ./
201001 Surface area 88 m~/g 0% /_/
) -
£ 1 ° oo = 16 Ve
= 75 ° o é\ Ve
° s ° = -
o ] a =]
T Jou® & 124 ~
504 =
< gssgo" = /./
S 1 ogcaag IS /.
E 251 aaggagw 8 A
5 e
2 e
- 0 T T T T T T T T T T T T T v T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.1 0.2 0.3 0.4 0.5
Relative pressure (P/P) Relative pressure (P/Pn)

Figure 3.4a) Nitrogen adsorption-desorption isotherm of as-prepared SnS, NSs. Figure 3.4b)
Multipoint BET plot.

3.2 Adsorptive activity of SnS; NSs in RhB and MB

Effect of initial concentration

The adsorption performance of SnS, was studied using different concentrations of RhB and
MB dyes. 4 different concentrations of 50 mL RhB solutions were prepared-15uM, 20uM,
25uM, 30uM, and the adsorption property was observed using 15 mg of prepared SnS,; NSs
catalyst. Figure 3.5 shows the absorbance versus wavelength plots of 15uM, 20uM, 25uM,
30uM RhB solutions with SnS; NSs during 1 hr adsorption in the dark. Absorption maximum
appears at 553-554nm.
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Figure 3.5- Absorbance vs. wavelength plots of RhB solutions

From Figure 3.5, we can see that SnS, NSs adsorbs almost 70% during the first 5 minutes
and reaches equilibrium adsorption capacity at 60 minutes. In the case of 15uM, we can see
some peak shifting from 553nm as the duration of adsorption increases but 20uM, 25uM and
30uM solutions of RhB showed regular adsorption with the increase of time. SnS; NSs
adsorbs about 91%, 91%, 94%, and 83% RhB from 15uM, 20puM, 25uM, and 30uM solution
respectively in 1 hr as can be seen from Figure 3.6. Figure 3.7 shows the change of
equilibrium adsorption capacity with concentration and it increases with the increase of
concentration. This implies that the removal of RhB dye decreases with concentration. It
means that the adsorption of dye is highly dependent on the initial concentration of dye. It is
because of the fact that at lower concentrations, the ratio of the initial number of RhB dye
molecules to the available surface area is low; subsequently, the fractional adsorption
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becomes independent of initial concentration. However, at higher concentrations, the
available sites of adsorption become fewer, and hence the percentage removal of RhB dye

depends upon initial concentration’.
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Figure 3.6- Removal of dye % in different concentrations of RhB solution

42.54
40.0 4

25.0 1 -

22.5 —1 - 1 - 1 - 1 11 1 1
7 8 9 10 11 12 13 14 15
Initial concentration (mg/L)

Figure 3.7- Equilibrium adsorption capacity (Q.) versus initial concentration of RhB
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Figure 3.8 shows the change in adsorption capacity (Q;) with an increase in contact time.
Equilibrium has established at 5 minutes with a slow increase in adsorption capacity up to 60
minutes. The curves are smooth, continuous, and single, leading to saturation suggesting the
possible monolayer RhB coverage on the surface of SnS, nanosheets”.

0 T T T T T T T T T T ' I N
0 10 20 30 40 50 60 70

Time (mins)

Figure 3.8- Effect of adsorption capacity (Q;) with contact time (minutes)(RhB)

In the case of MB, 5 different concentrations were prepared to study the concentration-effect-
10pM, 15uM, 20uM, 25uM, and 30uM 50 mL each. 15 mg of prepared SnS, NSs was used
in each case. Figure 3.9 shows the absorbance plots of each concentration with wavelength.
An absorption maximum appears at 664.7nm. Rapid adsorption happens in the first 30-60
secs of stirring. In 10uM, 15uM, and 20uM MB solutions, the dye was almost adsorbed
totally within 15 minutes of stirring in the dark. It took 30 minutes to reach the saturation
point of adsorption in 25uM, and 30uM solutions. Because of its efficient adsorption, we
performed a recyclability experiment to observe up to how many cycles the same amount of
catalyst can serve as an adsorbent. We used 15 mg of catalyst, and after each cycle, the
catalyst was washed with distilled water and ethanol to remove the adsorbed dye and reused

again. However, there has been considerable loss of the catalyst during the washing
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procedure because the catalyst consists of 25-30nm size sheets, which make it difficult to

collect.
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Figure 3.9- Absorbance vs. wavelength plots of MB solutions
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Figure 3.10 shows the recyclability plot up to 5 cycles. We can see that the catalyst is able to
adsorb up to 90% until the 5™ cycle, which implies its efficiency.

100 4

il

Cycle number

= (=) =]
= =] (=]
1 1 1

Removal of dye (%)

=
Il

Figure 3.10- Recyclability plot of MB dye by SnS; NSs.

Figure 3.11 shows the percentage of removal of MB dye in each concentration. In 10uM, it

shows 99.9% removal of MB dye. However, as concentrations increase, the rate of removal
decreases but still adsorbs more than 85%.
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Figure 3.11- Removal of dye (%) in different concentrations of MB solutions.
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Figure 3.12 shows the change in equilibrium adsorption capacity with initial concentration.
The trend shows the same behavior as that of RhB dye. The value Q. increases with

concentration revealing that the removal of dye decreases with an increase in concentration.
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Figure 3.12- Equilibrium adsorption capacity (Qe) versus initial concentration of MB

When the values of Q. of RhB and MB with respect to concentrations were compared, the Q.
value of RhB is slightly higher than that of MB. The value of Q. of 30uM MB is 25.6 mg/g,
and that of 30uM RhB is 43.3 mg/g. Therefore, the prepared SnS;, nanosheets will be useful

for the adsorption of cationic dyes.

Figure 3.13 shows the change in adsorption capacity (Q;) with an increase in contact time.
Equilibrium has established at 5 minutes with a slow increase in adsorption capacity up to 15
minutes in case of lower concentrations and 30 minutes in higher concentrations. The curves
are smooth, continuous and single, leading to saturation suggesting the possible monolayer

MB coverage on the surface of SnS; nanosheets’®, which is same as that of RhB adsorption.
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Figure 3.13- Effect of adsorption capacity (Q;) with contact time (minutes)(MB).

Effect of pH

The pH parameter is a significant factor for the adsorption properties of dye by affecting both
the existing forms of the dye molecules and the charged species and density on the surface of
SnS;, nanosheets. We expected the SnS, surface to be negatively charged since it adsorbs
cationic dyes so effectively, so we studied pH effect on adsorption capacity at pH 2.0 to 11.0.
The effect of different pH on adsorption has also been observed in a particular concentration
of RhB solution (25uM). The different pH considered are- 2.03, 7.4, 9.33, 10.95, and 11.01.
The pHs were adjusted using HCI and NaOH solution. In pH-2.03, 7.4, and 9.33, the
adsorption happened with a continuous decrease in the intensity of RhB. However, in pH
10.95 and 11.01, we observed a major change in the absorbance spectra. Immediately after
the start of the stirring of the solution mixture, the major peak at 553nm disappears, and two

new peaks appear at 559nm and 575nm with disordered adsorption behavior. It may be
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because of the dissociation of RhB at the basic condition that causes certain disturbances on

the catalyst surface, therefore, being unable to adsorb the dye properly. Therefore, we could

not obtain data points for pH=10.95 and pH=11.01. Figure 3.14 shows the absorption spectra

at different pH of RhB solutions.
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Figure 3.14- Time-dependent UV-Vis spectra at different pH of RhB.
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Figure 3.15 shows the adsorption capacity with an increase in pH. The highest adsorption
capacity-23.67 mg/g is found at pH=2.03, in acidic medium, and it gradually decreases to
21.1mg/g in basic medium. It could imply that at pH<7, RhB molecules exhibit a cationic
form to promote electrostatic interactions between the SnS; surface and RhB.

24.0

) ) ) N N N
= = g N g et
= tn = th = tn
1 1 1 1 1 1

Adsorption capacity (mg/g)

10

—
[
w
'S
h
=
N
o0
&

Figure 3.15- Adsorption capacity vs. pH in the case of RhB.

To investigate the effect of pH on MB adsorption on the SnS, surface, we considered the
following set of pHs- 2.84, 4.06, 7, 9.56, and 11.35. Figure 3.16 shows the absorption spectra
of MB solutions of different pHs. 20uM of MB solution was used in each case with 15 mg of
catalyst. From this figure, it is evident that the adsorption is better in the basic conditions. In
acidic medium, the catalyst takes almost 30 minutes to adsorb 91% of dye. So, the adsorption
rate decreases in the acidic medium when compared to the neutral medium where the
removal is up to 98% after 15 minutes. In 11.35 pH solution, the solution turned green after
15 minutes adsorption and there is no absorbance at 664.7nm. Therefore, the adsorption rate
increases in the basic medium up to 100% removal of dye, and probably there is the
dissociation of MB in higher basic condition.

25



1.6 1 pH=2.84
1.4
1.2 blank
@ —— 0.5 min @
g 1.0+ — 5 mins g
= 0.8 —— 10 mins| =]
E 1 —— 15 mins| 'E
2 0.6 —— 20 mins| g
£ — 25 mins| =
€ 0.4 —— 30 mins| <
0.2 4
0.0
:—ﬁf/ . . . - ; . . .
400 450 500 55 600 650 700 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
1.4
1.8
pH=7
1.6 1.2 4 [IH:9.56
—— blank
1.4 i —
—— 0.5 min 1.0 blank
8 1.2 —— 5 mins 8 05 min
S o] —— 10 mins| g 0.8 —Smufs
_'g ’ |—— 15 mins = 10 mins
= 0.8 E 0.6 —— 15 mins
g Z
= 0.6 ji 0.4
< 0.4
0.2
0.2 1
0.0 e 0.0
T T T T T T T T T T T T T T T T
400 450 500 550 600 650 700 400 450 500 550 600 650 700
. Wavelength (nm
Wavelength (nm) gth (nm)
1.6
144 pH=11.35
1.2 4
blank
g 1.0 —— 0.5 min
% —— 5 mins
= 0.8 —— 10 mins|
o —— 15 mins|
S 0.6
=]
< 0.4
0.2
&0_========___,

T T
400 450 500

T T T
550 600 650 700

Wavelength (nm)

Figure 3.16-Time-dependent UV-Vis spectra at different pH of MB

Figure 3.17 shows the change in adsorption capacity with an increase in pH. In this graph, we

can see that the adsorption capacity increases with an increase in pH which means more

26



adsorption. This can be explained in the way that when the pH is less, the surface of the
adsorbent becomes more positive thus causing a decrease in adsorbing cationic dyes.
Whereas, when at higher pH, the surface of SnS, becomes more negative hence more amount
of dye adsorbed, consequently taking less time to adsorb the total concentration of dye.
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Figure 3.17- Adsorption capacity vs. pH in case of MB

Kinetics study

The adsorption mechanism of dyes onto the surface of adsorbents can be illustrated by the
adsorption kinetics model. During an adsorption process, external mass transfer in the bulk
liquid phase, boundary layer diffusion and intraparticle mass transfer are three approaches. In
order to investigate the mechanism, pseudo-first-order and pseudo-second-order Kinetic
models are adopted to examine the overall adsorption process. The experimental data were

fitted in the kinetics equations.

Pseudo-first order: In (Qe-Q1) =In Qe — kit
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Pseudo-second-order;  t/Q; = 1/k,Qe*+ t/Q;

Figure 3.18a shows the experimental data fitted in the pseudo-first-order kinetics model with
R?=0.9488 and the calculated adsorption capacity (Q.)=3.18 mg g*. The value of k; is
calculated to be 0.041. Figure 3.18b shows the pseudo-second-order kinetic model with
R?=0.9996 and calculated adsorption capacity (Q.)=24.98 mg g™*. The calculated value of k;
is 0.05. Therefore, the pseudo-second-order Kkinetics fitting curve indicates a better
relationship for the experimental data. Therefore, the adsorption of RhB dye onto the SnS,
surface is due to the chemisorption and adsorption process that can be attributed to the
electrostatic attraction between the negative charge on the surface of SnS, and RhB

molecule®.
a) Pseudo first order kinetics plot b) Pseudo second order kinetics plot
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Figure 3.18-Kinetic adsorption data plots of RhB

The same kinetics study was conducted in the case of MB dye adsorption. Figure 3.19a
shows the experimental data fitted in the pseudo-first-order kinetics model with R?=0.90998
and the calculated adsorption capacity (Q.) =8.345 mg g*. Figure 3.19b shows the pseudo-
second-order kinetic model with R?=0.9986 and calculated adsorption capacity (Qc)
=18.37mg/g, which is close to the actual adsorption capacity (17.27 mg/g). Therefore, the
pseudo-second-order kinetics fitting curve indicates a better relationship for the experimental
data. This implies that the adsorption of methylene blue on the surface of the SnS, NSs is due

to chemical adsorption®®.
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a) Pseudo first order Kinetics plot b) Pseudo second order kinetics plot
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Figure 3.19-Kinetic adsorption data plots of MB
RhB MB
Qe ki/kz R’ Qexp Qe ki/kz R Qexp
(mg/g) (mg/g) | (mg/g) (mg/g)
1% 3.18 0.041 0.9488 8.345 0.85411 | 0.90998
order
kinetics
2" 24.98 0.05 0.9996 38.6 18.37 0.0171 |0.9986 | 17.27
order
kinetics

Table 3.1- Kinetic parameters of adsorption of RhB and MB by SnS; NSs

The relevant kinetic parameters of adsorption of RhB and MB dyes on SnS;, nanosheet are

complied in Table 3.1.
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Adsorption Isotherms

The dye molecules distribution in the solid-liquid adsorption system at the equilibrium can be
explained by adsorption isotherm. To comprehend the adsorption capacities and the
arrangement of adsorbed molecules on prepared SnS, NSs surface, both the Langmuir
isotherm model and the Freundlich isotherm model were used to analyze the obtained
adsorption data. The Langmuir adsorption isotherm model assumes that monolayer
adsorption takes place on the homogeneous adsorbent surface where the available active sites
on the adsorbent are identical and energetically equivalent, and there is no interaction
between the adsorbed molecules. The Freundlich adsorption isotherm model demonstrates
the presence of heterogeneous adsorption surfaces with the interaction between adsorbed
molecules. The experimental adsorption data of RhB and MB were fitted in the following

equations:
Langmuir isotherm: C/Qe = Ce/Qm + 1/k . Qm
Freundlich isotherm: In Q¢ = In ke + (1/n)In Cq

Figure 3.20 shows the isotherm model in the case of RhB. Figure 3.20a shows the adsorption
data fitted in the Langmuir isotherm model with R?*=0.9977 and calculated adsorption
capacity (Qm) from the slope = 53.28 mg/g. The value of k., calculated from the intercept, is
2.77 L/mg. The obtained values illustrate the adsorption process is well fit by the Langmuir
isotherm model. The results show that RhB adsorption on SnS; nanosheets follows a single
layer adsoprtion model with all the active sites on the adsorbent surface®’. Figure 3.20b
shows the data fitted in the Freundlich adsorption isotherm model with R?=0.9298 and from
the slope, we have the value of (1/n), which is less than 1 depicting that the adsorption

process is favorable.
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a) Langmuir adsorption isotherm b) Freundlich adsorption isotherm
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Figure 3.20- Adsorption isotherm models for RhB adsorption

The adsorption data of MB were plotted in the same isotherm models. Figure 3.21 shows the
isotherm model in the case of MB. Figure 3.21a shows the adsorption data fitted in the
Langmuir isotherm model with R?=0.9905 and calculated adsorption capacity (Qn) from the
slope = 26.44 mg/g. The value of k., calculated from the intercept, is 22.51 L/mg. The results
illustrate the adsorption process is well fit by the Langmuir isotherm model and MB
adsorption on SnS, nanosheets conforms single layer adsoprtion model with all the active
sites on the adsorbent surface. Figure 3.21b shows the data fitted in the Freundlich adsorption
isotherm model with R®=0.8152 and from the slope, we have the value of (1/n), which is less

than 1 depicting that the adsorption process is favorable®® *’.
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Figure 3.21- Adsorption isotherm models of MB

Table 3.2 shows the parameters of adsorption models of both RhB and MB dyes. Therefore,

both the dyes follow Langmuir adsorption isotherm indicating the monolayer adsorption

process.
Isotherms Langmuir Freundlich
Parameters Qnm k. (L/mg) R? 1/n ke (L/mg) R?
(mg/g)
RhB 53.28 2.77 0.9977 0.34401 38.18 0.9298
MB 26.44 22.51 0.9905 0.1457 24.87 0.8152

Table 3.2- Value of parameters about RhB and MB adsorption isotherm models

The prepared SnS, nanosheets have higher adsorption capacity for RhB than that of MB.
Table 3.3 and Table 3.4 display a list of adsorbents for RhB and MB, respectively for

comparing obtained adsorption capacity (Qm) values.
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SI.No Catalyst Qnm (Mg/g) Ref
1 Fe;0,/MoS, composites 24 >
2 MoS, nanosheets 76 18
3 MoS,-glue sponge 123 2
4 SnS,/MoS, Nanospheres 125 1
5 WO 64 20
6 SnS,/rGO 94.07 &
7 W 50,9 Nanowires 120 =
8 ModifyingFe;O, nanoparticles with humic acid 161.8 »
9 Fe;04/rGO 142.86 "
10 Carbonaceous adsorbent 91.9 7
11 Tannery residual biomass (TRB) 213 °
12 Fes04/AC 182.48 7
13 Activated C 60.8 "
14 Sodium montmorillonite 38.27 %0
15 SnS; 53 This work

Table 3.3- Adsorption capacity for RhB of different materials

SI.No Catalyst Qm (Mg/g) Ref
1 Fe;0,/C 44,38 o
2 Graphene oxide-calcium alginate composites 181.81 1
3 CNTs wrapped with poly (sodium 4-styrene sulfonate) 100 8
4 Sodium alginate electrospun nanofibre membranes 2357.87 s
5 ZnS,Cu-NP-AC 1235 %

6 Polyaniline-TiO, hydrate 458.10 &
7 Activated carbon (EFB-UAC) 435 8
8 Natural zeolite 21 1
9 Graphene oxide 1939 =
10 Graphene-magnetite composite 43.82 r
11 SnsS, 26.44 This
work

Table 3.4- Adsorption capacity for MB of different materials
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Figure 3.22- a) Time-dependent of the UV-Vis spectrum of RhB photocatalytic degradation
by SnS, NSs. b) Time-dependent UV-Vis spectrum of adsorption of RhB by SnS, NSs in the
dark.

It is already known from previous literature that SnS; is capable of degrading organic dyes in
the presence of light. To investigate the photocatalytic degradation activity of the prepared
SnS; NSs, we prepared a definite concentration (25uM, 50 mL) of RhB dye and added 15 mg
of our catalyst. Figure 3.22 shows the time-dependent absorption spectra of RhB with SnS,
NSs in both light and dark. It is observed that our prepared catalyst shows minimal
degradation and adsorption is its dominant property of SnS, NSs. The RhB degradation
initiated after 7 hrs of irradiation with a shift in absorption maximum at~531 nm where the
de-ethylation process may have started. However, the dye degradation process is prolonged

compared to other photocatalysts. Both the reactions were conducted up to 11-12 hrs.

To observe the adsorption process with anionic dyes, we did adsorption with methyl orange.
We prepared 30uM (50 mL) solution of MO to which we added 15 mg of prepared SnS,
NSs. Figure 3.23 shows the time-dependent UV-Vis spectrum of MO with SnS, NSs in dark
as well as in presence of light. We can see that there is no adsorption in the first 60 minutes
in dark condition showing SnS, NSs does not adsorb anionic dyes which suggests that the
SnS; NSs have negative surface charge. When the reaction solution was put to light, it

showed very slow degradation.
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Figure 3.23- Time-dependent UV-Vis spectrum of MO with SnS,; NSs
3.3 Photocatalytic activity- Cr-(VI) reduction by SnS, nanosheets

Photocatalytic Cr-(VI) reduction was performed in 400W xenon lamp using 25 mg of
prepared SnS,. 20ppm (25 mL) of K,Cr,O; was used as the initial concentration for
reduction. Prior to illumination, Ar gas was purged to create an inert atmosphere. The
adsorption-desorption equilibrium can be achieved within 30 minutes in the dark. During the
reaction in light, the Cr-(VI) absorbance was measured by UV-Vis spectrometry at
absorbance maxima at time intervals. Fig 3.24 shows the time-dependent UV-Vis spectrum,
where we can see the reduction in Cr-(VI1) absorbance intensities with time. It took 105
minutes for the completion of the reaction. The reduction ratio obtained is 93.6%. The

photocatalytic rate constant was obtained using the following pseudo-first-order model-
In(Co/Cy)= kt

where Co and Ct are the concentration of the reaction mixture at initial and t minutes
respectively, k is the rate constant, and t is time (minutes). Figure 3.25 is the plot of In
(Co/Cy) versus time (minutes), in which the k value was obtained from the slope of the linear
plot. This indicates that the Cr-(\V1) reduction follows a pseudo-first-order reaction in the

presence of SnS, NSs, and the rate constant was found to be 0.032 min™.
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Figure 3.24- Time-dependent UV-Vis Spectrum. Figure 3.25- Rate constant plot

Under visible light irradiation, the electrons in the valence band of SnS; NSs get excited to
the conduction band and an equal number of photo-generated holes are obtained. Cr(VI)
converts to Cr-(111) with the assistance of photo-generated electrons in the conduction band,
and O, is produces with the help of H,O in the valence band. Further, we performed a hole
scavenger experiment to find the effect of the absence of holes. We took 35 mg of AO as a
hole scavenger in 20 ppm of the K,Cr,O solution. Figure 3.26 shows the time-dependent
UV-Vis spectrum of the reaction in the presence of hole scavenger. It has been observed that
the reaction proceeds faster than the previous case. We obtained a 95% removal of Cr-(VI) in
26 minutes of light irradiation. Figure 3.2 shows the rate constant plot of In (Co/C;) versus
time (minutes), in which the k value was obtained from the slope of the linear plot. This
indicates that the Cr-(\V1) reduction follows a pseudo-first-order reaction in the presence of

SnS, NSs and AO, and the rate constant was found to be 0.1 min™.
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Figure 3.26- Time-dependent UV-Vis Spectrum. Figure 3.27- Rate constant plot
(in the presence of hole scavenger) (with AO)

Therefore the presence of hole scavenger enhances the rate of reaction and increases the
reduction of Cr-(VI). In the presence of AO (hole scavenger), the holes are consumed by the
electrons from hole scavenger; consequently, there is enhanced electron-hole separation
facilitating the whole reaction. The reaction has been carried out in the sunlight and solar
simulator under the same conditions, and 93% and 57% reduction in Cr-(\V1) were observed
respectively in 30 minutes. Figure 3.28a and b show the time-dependent UV-Vis spectra of
the reaction in sunlight and solar simulator. Figure 3.29 shows the percentage reduction of
Cr-(V1) in different light sources.
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Figure 3.28a) Time-dependent UV-Vis Spectrum of Cr-(VI) reduction in sunlight. b) Time-
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Figure 3.29- Cr-(VI) reduction in different light conditions.

The reduction of Cr-(V1) in sunlight is similar to that of the Xenon lamp. We have calculated

the Apparent quantum efficiency (AQE) for the reactions in sunlight and solar simulator.
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The AQE for the photocatalytic reduction of Cr-(VI) was calculated using the following

expression:

AQE =n (No.of electron or hole) X

Number of Cr(111) molecule produced

Number of incident photons

x 100 (%)

When the reaction was carried out in direct sunlight, the AQE for SnS, NSs was found to be
0.0556%, and the AQE in the solar simulator using SnS, NSs was calculated to be 0.0362 %.
Table 3.5 compares the photocatalytic reduction of Cr-(\V1) of as-synthesized SnS, NSs with

other SnS, composites and different catalysts.

SI.N Catalyst Dosage | Amtof | DPC k time Light SA Band | Reduction Ref
0 reagent | used | (min™) source | (m?/g gap (%)
) (eV)
1 SnS,NCs | 300mg | 50ppm | Yes | 0.0394 | 120 250 W | 824 | 2.27 99.6 %
300 ml minut | Xe lamp
es (2>420
nm)
2 | NRG/SnO, | 300mg | 50 ppm | yes 0.102 30 A>420 92% up to o
/SnS, 300 ml minut nm 3" cycle
es
3 | TiO-RGO | 20mg | 12ppm | Yes 240 A>450 | 104.9 86.5 ®
100ml minut nm
es
4 | SnS,-TiO, | 40mg | 100ppm | Yes 100 | 300Xe | 296 98 ¥
80 ml minut | (A>420
es nm)
5 | CM-n-TiO, | 2g/L | 1-10ppm | Yes | 0.0924 | Upto | sunlight &
120
minut
es
6 SPNH- 50mg | 50ppm | Yes 90 | 300W,( | 1038 | 21 99.9 b
MOSF@Sn 50 ml minut | (A>400 5
S, es nm)
7 NSC 10mg | 50ppm | Yes 120 150W 2.45 93 8
50ml minut xe,(
es 2>400
nm)
8 | COOMNA | 15mg | 50ppm | Yes | 0.0049 | 240 | 300W 96 2.61 | 92after3 o
50 ml minut cycles
es
9 CuS NS 3mg 10°M | Yes | 0.076 60 1>420 2.07 %
mins nm
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50

10 In-Zn(O,S) | 20 mg 20ppm Yes 0.7423 3 500 W 3.26 99.9
50 ml minut | (A>400
es nm)
11 | AgNPs/PSi | 1g/L 30ppm No 180 | 250W(> 97.4 %0
100 ml minut | 420 nm)
(citric es
acid=5m
mol)
12 | In**-doped | 100mg | 20ppm No 0.05 60 LED | 46.57 2 99.9 ot
SnS, 250ml minut visible
(acidic es light
medium)
13 | TiIO2NF-H | 500mg | 40ppm | Yes | 0.0073 | 180 125W | 449 | 3.24 75 %
500 minut | HP Hg
ml(in es lamp
acidic
medium)
14 TiO,- 100mg | 10ppm yes 180 | Xelamp | 85.02 | 2.82 98 3
5%rGO 150ml minut | (A>420 3
es nm)
15 | CdS/SnO, | 20mg | 10ppm | yes | 0.0581 20 | 300W Xe 95 2
50ml minut | lamp(A>
es 420 nm)
16 | ZnFe,0,/C | 25mg | 100ppm | no | 0.0181 | 120 | 1kw Xe | 106.8 | 2.16 90 i
ds 50 ml minut lamp
NRs(7%) pH=2 es (A>420
nm)
17 MIL- 50mg | 20 ppm no | 0.01878 | 60 300W | 33.96 71.3 “
53(Fe)/SnS 50 ml minut | Xe(A>42 5
[MS-15] es 0 nm)
18 | SnO,/PANI | 300mg | 50ppm yes 0.023 200 A>420 | 128.8 99.9 =
-3% 300ml+1 min nm
mi
100mg/m
| CA
19 SnS,- 200 mg | 100ppm | yes 0.025 120 300W | 1155 93,5 i
QDs/RGO min | Xe(A>42
0 nm)
20 | PPy/SnS, | 70mg 50ppm yes | 0.0402 | 100 300W 99 o
70 ml minut | Xe(A>42
es 0 nm)
21 SnS, 25 mg 20ppm no 0.1 26 400W Xe | 88.2 2.2 95 This
nanosheets 25 ml minut | (A>420 work
+ AO es nm)

Table 3.5- Comparison of Cr-(V1) reduction with other photocatalysts
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The overall experiments- dye adsorption and Cr-(V1) reduction are explained schematically
in Figure 3.30.

Cro;

Cr

RhB, MB

7 dyes

adsorption

V

Minimal
degradation

Hole
scavenger

CO, +H,0

Figure 3.30- Schematic representation of dye adsorption and Cr-(VI) reduction by SnS, NSs.
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4. CONCLUSION

In this study, SnS, nanosheets were synthesized using hydrothermal method. Tin-(IV)
chloride and thioacetamide were used as reactants in our case. The synthesized SnS,
nanosheets were characterized by PXRD, TEM, HRTEM, EDS, DRS, and BET. From the
PXRD, it is observed that the prepared SnS, NSs are devoid of impurities; however, the
intensities of 101, 102, and 103 peaks were weak which are predicted to be prominent with
an increase in reaction temperature and duration. The TEM images show that the SnS,
nanosheets are hexagonal of 25-30 nm in size. The EDS mapping displays a uniform
distribution of Sn and S in SnS; NSs. The optical property was studied using DRS, and a
bandgap of 2.2 eV was obtained. The as-synthesized SnS, NSs have a specific surface area of

88.2 m?/g as obtained from BET measurements.

The as-synthesized SnS, NSs were used to adsorb cationic dyes RhB and MB dyes. Both the
adsorption processes follow pseudo-second-order Kinetics implying adsorption due to
chemisorption and Langmuir adsorption isotherm model suggesting monolayer adsorption on
the homogeneous adsorbent surface considering all the adsorption sites are similar and no
interaction between adsorbed molecules. SnS, NSs showed 53.28 mg/g and 26.44 mg/g
adsorption capacity for RhB and MB. The surface charge of SnS, NSs is believed to be
negatively charged, which can be the reason for adsorbing cationic dyes and not adsorbing
anionic dye-methyl orange. The effect of pH on adsorption was also studied. The basic
medium seemed to be favorable for adsorption of MB dye onto SnS, NSs, unlike RhB, where

the adsorption process becomes irregular at pH>10.

Photocatalytic reduction of Cr-(VI) was performed utilizing the as-synthesized SnS, NSs.
The reaction was done in a 400W xenon lamp. The reaction, in the presence of ammonium
oxalate as a hole scavenger, follows a linear fit in the pseudo-first-order model, and a rate

constant of 0.1 min™ was obtained.

The obtained SnS; NSs proved to be an efficient catalyst for dye removal and pollutant
degradation. There is no release of unwanted chemicals, which makes the catalyst reliable for

use.
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5. SCOPE OF FUTURE WORK

The thesis attempted to investigate the adsorption and photocatalytic properties of SnS, NSs.
The prepared SnS, NSs show a considerable amount of adsorption RhB and MB dyes.
However, the photocatalytic degradation of these dyes is not achieved as expected. So, to use
these SnS, NSs for photocatalytic dye degradation, we have to find out the answer to its
minimal degradation according to which we can come up with different synthetic strategies.
Also, for its usage in the industrial scale, we can modify the surface area of the SnS, NSs,

which will lead to faster adsorption of dyes.

SnS; NSs have shown an efficient reduction of Cr-(V1) with a rate constant of 0.1 min™. We
can improve the rate constant, which implies a faster reduction of Cr-(VI) to meet industrial

demand.
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