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SyNoPSIs

The contents of this thesis entitled “Interfacial interaction study of proteins and
pollutants onto inorganic surfaces” have been divided into six chapters based on the

results of experimental work performed during the research period.

Chapter 1 comprises the significant properties of solid-liquid interface and it
importance in interaction studies with an emphasis on protein and pollutant interaction.
The solid liquid interafce has been a hotspot for innumerable physical, chemical and
biological processes and has been studied extensively in last few decades due to
emerging technical applications such as in remediation technologies, biotechnology,
material sciences, nanotechnology etc. When constituents of the solid-liquid interface
come in contact they tend to interact with one another. Liquid tends to accumulate on
the solid surface due to attractive forces acting between them. This accumulation of
liquid over the solid surface, which is the basis of most surface-chemical processes, is
termed as “adsorption”. The chemical and structural constitutions of solid phase
surfaces highly govern the fate of phenomena occurring at solid-liquid interfaces.
Different surfaces behave differently when introduced with different species in solution.
Control over such interaction could be achieved by choosing the specific surface for
specific interaction. This chapter gives an overview of such controlled interactions of
different proteins and pollutants on specific inorganic surfaces. A detail insight into the
protein-surface interaction would benefit nano-scale materials and bio-nano-assembly
technologies. Moreover, the structure-function relationship of proteins and pollutants
interaction with inorganic surfaces would cater some information about the mechanism
of the system on the basis of which similar system can be constructed for better
practical usability. This chapter also summarizes the importance of the specific surface
properties on controlled interaction of proteins and pollutants. A thorough review of the
contribution of important physicochemical phenomena of such surfaces in combination
with the molecular and structural knowledge of such solid surface interface has been

elaborated in this chapter.

Chapter 2 deals with the methodology followed to synthesize and characterize different

inorganic surfaces. It also describes the general equipment and different experimental
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setup used to study the interaction of different proteins and pollutants on various

inorganic surfaces.

Chapter 3 describes the interaction study of protein with a basic ‘hard’ surface
(according to Pearson’s Hard-Soft Acid Base principle). ZnO nanoparticles (NPs) of
different morphology have been synthesized from single precursor source and its
interaction study with p-lactoglobulin has been presented in this chapter. In brief,
control over the synthesis of morphologically different ZnO NPs, using same precursor
aromatic organic acid as ligand for Zn®>" coordination, has been reported in this study. 2,
3-pyridinedicarboxylic acid (PDC) was used as a ligand to form Zn(II)-PDC precursor
complexes of different architectures, which on further calcination at 600°C produce
ZnO NPs of different morphology. The monomer Zn(II)-PDC complex leads to disk-
like ZnO NPs of ~30nm diameter; whereas the co-ordination polymer of Zn(II)-PDC
when heated predominantly produce ZnO nano-rod of length ~100nm. These
structurally different ZnO NPs were then characterized successively using PXRD,
FTIR, UV, PL, BET, zeta ({) potential and TEM. Then we have investigated the bio-
interaction of these ZnO NPs with p-lactoglobulin (BLG) adsorption study.
Interestingly, these two morphologically different nanostructures (disk-like ZnO NPs
and ZnO nano-rods) gave differential adsorption value with BLG. The probable reason
behind this incongruity may lie in the difference of their BET surface area. As revealed
from the BET surface area analysis, the surface area of the disk-like ZnO NPs (20.25
m?”/g) was much larger than the ZnO nanorods (6.60 m?*/g). The adsorption values with
the ZnO nanorods were quite insignificant compared to the disk-like ZnO NPs, so we
have further proceeded with the in-depth experiments with disk-like ZnO NPs only. The
thorough analysis of the adsorption process has been performed by varying the factors
such as protein and NP concentration, temperature, time, and pH. The protein
interaction process was found to be pH dependent. The adsorption kinetics data was
well fitted with the second order kinetics and the negative (AG®) values of adsorption
process reflect the thermodynamic favorability of the process. Moreover, in-depth
structural analysis of the protein interacting with ZnO NPs has been done using
spectroscopic techniques. Fluorescence emission and anisotropy analysis reveals a
partial loss in tertiary structure of BLG upon binding on surface. However, the circular

dichroism spectra show no significant change in the secondary component upon
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adsorption. This indicates that the BLG is almost stabilized on ZnO NPs surface upon

adsorption.
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Figure S1. A comprehensive representation of the research work included in chapter 3.

Chapter 4 progresses towards the study of another inrganic surface for the interaction
study. After the interaction study of a basic ‘hard’ surface in the previous chapter, this
chapter deals with the interaction of proteins with an acidic ‘soft’ surface. It details the
synthesis of ZnS nanoparticles from the Zn(II)-PDC complex and interaction study with
two different proteins. The Zn(II)-complex was made soluble adding few drops of base,
then H,S gas was purged to give the white precipitates of ZnS NPs which were further
characterized and used for the adsorption interaction study. The ZnS NPs were found to
be spherical in sizes of ~100 nm from TEM analysis. Then we have undertaken the
work to investigate the adsorption behavior of bovine serum albumin (BSA) and S-
lactoglobulin (BLG) having near same IEP and differing in their conformational
flexibility, onto the surface of ZnS NPs. BSA and BLG both have an IEP value around
pH ~ 5. BSA is more prone to conformational deformation and considered “soft” while
BLG holds the conformational rigidity and considered as “hard” protein. To ascertain
the differences in surface coverage and conformation of the protein onto ZnS surface
(PZC ~ 3.7), we have evaluated the adsorption profile at pH 7, where the entire surface
behaves negatively. An integrated approach was taken by incorporating zeta ({)
potential, fluorescence and CD for analyzing the adsorption process. In both systems, an
increase in protein surface coverage was observed with the increase in free protein
concentration in the solution and  values approaching that of native protein at high

surface coverage. An alteration in the tertiary structure was observed for both BSA and

Vv
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BLG. The CD spectra analysis reveals that the secondary structure of the BSA was

more deviated from the native protein structure, accommodating the increased
adsorption value. For BLG no such prominent structural alteration was observed. These
findings help us to understand better, how adjustment of the protein adsorption amount

can be achieved onto the surface of nanoparticles having like charges.
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Figure S2. A comprehensive representation of the research work included in chapter 4.

Chapter 5. After studying the effect of ‘hard’ and ‘soft’ surfaces on protein interaction
behavior this chapter advances to study the interaction of another ‘basic’ and ‘hard’
inorganic mineral surface with pollutants. Malachite or basic copper carbonate is a
naturally occurring secondary copper mineral with the composition of Cu,(OH),CO;
has been used for the cause. Malachite NPs have been synthesized and utilized for the
removal of pollutants from aqueous system. This chapter is further divided into two
parts.

Part I deals with the removal of some inorganic pollutants using the Malachite NPs.
Inorganic pollutants such as arsenate and chromate were used as model for the study.
Malachite nanoparticles of 100-150 nm have been efficiently and for the first time used
as an adsorbent for the removal of toxic arsenate and chromate. We report a high
adsorption capacity for chromate and arsenate on malachite nanoparticle from both
individual and mixed solution in pH ~4-5. However, the adsorption efficiency decreases
with the increase of solution pH. Batch studies revealed that initial pH, temperature,
malachite dose and initial concentration of chromate and arsenate were important
parameters for the adsorption process. Thermodynamic analysis showed that adsorption
of chromate and arsenate on malachite nanoparticles is endothermic and spontaneous.

The adsorption of these anions has also been investigated quantitatively with the help of

Vi
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adsorption kinetics, isotherm, and selectivity coefficient (k) analysis. The adsorption

data for both chromate and arsenate were fitted well in Langmuir isotherm and
preferentially followed the second order kinetics.

Part II describes the potential applicability of Malachite NPs for removal of organic
pollutants. The ability of the Malachite NPs for differential adsorption of dyes (organic
pollutants) with differential functionality was explored. Three different dyes viz:
Fluorescein (with -COOH and—OH), Rhodamine B (with -COOH) and Rhodamine 6G
each having same xanthene moiety but differing in their functionality was taken for the
study. Fluorescein was found to adsorb more followed by Rhodamine B and Rhodamine
6G at pH ~ 7. Electrostatic interaction was sought to play a major role in the adsorption
process. Batch studies were conducted to evaluate the effects of regulating parameters
such as contact time, temperature, adsorbent dosage, and solution pH on the adsorption
process. Experimental results showed that a steady state was achieved at ~ 6 hrs after
which the adsorption seemed constant for all the three dyes. Temperature range of 10 °C
to 40 °C was taken for the study and the adsorption was found to increase with the
increase in temperature. The concentration of dye was varied from 10-500 mg L™ and
the maximum adsorption was obtained for Flu with q. value ~29.54 (mg g') followed
by RB qe value ~20.74 (mg g ). R6G was least adsorbed with q. value ~6.4 (mg g
1. The experimental data were plotted using the Langmuir and Freundlich isotherm and
found to follow the Langmuir isotherm preferably. The adsorption followed the second
order kinetics. Furthermore effective desorption was carried out using 50% ethanol. Flu
was desorbed to ~99.5% whereas complete extraction of RB and R6G were obtained.
The muticycle efficiency was also investigated. Overall, the work detailed in this part
substantiates the possible use of Malachite nanoparticles (NPs) as an effective adsorbent

for removal of dyes from aqueous solution.
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Figure S3. A comprehensive representation of the research work included in chapter 5.

Vii

TH-1268_09612220



Jiban Saikia (09612220) Synopsis report
Chapter 6 also elaborates the use of another basic ‘hard’ potential inorganic surface for

pollutant removal from aqueous solution which is bio-compatible in nature. Vaterite, a
polymorph of CaCO; mineral has been explored in this regard. Framboidal vaterite
micro-particles were successfully synthesized and characterized accordingly. These
particles were then subjected to the removal of organic/inorganic pollutants. This
chapter is also divided into two parts.

Part 1 indicates the possible use of framboidal vaterite microspheres for anionic
inorganic pollutant removal from aqueous medium. Another inorganic surface has been
explored in this regard and was found to be effective in removing arsenate and chromate
from aqueous solution. The adsorption phenomenon was governed by the pH of the
medium. The adsorption was higher at pH 6-7, for both arsenate and chromate. The
adsorption capacity increases with the increase in initial pollutant concentration. The
kinetic of the adsorption followed the pseudo-second —order model. A good agreement
between Langmuir isotherm and experimental data suggest monolayer coverage of
arsenate and chromate upon adsorption onto the vaterite surface. The maximum
adsorption capacity (Qy,) was calculated to be 154.1 and 156.3 mg g—1 for arsenate and
chromate respectively. The pollutant adsorption has been found to be
thermodynamically favorable. Desorption was efficiency was found to be moderately
good.

Part II also reflects the potential applicability of vaterite microspheres in the removal
of some organic pollutants (dyes) from aqueous solution. Vaterite, a relatively unstable
polymorph of CaCO; and having high surface area was found to be efficient container
for the loading of anionic dyes compared to the cationic dyes. EBT, CR was adsorbed
more compared to the cationic dyes such as MB and R6G. The adsorption profile was
highly pH dependent and was sought to be electrostatic in nature. The positive surface
of the vaterite (pH < PZC,write) and the negative functional groups of the EBT and CR
(pH > pK,) facilitates the requisite electrostatic interaction that leads to the increased
adsorption of these dyes onto vaterite surface. Whereas the electrostatic repulsion of the
cationic MB and R6G (pH < pK,) with the positive (pH < PZC,,rite) surface justifies
the observed lower value of adsorption onto vaterite surface. The adsorption followed
the second order kinetics for all the dyes with simultaneous occurrence of the intra
particle diffusion of the dyes. Langmuir isotherm was preferably more matched with the
obtained data for all the cases of the dye. The adsorption was spontaneous in nature.
The desorption efficiency and the practical reusability of the vaterite-dye composite was

viii
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addressed efficiently. These findings together suggest the potential applicability of

vaterite for waste water treatment.
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Figure S4. A comprehensive representation of the research work included in chapter 6.

At the end of the thesis an overall conclusion of the research carried out during the
research period is presented and a discussion for the scope of future and further research
in the area of interaction of proteins and environmental pollutants at different solid-

liquid interfaces is provided.
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Chapter 1

1.1 Interface

The surface forming a common boundary between two phases is defined as “interface”.
The interface has been a hotspot for innumerable physical, chemical and biological
processes. Depending on the type of phases we can further classify these interfaces into
liquid-gas, liquid-liquid, solid-gas and solid-liquid. Amongst these, the solid-liquid
interface has been studied extensively in last few decades due to emerging technical
applications such as in remediation technologies, biotechnology, material sciences,
nanotechnology etc.'! The chemical and structural constitutions of solid phase surfaces

highly govern the fate of different phenomena occurring at solid-liquid interfaces.

1.2 Interfacial interaction and adsorption

When constituents of the solid-liquid interface come in contact they tend to interact with
one another. Liquid tends to accumulate on the solid surface due to attractive forces
acting between them. This accumulation of liquid over the solid surface, which is the
basis of most surface-chemical processes, is termed as “adsorption”. Adsorption is a
consequence of the surface energy. The molecules poses high surface energy at the
interface compared to its bulk phase as the overall forces are not balanced at the interface.
This unbalanced force component at the interface is accountable for adsorption process.
From the theoretical point of view, adsorption of molecules onto a surface is just a special
case of general two particles interaction, whereas in real circumstances it is a very
intricate process. This process is conceptually divided into several steps. In the first step
the molecules in the liquid phase are transported close to the solid surface either by
convective flow, diffusion or by help of external forces like gravity. The second step is
the interaction with surface forces acting over different ranges. The interaction can lead to
the deposition of these molecules on the solid surface, while some can detach back to the
bulk solution, or they can interact among themselves and aggregate. The adsorption can

also further lead to the restructuring of adsorbed molecular entity.'?
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Figure 1.1. Schematic illustration of the fate of colloidal particles and processes taking place at a solid-

liquid interface. (Adopted from reference 1.2)

1.3 Different forces and physico-chemical parameters influencing adsorption process
Molecules interact with surfaces involves forces originating either from the “physical”
Van der Waals interaction or from the “chemical” hybridization of their orbitals with
those of the atoms of the substrate. The one which originates from the involvement of the
weaker interaction such as Van der Waals interaction is termed as physisorption. The
other types of interaction arises due to the formation of chemical bonds between the
surface and the interacting molecules and termed as chemisorption.'*'* Adsorption
mechanisms represent probably the most important interaction phenomena exerted by
solid surfaces at a solid-liquid interface."” The physico-chemical nature of the solute, the
sorbent and the solvent governs the full understanding of the adsorption process.'® There
are several factors which affects the adsorption mechanism at solid-liquid interface which
includes —

e Interfacial tension — of solute molecules at solid-liquid interface

e pH of the system

e Temperature of the system

e Colloidal stability at interface and solute concentration

e Functional groups of the adsorbate and adsorbent interacting with each other
We can get further information of the adsorption process of any molecules on solid
surfaces by studying the adsorption kinetics, thermodynamics and adsorption equilibrium
which can be analyzed by controlling the parameters such as adsorption time, temperature

and concentration of the analyte molecules and available surface area respectively.

1.4 Surfaces for adsorption
Surface interaction leads to adsorption and therefore it is fundamentally important for

a good adsorbent to poses high porosity and larger surface area.'’” Innumerable solid
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Chapter 1 Introduction

surfaces are widely used for the adsorption of various molecules from the solution.
Different solids have different surface properties which in turn show different adsorption
behavior. Adsorption interaction of molecules, inorganic ions, metals etc. and
biomolecules like proteins, DNA etc. has been extensively studied on various adsorbent
ranging from large mica surface to very small the nano-structured material. Amongst all
the surfaces practiced, the properties of the inorganic micro-nano particles have been able
to form a niche in various potential applications. The micro-nano structured materials are
a major tool in controlled/selective adsorption of different molecules. Throughout the past
decade, there has been increasing interest in using nanotechnology to solve problems in
several emerging fields likely, environmental remediation, drug delivery, medicine,
sensor designing etc.'® Ease of synthesis with potential robustness, and variable
physiochemical surface properties make these inorganic materials a suitable choice for

adsorption interaction studies with different molecules.

1.5 Inorganic surfaces for adsorption
1.5.1. Adsorption of proteins on inorganic solid surfaces

Protein adsorption on a surface and its interaction are major concerns in a number of
fields, such as biology, medicine, biotechnology, and food processing and sometimes play
an important role in a system's performance. ' Therefore, it is very crucial to get an in-
depth understanding of the protein adsorption process on solid surfaces. As known from
literature, protein adsorption is a complex process involving Van der Waals, hydrophobic
and electrostatic interactions, and hydrogen bonding."'® A lot of factors together play the
role in controlling protein adsorption. Some of the external parameters such as
temperature, pH, ionic strength, and buffer composition have a prominent role in the
adsorption process. The equilibrium state and the kinetics of protein adsorption are
dependent in the temperature of the medium. The pH determines the electrostatic state of
the protein which in turn determines the electrostatic interaction with the solid surface.
The size, composition and structural stability of proteins regulate its interfacial adsorption
to a great extent. Structural reorientation (both secondary and tertiary) is accompanied by
the adsorption for most of the protein whilst some appears to resist significant

1.11

conformational change. This sort of conformational flexibility and conformation

rigidity of proteins classified them into class of “soft” and “hard” proteins. Proteins that

have a tendency to undergo major surface-induced conformational change are termed as

“soft” and those less vulnerable to conformational change are coined as “hard” protein.l'12
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Figure 1.2. An illustration showing adsorption of (a) a globular protein (e.g. BSA) whose conformation
may become distorted on interaction with the surface and (b) a rod-like protein that undergoes a multistage
adsorption process where (i) initially the protein adsorbs with its long axis parallel to the surface and then
(il) rearrangement occurs to increase protein-protein interaction and surface concentration of

protein.(Adopted from reference 1.13)

A lot of work has been reported in the literature for the use of inorganic surfaces for
adsorption and interaction of proteins. For e.g. Rezwan ef al. demonstrated the adsorption

of bovine serum albumin (BSA) onto colloidal Al,Os particles. L4

They have observed
that BSA adsorbs on aluminium oxide surface as a monolayer by using 30-36% of its
total negative charge favoring the electrostatic interaction and that additional BSA

molecules from the medium bind onto this monolayer as dimers.

Domain Il
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Figure 1.3. (right) The three domains of BSA including the calculated net charges present at pH 7. The
double head arrow indicates the dimer forming region, the broad arrow side on and thin arrow end on
forming region. (left) Adsorption of BSA onto alumina surface by side-on adsorption mode and subsequent

dimer formation. (Adopted from reference 1.14)

Bardhan et al. have studied the interaction of BSA with ZnO NPs where the spectroscopic
investigation of zinc oxide (ZnO-NP) interaction with BSA showed no significant

perturbation to its overall structure, however, minor conformational change was
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reported.’ ' Similarly, an irreversible conformational change in the secondary structure of
the protein transferrin was observed upon interaction with super magnetic iron oxide
nanoparticles.''® Shang er al. detailed the unfolding of ribonuclease A on silica
nanoparticle surfaces and showed in details how the size and curvature of nanoparticle
can alter the conformation of proteins upon adsorption."'” Recently, Turci et al. have
investigated the adsorption of four proteins BSA, lysozyme, ribonuclease A and lacto-
peroxidase, characterized by different net charge or charge density at physiological pH
and different resistance to deformation onto two different SiO, (having different silanol
density) surfaces."'® Structure and activity of lysozyme on binding to ZnO NPs was
elaborated by Chakraborti et al. who showed that lysozyme, when bound to ZnO NPs of 7
nm diameter at pH 7.4, takes on a more regular structure in comparison to its free
form."" A similar study on surface topography and curvature depended adsorption of two
proteins serum albumin and fibrinogen (differing in size and shape) on different sized
hydrophilic and hydrophobic silica nanoparticles was later illustrated by Roach et al.
They reported that, albumin is increasingly less ordered on larger particles, while
fibrinogen, in contrast, loses secondary structure to a greater extent when adsorbing onto

120 K andori et al. have done micro calorimetric

smaller particles (high surface curvature).
study of protein adsorption onto calcium hydroxyapatites [Ca;o(PO4)s(OH),]. They have
considered three proteins of different IEP namely BSA (~5), myoglobin (~7) and
lysozyme (~11) and found that BSA showed the highest adsorption value on calcium
hydroxyapatites surfaces.'”' Another example of surface dependent adsorption was
carried out by Gauckler et al. They have done a systematic investigation of the protein
adsorption on various ceramic particles with a special focus on the influence of the
particle surface charge and the adsorbed amount of proteins. Positively charged lysozyme
(LSZ) and negatively charged bovine serum albumin (BSA) were adsorbed to alumina,
silica, titania, and zirconia colloidal particles with diameters ranging from 73 to 271 nm.
The electrostatic interaction seems to govern protein adsorption for the cases where the
protein and the materials surfaces are very hydrophilic (alumina, silica, and titania). For
for slightly less hydrophilic (zirconia) material surface, hydrophobic interaction seems to
play an important role in the adsorption process as well and can even overcome

electrostatic repulsion.’*

Patch-controlled electrostatic attraction of Cryl Ab protein onto
negatively charged quartz (SiO,) and positively charged poly-L-lysine (PLL) was
investigated by Madliger e al.'"** CrylAb was found to be adsorbed via positively and

negatively charged surface patches to quartz (SiO,) and PLL, respectively. This patch
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controlled electrostatic attraction explains the observed increase in CrylAb adsorption to

sorbents that carried the same net charge as the protein.

Albumin
Fibrinogen

@ @ ,

Figure 1.4. Schematic representation of the control of surface curvature over the conormation and

Denatured =

orientation of proteins. (Adopted from reference 1.19)

These above mentioned examples indicate the broad applicability of inorganic surfaces
for adsorption interaction of proteins. It also signifies how the physiochemical properties,
morphological differences of the surfaces and the protein properties govern the adsorption

phenomena.

1.5.2. Adsorption of pollutants (Organic and Inorganic) on inorganic solid surfaces

Various anthropogenic factors have led to a serious depletion of the environment.
Different pollutants are being constantly added to the atmosphere leading serious health
issues. Among the various types of pollution, water pollution has attracted the attention of
various researchers and scientists around the world. The removal of pollutants from water
bodies has become the need of the hour. Heavy metals, dyes, phenols (including other
organic compounds), inorganic anions, and pesticides (which are toxic to many living life
forms and organisms) are being introduced into the water bodies which contaminate the
whole water system. Many industrial activities such as dyeing, printing, mining and
metallurgical engineering, electroplating, nuclear power operations, semiconductor,
aerospace, and battery manufacturing processes are some of the examples that discharge
pollutants into the water stream.'** One of the major classes of aquatic pollutants that
have spread in global waters and caused large-scale health and environmental problems is
the anionic pollutants. Anionic pollutants such as nitrate, fluoride, phosphate, perchlorate,

chromate, bromate and arsenate have been found responsible in contaminating the water
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resources.'” Organic pollutants such as dyes are also equally responsible for the
deterioration of the water bodies.

These pollutants whether organic or inorganic, are posing a serious threat to humanity and
its subsequent removal from these water bodies has become utmost importance. During
the last few decades, various treatment technologies including precipitation, coagulation ,
reverse osmosis, electrodialysis, adsorption and biological methods have been

incorporated for the removal of pollutants from wastewater.'2°

It has always been a
challenge in the part of researchers to come up with the best process that is efficient, cost-
effective and draws less energy for its operation for the removal of these pollutants from
water. Among the above mentioned processes, adsorption is one of the widely used
processes that have been employed for a wide variety of aquatic pollutants. The
adsorption of pollutant species at the solid—liquid interface and its effect on the fate and
mobility of pollutants in the environment is directly controlled by diverse properties of
the pollutant and the adsorbent. The interaction of these pollutants with various surfaces
could be exploited for the removal of these pollutants from waste water sources.

Numerous adsorbents, possessing variable properties, have been utilized for the
interaction and removal of different pollutants from wastewater. Anionic pollutants have
been successfully separated out from the solution using various adsorbents. For e.g, the
feasibility of nano-alumina for nitrate removal from aqueous solutions was evaluated by
Bhatnagar e al.'?’ Similarly the uptake of anionic pollutant bromate by amorphous
aluminium hydroxide was studied by Chitrakar et al.'?® Phosphate interaction and
removal study onto the surfaces of kaolinite and alumina was carried out by Chen et al.'*
Similarly, lot of work has been reported for the interaction and adsorption studies of dyes
onto various surfaces. For instance, Chu ef al. studied the adsorption of Rhodamine B
from aqueous solution using silica fume (SF) and coal fly ash (CFA).'" Ai ef al. have
synthesized a hierarchical porous NiO architecture and utilized for the effective removal
of organic dye from aqueous solution. The NiO architectures with the hierarchical porous
structure can be used as recyclable adsorbents for the rapid and efficient removal of
Congo red (CR) from aqueous solution. They have reported existence of the electrostatic
attraction between NiO architectures and CR, which is responsible for the high

performance of the NiO architectures.'~'
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NiO architectures -

Figure 1.5. Hierarchical porous NiO architectures as highly recyclable adsorbents for effective removal of

organic dye from aqueous solution. (Adopted from reference 1.31)

1.32

FeTiOs3 nanoparticles have been used for the removal of methylene blue. ™ Kim ef al.

reported the adsorption of Fluorescein using magnetic mesoporous materials.'™
Adsorption of Rhodamine 6G onto negative colloidal particles were reported by Leng et
al'?* On the basis of previously reported literature; it is well established that
nanoparticles having high surface area and specific surface active groups provide high
adsorption efficiency. Sharma et al. have used graphene oxide nanosheet for the removal
of methy green dye from aqueous source. The results obtained from this study concludes
that the adsorption process is governed by physical adsorption which is mainly due to
electrostatic interaction of oppositely charged adsorbate—adsorbent species along with the

n—7 interaction '

Methyl Green

+
N(CH;),

®
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Figure 1.6. Removal of a cationic dye (methyl green) from aqueous solution using grapheme oxide

nanosheets. (Adopted from reference 1.36)

Saha et al. have efficiently used iron oxide nanoparticles for the selective interaction and
removal of dyes. They have reported a preferable and enhanced adsorption phenomena of
the dyes containing hydroxyl (-OH) groups on iron oxide nanoparticles. They have
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considered dyes Eriochrome black T (EBT), Bromophenol blue (BPB), Bromocresol
green (BCG), and Fluorescein (FLU) which were adsorbed in much higher amounts as
compared to Methyl red (MR), Methyl blue (MB), and Methy orange (MO). Results have
suggested the reason behind such preferential adsorption phenomena, which could
attributed to the presence of -OH groups present in those selective dyes, which can bind

easily with the surface hydroxyl groups of magnetite nanoparticles.'*°
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Figure 1.7. Preferential and enhanced removal or dyes containing hydroxyl groups using iron oxide

nanoparticles. (Adopted from reference 1.37)

Overall these studied provide better understanding of the adsorption phenomena and

indicated the potential usefulness of inorganic surface for adsorption interaction study.

1.6 Objective of thesis work

Based on the extensive literature survey, this thesis aimed to study the influence of
inorganic surface properties on the interaction of different proteins and ionic pollutants at
solid-liquid interface. Broadly, various inorganic mineral based micro-to-nano particles
have been prepared and used for these interaction studies. Effort has been made to
understand the in-depth interaction phenomenon of proteins and pollutants with proper
understanding of the physiochemical phenomena, in terms of physico-chemical
properties, kinetics, adsorption equilibrium and conformational analysis of proteins and
pollutants with theses inorganic surfaces. Interaction process has been studied in terms of
different regulating parameters such as pH, temperature, analyte concentration etc., to
analyze the kinetic, thermodynamic and equilibrium properties of the adsorption
processes. Further, the surface chemistry of different inorganic surfaces has been

exploited to achieve a control over the interaction with protein and pollutants. Various
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analytical techniques have been employed to quantify the adsorbed amount of the
analytes and to characterize protein conformation at different solid-liquid interfaces.
Finally, the influence of significant parameters and surface properties of analyte
adsorption process on these inorganic materials are analyzed together, towards achieving

a control over such interaction processes.

Parameters
responsible

for
interaction

Interaction of
different proteins
and pollutants

Synthesis of micro-nano
inorganic particles
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Chapter 2

This chapter describes the generalized materials and methodology followed for the
synthesis and characterization of different micro- to nano-scale solid surfaces. It also
describe es the general equipment and different experimental set ups/calculations used
in studying the interaction of different proteins and pollutants on various inorganic

surfaces.

2.1. Materials

All the chemicals used here are of analytical grade quality and were used without
further purification unless otherwise specified. Pyridine-2, 3-dicarboxylic was obtained
from Sigma-Aldrich Chemicals, USA. Zinc acetate dihydrate; Zn(OAc),.2H,0, Copper
sulfate; CuSO4-5H,0, Sodium bicarbonate; Na,COs, Potassium dichromate; K,Cr,O,
Sodium arsenate; Na,HAsO4.7H,0O and aniline of analytical grade were procured Merck
India Ltd. Sodium chloride; (NaCl,), salicylic acid, Eriochrome Black T (EBT),
Methylene Blue and Rhodamine B were purchased from Loba Chemie Pvt. Ltd., India.
Fluorescein, Rhodamine 6G and Congo Red dyes were also purchased from Sigma-
Aldrich Chemicals, USA. Different proteins like (BSA; A2153 ~96%) and B-
lactoglobulin (BLG; L0130 ~90%) were also obtained from Sigma Chemicals, USA.
Other general chemicals used for different purpose for e.g. buffer preparation etc. were
purchased from Merck India Ltd. and CDH analytical reagent, India. All the solvents
used for spectroscopic studies were of spectroscopy grade and the distilled water and
deionized water (Milli-Q system at 18.2 M, Millipore, USA) was used in all

experiments.

2.2. Different calculations used for quantification of adsorption process at solid-
liquid interface

2.2.1. Adsorption capacity

Adsorption capacity is defined as the amount of solute adsorbed on the surface per unit
amount or surface area of the adsorbent. Adsorption capacity generally denotes as q.

(mg g'l) and can be calculated using the following equation:

C,(mgL") - C, (mgL" 2.1)
D(gL"

q, (mgg") =

13
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Where, Cy is the initial solute concentration (mg L), C. is the steady state solute
concentration (mg L), and D is the adsorbent concentration (g L). The adsorption
capacity can also be determined in term of per unit surface area of the adsorbent (qe.
value, mg m?) from the steady state mass balance and specific surface area of the

adsorbent.

2.2.2. Adsorption kinetics
The kinetics of adsorption process can be validated with the different kinetic models.
The surface kinetics can be evaluated with first order and second order kinetic model.>"

22 The linearized first order kinetics model is expressed as,

1 - =1 - ———kt 2.2
0g (4. - 4) = log (q) - 5=~k (2.2)
And the linearized second order kinetic is expressed as,
t 1 t
(—) = () + () (2.3)
: 9.k 4.

Where, q; and q. (mg g ' or mg m ~) are the adsorption capacities at time t and at steady
state respectively. The k; and k; are the first and second order rate constant respectively.
Another empirically established functional relationship proposed by Weber and

- 23
Morris,

the intraparticle diffusion model is also being used to fit the kinetic
experimental results. The root time dependent equation is given by,

q=Kt"+C (2.4)
Where K,(mg g ' min ’°) is an intraparticle diffusion rate constant and C (mg g ') is
the intercept. The slope in the linearized fitted curve using intraparticle model
characterizes the rate parameter corresponding to the intraparticle diffusion, whereas the

intercept of this portion is proportional to the boundary layer thickness.

2.2.3. Adsorption isotherm
Adsorption isotherm of different process is evaluated from the fitting with different
isotherm models. Most widely used adsorption isotherms models viz. Langmuir and

24,25 The main consideration

Freundlich isotherm were utilized for adsorption processes.
of Langmuir isotherm is sorption takes place at specific homogeneous sites within the
adsorbent, indicating a monolayer adsorption (constant heat of adsorption for all sites).

Langmuir isotherm is expressed as,

14
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C, =L+lce (2.5)
q9. 0O,b 0,

Where, Q,, is the maximum monolayer uptake by the adsorbent (mg g™), and b is the
energy (heat) constant of the adsorption. Now a constant separation factor as described
by Hall ef al. (1966),>° called “constant separation factor” or “equilibrium parameter”,
R; is defined as

1

1+bC0) (26)

RL:(

Ry informs about the favorability of the sorption process. For a favorable reaction
process, 0< R;<1; whereas R;=0 for the irreversible case, R;=1 for the linear case and
R;>1 for unfavorable reaction. The Freundlich adsorption isotherm is generally based
on multilayer adsorption on heterogeneous surface this holds the assumption that the
adsorption sites are distributed exponentially with respect to heat of adsorption.

Freundlich isotherm is given as,
q, = KfCel/n (27)
Where, K; in the equation denotes the Freundlich’s uptake factor and n denotes

Freundlich’s intensity factor. The value of #n in the range of 1 to 10 denotes favourable

adsorption, could be find out from the linearized form of Freundlich isotherm plot.

2.2.4. Thermodynamic analysis
The standard Gibbs free energy change (AG’) of an adsorption process indicates its
thermodynamic favorability (AG® < 0 for a favorable process). The standard Gibbs free
energy change (AG®) was calculated from

AG’ =-RT In(k,) (2.8)
Where R is the universal gas constant (8.314 J mol™ K) and T is temperature in
Kelvin. k. is the equilibrium stability constant, which was calculated at each

temperature using the relation,

C
k = 2.9
=) @9)
Where, C, and C. is the equilibrium solute concentration on adsorbent (mmol g™') and
aqueous phase (mmol mL™) respectively. Moreover, the average standard enthalpy

change (AH") and entropy change (AS") can be determined from Van't Hoff equation®’,
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AS° AH® 1

) TRO7

In(k,) = ( (2.10)

AH" and AS° were calculated from the slope and intercept of plot between In(k.) vs

(1/T).

2.3. Particulars of Instruments/Equipments used for different types of studies

2.3.1. Atomic absorption spectra

The initial and residual metal ion concentrations after adsorption and desorption were
measured by 44240 atomic absorption spectrometer (Varian Inc.) in each case using

different cathode lamp.

2.3.2. Single crystal X-Ray diffraction

A crystal of suitable size was selected from the mother liquor and immersed in silicone
oil, then mounted on the tip of a glass fibre and cemented using epoxy resin. Intensity
data for the crystals were collected using Mo-Ka radiation (A = 0.71073A) at 298(2) K,
with increasing o (width of 0.30 per frame) at a scan speed of 6 s/frame on a Bruker

SMART APEX diffractometer equipped with CCD area detector.

2.3.3. Scanning electron microscope
Scanning electron micrograph (SEM) images of each samples glued on an aluminum
stub and gold sputtered were obtained by means of a LEO-1430 VP electron

microscope.

2.3.4. Transmission electron microscope
Samples were characterized by transmission electron micrograph (TEM) in a JEOL
2100 UHR-TEM instrument. An amount of 5 pL of dispersion solution was drop-cast

on carbon-coated copper grids and subsequently air-dried before TEM analysis.

2.3.5. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) data were recorded with Seifert powder X-ray
diffractometer (XRD 3003TT) with Cu K, source (A =1.54 A) on a glass surface of an
air-dried sample. The average crystallite size of the particles was estimated using the

Debye—Scherrer equation.*®
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2.3.6. FT-IR spectra

FT-IR spectra were recorded at 4 cm™' resolution with required scans with a Perkin-

Elmer Spectrum One FT-IR spectrometer from 4000 to 450 cm .

2.3.7. Steady state fluorescence spectra

The steady state fluorescence spectra of different samples were recorded on a steady
state spectrophotometer Horiba Fluoromax 4 (JOBIN VYON) using 10 mm path length
quartz cuvettes.

Steady-state anisotropy measurement was also performed in Horiba Fluoromax 4
(JOBIN VYON). Steady-state anisotropy (r) was defined by

_ IVV _GIVH

= 2.11
1, +2GI,, ( )

where, Iy and Iy are the intensities obtained with the excitation polarizer orientated
vertically and the emission polarizer oriented vertically and horizontally, respectively.
The G factor is defined as,
G= L (2.12)
I HH
The “I” terms refer to the parameters similar to those mentioned above for the
horizontal position of the excitation polarizer and vertical and horizontal position of the

emission polarizer, respectively.

2.3.8. Absorption spectra
UV-Visible spectra of the samples were recorded, on a Perkin Elmer Lambda 25 UV-

Visible spectrophotometer using 10 mm path length quartz cuvettes.

2.3.9. Circular dichroism spectra

The secondary conformational characteristics of proteins were investigated by far-UV
CD spectra in a J-810 (JASCO, Japan) spectropolarimeter. Spectra were analyzed for
secondary structure content by a curve-fitting method described by Yang et al.*’
CONTIN in the Dichroweb online analysis was also used for the secondary structural
analysis in some cases. An average molar mass of 105 and 115 Da per amino acid

residue was used for calculating the molar ellipticity, [0].
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2.3.10. Specific surface area measurement
Specific surface area and pore volume of particle were determined using a Beckman
Coulter SA3100 surface area analyzer by measuring N, adsorption and adopting the

well-known BET procedure.>'°

2.3.11. Thermo-gravimetric analysis
The thermo-gravimetric analysis (TGA) of materials was performed by using an SDTA
851 e TGA thermal analyzer (Mettler Toledo) with a heating rate of 2 °C/min in a N,

atmosphere.

2.3.12. Surface charge analysis
Zeta potential ({-potential), which indicates the surface charge of the material at
different pH was measured using a {-potential analyzer (model /200 Micromeritics) at

room temperature.

2.3.13. pH measurement and sonication
pH of the different solutions were measured and adjusted with a Varian digital pH
meter. Sonication of the samples was performed in a Cyberlab (model. 405) water bath

ultra-sonicator.
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Chapter 3

3.1. Introduction

In order to investigate the interaction of proteins with inorganic surfaces, this chapter
describes the interaction study of protein with a basic ‘hard’ surface (according to
Pearson’s Hard-Soft Acid Base principle). ZnO nanoparticles (NPs) of different
morphology have been synthesized from single precursor source and its interaction
study with a model protein (B-lactoglobulin) has been presented in this chapter.

Inorganic nanoparticles have been a hot topic for research in recent years due to their
novel physical and chemical properties, which add to the advantage for its various
practical applications.>'* Among these inorganic nanoparticles, zinc oxide (ZnO), a
semiconductor metal oxide, has emerged as a potential nanomaterial of choice. ZnO has
a wide band gap (3.3 eV) and high excitonic binding energy (60 MeV) at room
temperature, which makes it suitable for its extended use in a wide variety of
applications such as catalysis, piezoelectric devices, gas-sensors, dye sensitized solar

33,3435

cells etc. In addition, ZnO (NPs) have also emerged as useful biomaterial for

biomedical applications due to their biocompatibility and high excitonic band gap.*®>”
However, the interaction of ZnO NPs with different biomolecules in above mentioned
applications largely depend on its size and morphology; which in turn controlled by
synthesis procedures. Various synthesis schemes play the pivotal role for the formation
of ZnO of different size and morphology, such as nanospheres, nanorods, nanotubes,
nanowires, multipods etc.”® Numerous physical and chemical methods have been
successfully utilized to fabricate ZnO of various size and morphology. Some examples
are, pulsed laser deposition (PLD), chemical vapor deposition, spray pyrolysis, thermal
evaporation, wet-chemical route, solid state transformation ete.>’ However, all these
studies reported the requirement of distinct synthesis procedure for differentiation in
morphology of ZnO nanoparticles. In this regard, a facile synthesis procedure with fine
tuning in intermediate step would have been potential for controlling the morphology of

ZnO which in turn would show different interfacial interactions.
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3.2. Synthesis and characterization of morphologically different ZnO NPs from

single precursor source

Control over the synthesis of morphologically different ZnO NPs, using same precursor
aromatic organic acid as ligand for Zn>" coordination, has been reported in this study.
Pyridine-2,3-dicarboxylic acid (PDC) was used as a ligand to form Zn(II)-PDC
precursor complexes of different architectures, which on further calcination at 600 °C
produce ZnO NPs of different morphology. In an usual synthesis procedure, aqueous
solution of PDC (5.6 mmol, 0.954 gm) was added drop wise to the aqueous solution of
Zn(OAc),.2H,0 (2.8 mmol, 0.626 gm) with constant stirring at room temperature for a
period of 6 hrs. White precipitate was formed which was filtered, washed with water
and dried in vacuum prior to characterization. The precipitate was partially soluble in
water when heated to 80 °C. The soluble filtrate was kept for crystallization. The
insoluble portion was dissolved by adding few drops of base (aniline) and also kept for
crystallization. Two different complexes of Zn(II)-PDC were obtained (as resolved by
single crystal XRD analysis). The water soluble portion gave a monomer Complex 1
and the later gave a co-ordination polymer Complex 2. Finally, both the precursor
complexes were calcined at 600 °C for 4 hrs to get the ZnO NPs. The monomer
Complex 1 was heated to give disk-like ZnO NPs of ~30 nm whereas the co-ordination

polymer Complex 2 was calcined to get the ZnO nanorods of ~ 100 nm.

i=rva NN
'&c‘tgtzd hg‘g()oo‘vc 4 hrs

COOH (a) .
— stirred | Zn(I1)-PDA Com.plex 1

N PDA COOH 1 hr Comp]ex 37
r VIR
Zn(OAc),.2H,0 (b) 'ﬂ‘\#klﬂfﬁ\#-caldmd
(a) water soluble part ﬂ\%ﬁ\#‘ 000 s
(b) base soluble part Complex 2

Scheme 3.1. Schematic representation of the synthesis of morphologically different ZnO nanoparticles

from single precursor source.

The synthesized Zn-PDC complexes and the ZnO NPs were characterized accordingly
by several techniques. The crystals obtained by the aforesaid technique were solved and
the crystallographic data and details of data collection parameters are provided in the
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Appendix section. The crystals formed from the water soluble part were monomer
Complex 1, whereas the crystals obtained from the base soluble part was a co-ordination
polymer Complex 2 (Figure 3.1). The FT-IR spectra of these complexes clearly show
the change in the monomer and co-ordination polymer complex (Appendix, Figure

A3.1).

i
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Figure 3.1. Ellipsoid plot and packing diagram of Complex 1 (a,b) and Complex 2 (c,d) respectively.

The TEM micrograph (Figure 3.2) reflects the formation of ZnO NPs after calcination
of these complexes. Figure 3.2a shows that disk-like ZnO nanopowders obtained from
the calcination of the monomer Complex 1, whereas Figure 3.2b shows the formation of
nanorods formed from the co-ordination polymer Complex 2. The FT-IR spectra
support the formation of the nanoparticles (inset of Figure 3.2c and 3.2d). In the infrared
region, ZnO usually shows distinct absorption bands around wave numbers of 464 cm™
and this maximum broadens and splits into two maxima if the particle morphology
changes from spherical to a needle like shape.”'®*!" The nanopowder shows a distinct
peak at around ~480 cm™. Whereas in case of the nanorods the characteristic Zn-O peak
shifts to ~520 cm™ followed by a broad peak in the region beyond 450 cm™ (which
cannot be detected by this instrument of study). The peaks at ca. 3450 and 1620 cm™
should be derived from the -OH group of adsorbed water on the ZnO surfaces which are
present in both the cases.”'**"* Figure 3.2c and Figure 3.2d shows the Powder X-ray
diffraction (PXRD) pattern of the ZnO NPs formed. The crystallinity of the NPs is good
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as indicated by the narrow and strong diffraction peaks. All the spectrum peaks in both
the cases can be easily assigned to pure ZnO, which are in good agreement with the
JCPDS card of wurtzite ZnO (JCPDS No. 65-3411). No characteristic peaks from other
impurities are detected. From the PXRD pattern it was observed that the (002) peak of
the sample prepared by calcinations from the Zn(II)-coordination polymer showed
higher intensity than of (100), indicating the preferred orientation along c-axis. The PZC
(point of zero charge) values were found to be around pH~9.32 and pH~9.24 for disk-
like ZnO and ZnO nanorod, respectively (Appendix, Figure A3.2). The UV-Vis and the
PL spectra for both the ZnO NPs are given in the supporting section (Appendix, Figure
A3.3 and A3.4). The N, adsorption isotherm of the BET analysis reveals that the disk-
like ZnO NPs have a higher specific surface area of 20.25 m” g”' compared to the ZnO
nanorods with 6.60 m” g”! (Appendix, Figure A3.5).
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Figure 3.2. TEM image of (a) disk-like ZnO NPs and (b) ZnO nanorod; Powder XRD of (c) disk-like
ZnO NPs and (b) ZnO nanorod (inset: FT-IR of (¢) disk-like ZnO NPs and (b) ZnO nanorod).
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3.3 Interaction study with protein

3.3.1 Background

Interaction of biomolecules such as proteins with different types of solid surface is the
fundamental phenomenon in several biomaterial and biomedical applications.*'* When
the protein comes in contact with nanoparticles, an alteration in the protein
conformation might take place which could expose new epitopes on the protein surface,
or perturb the normal protein function, which can be important in various
biotechnological application.”"” Different proteins behave differently when exposed to a
given surface and the process is very complicated. Utilising various spectroscopic
techniques one can evaluate these interactions and try to get a better understanding of
the process which governs the overall protein interaction. After all the control over the
interaction of proteins and its structure-function relationship is the most significant tool
which can control the overall application.

Different inorganic mineral oxides have been extensively used for the interaction study
with different biomolecules. Amongst these inorganic minerals, ZnO NPs, due to its
potential biomedical application have been used widely for the study of adsorption of
various proteins and enzymes. Chakraborti et al. have reported the study of adsorption

3.16

of lysozyme onto ZnO NPs.” > Zhang et al. have done a detailed investigation of the

interaction of ZnO NPs with glucose oxidase.”'” BSA binding study with colloidal ZnO

NPs have been reported by A. Kathiravan et al.>'®

A comparative study of native ZnO
and ZnO NPs for the immobilization of [-galactosidase via simple adsorption
mechanism has been reported by Q. Husain ez al.>'"® All these studies aim towards the
better understanding of protein-ZnO constructs. However, critical literature survey
reveals that so far no such attempt was made to investigate the in-depth and differential
interaction of B-lactoglobulin with ZnO NPs. B-lactoglobulin is a major protein of the
whey fraction of cow's milk with the concentration of -lactoglobulin in milk of about
0.2 g/100 ml, next to casein (2.9 g/100 ml).>*® B-lactoglobulin forms a dimer, at
physiological conditions, with each monomer consisting of 162 amino acids. Below pH

3, the dimer dissociates into monomers which preserve their native conformation.>*' I

n
this section, the interaction of -lactoglobulin with ZnO NPs was investigated. We have
determined the adsorption co-efficient (qe) as a function of protein concentration, pH,
temperature, time and ZnO NPs dose. Change in secondary and tertiary structure of the

protein upon adsorption was also studied using CD and fluorescence spectroscopy. The
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overall kinetics of adsorption process and Gibbs free energy of the adsorption has also
been estimated. Overall, efforts were given to gain control over the -lactoglobulin-ZnO

interaction and its structure-functional relationship.

3.3.2 Materials and methods

Protein. Prior to each adsorption experiment, fresh aqueous protein solutions of
different concentrations with Milli-Q water (18.2 MQ) were prepared. The
concentration of the stock solution of the protein was 1 mg ml™. The concentration of
the protein was varied from 50-500 pg ml”" and ZnO NPs concentration was kept
constant at 0.5 mg ml™.

Adsorption of B-lactoglobulin. Adsorption experiments of B-lactoglobulin onto ZnO
NPs were carried out in batch mode. The adsorption studies were carried out in small
centrifuging tubes. ZnO NPs were added to the protein solution in the centrifuging tubes
and allowed to shake to reach equilibrium. Adsorption kinetics was studied by
withdrawing the samples at regular interval and subsequent centrifugation to obtain
suitable aliquots for analysis of protein concentration. Preliminary studies showed that
this period of time is sufficient to ensure steady state. After equilibrium is reached the
nanoparticles were separated from the solution in a 15000 rpm centrifuge. The
supernatant solution was then analyzed for the remaining protein concentration using
the Bradford assay measuring the absorbance at 595 nm. To ascertain the
thermodynamic facet of the adsorption the temperature of the system was varied from
10 to 40 °C.

Fluorescence Emission Spectroscopy. The excitation wavelength at 290 nm was
chosen because almost all the fluorescence emission signal excited at this wavelength is
derived from tryptophan. The tryptophan emission fluorescence spectrum was collected
in the wavelength range of 320—500 nm. The emission spectra of protein samples
containing ZnO NPs were corrected using the baseline acquired from suspension of the
same concentration of ZnO NPs without protein. Steady-state anisotropy measurement
was also performed in all the cases.

Circular Dichroism. CD spectra of native and adsorbed protein were measured to
evaluate the secondary structural change. Three different concentration of ZnO was

taken for CD spectral analysis.
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3.3.3 Adsorption interaction

3.3.3.1 Preliminary observation

The interaction of proteins with inorganic mineral nanoparticles and nanoparticle-based
materials is a fundamental phenomenon which has broad and emerging fields of
applications like biomaterials, bio-separation technology, and bio-nanotechnology.
Moreover, in nanotechnology, protein surface interactions are crucial for assembly of
interfacial protein constructs, such as sensors and activators. ZnO being one of the
biocompatible inorganic materials we proceed to investigate the interaction of a protein
(B-lactoglobulin) and its fate after adsorption on these NPs.

From our preliminary investigation we found that the disk-like ZnO NPs showed much
higher adsorption co-efficient value (qe) as compared to the nanorods (values
summarized in Table 3.1). The probable reason behind this incongruity may lie in the
difference of their BET surface area. As revealed from the BET surface area analysis,
the surface area of the disk-like ZnO NPs was much larger than the ZnO nanorods (see
Table 3.1). The adsorption values with the ZnO nanorods were quite insignificant
compared to the disk-like ZnO NPs, so we have further proceeded with the in-depth
experiments with disk-like ZnO NPs only. Furthermore during our study, ZnO NPs are
more or less positively charged under all experimental conditions (in the range pH 5-9),
although the surface charge density would be different at different experimental
condition. Prior to carry out the protein adsorption study, prolonged sonication of ZnO
NPs was done to get a mono-disperse colloidal solution in each case. We have done

detail adsorption studies varying various parameters as discussed below.

Table 3.1. Comparison of disk like ZnO NPs and ZnO nanorods.

Particle size | BET surface | Adsorption capacity, q. (mg g")
(nm) area (m?/g) pH~5 pH ~7 pH~9
ZnO disk-like ~30 20.25 348 3313 69.45
ZnO nanorod ~100 6.60 91.2 78.5 459
25
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3.3.3.2 Influence of nanoparticle concentration

The interaction of protein-ZnO was studied under different ZnO NPs concentration. The

protein concentration was kept constant
-1 400 —|_
(300 pg ml") whereas the ZnO NPs __|_
350t
concentration was varied from 0.2 to 0.8 - I
=~ 300f
mg ml’. As the concentration of ZnO )
. | on 201
NPs was increased the adsorption é 00k I
coefficient (q.) was decreased (Fig. 3.3). S 150k
With the ratio of protein to ZnO NPs 100}
concentration decrease from 1.5 to 0.375, 50+
th di 1 1 0 L L L
e corresponding (qe) value also > 05 08
decreases form 370.16 to 198.32 mg g ZnO conc.(mg ml™)

Although, the total removal efficiency is Figure 3.3. Concentration variation of ZnO NPs
increased  with  the increase in  from 02 to 0.8 mg ml' where protein
nanoparticles concentration, the total concentration was 300 pg ml”.

surface area and in turns the number of active adsorption sites increases but the amount
of protein adsorbed per unit mass/area of adsorbent decreases, resulting in reduction of

the adsorption capacity (qe).

3.3.3.3 Influence of pH

To see the effect of pH on the adsorption processes, adsorption experiment was carried
out at three different pH (5, 7 and 9). The adsorbed amount of B-lactoglobulin was
highest at pH ~5.0, given by the steady state adsorption capacity (q.) value of ~348 mg
g This was followed by pH~7.0 with a q. value of ~331.3 mg g and at pH~9 the
adsorption decreased to a value of ~69.45 mg g (Figure 3.4). All transitions that take
place between pH 2.0 and pH 9.0 do not cause any appreciable changes in the native
like B-barrel conformation of PB-lactoglobulin.*** By contrast, above pH 9.0, P-
lactoglobulin undergoes an irreversible, base-induced unfolding transition with global
disruption of both secondary and tertiary structures.”*> On a hydrophilic solid surface
like ZnO, electrostatic attraction between a charged surface and an oppositely charged
protein molecule is often the driving force for adsorption from solution on to the solid

surface. Other factor such as protein-protein lateral electrostatic interaction also plays a
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major role in the adsorption process. At pH ~5.0 the ZnO NPs surface is more positively
charged and the protein is more in neutralized condition to slightly negatively charged

(IEPg.LG~5); hence the binding capacity of

360+
the protein on disk-like ZnO NPs was very 20

_) o
high. Moreover, being neutral to less 230l

~~

negatively charged molecules, the lateral "0 2401

repulsion force between the protein %‘0 200 +
N’
o

molecules also negligible, which give rise » 160}
to a high surface coverage on ZnO NPs at 120+
this pH (Figure 3.5). With the increase of 80F

40+

the pH, though the electrostatic attraction
between ZnO and lactoglobulin molecules pH
remains, but the ZnO surface become less

positively charged and importantly the Figure 3. Adsorption  capacity (q;) with

] . . . varying pH, where protein concentration was
lateral protein-protein repulsion at solid- : .
300 pg ml™ and NPs concentration 0.5 mg ml™.
liquid interface increases. This results in
less adsorption capacity at higher pH. Thus, at pH ~9.0, binding capacity of
lactoglobulin on ZnO surface reduces to many folds majorly due to the high lateral
repulsion and partial base induced denaturation of B-lactoglobulin at ZnO interface.
Moreover, as the PZC (point of zero charge) of ZnO approaches, the ZnO surface
becomes more neutralized compared to that of at acidic pH. This change in surface
charge also affects the electrostatic interaction between protein and ZnO NPs surface

and in turn reduce the binding of the protein as obtained in experiments.

Adsorption increases

pH increases

Figure 3.5. Schematic representation of adsorption of P-lactoglobulin onto ZnO surface with pH

variation.
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3.3.3.4 Adsorption equilibrium and kinetic model analysis

The equilibrium time for any adsorption process is controlled by the rate of uptake of
the proteins onto the nanoparticles which is the kinetics of the adsorption process. The

kinetics of adsorption determines the

optimum operating conditions for the :(5)2

full-scale batch process and gives 300k *
important information for designing and :;\D 2501

modeling the processes.3'24 Thus, the %D 200+

effect of contact time was analyzed from ;’ 150

the kinetic point of view. For 100

equilibrium study, ZnO NPs and J- 50t

lactoglobulin ~ solution, having a 0 30 100 150 200
concentration of 0.5 mg ml™' and 300 pg time (min)

ml™! was taken, respectively. Aliquots of  Figure 3.6. Adsorption capacity (q.) with time
sample (0.5 ml) was collected at an (minutes), where protein concentration was 300 ug
interval of 15 min and centrifuged at ml™" and NPs concentration 0.5 mg ml™.

15000 rpm. The supernatant was measured for the protein concentration. The optimum
time was found to be 2 hrs for the adsorption process (Figure 3.6).

The adsorption kinetics of B-lactoglobulin onto ZnO NPs was studied with respect to

Lagergren first order (Eq. 3.1a) and second order kinetic model (Eq. 3.1b).>*

log(qe - q¢) =log g. — (1 /2.303) kgt (3.1a)
(t/q)=(1/q’ka) + (t/ qe) (3.1b)

Where, the q; and q. (mg g') are total adsorption capacity at time t and at equilibrium
respectively. k; and k; are first and second order rate constant respectively. Table 3.2
shows all the kinetic constant values. The value of k; was found to be 0.0123 and the
first order rate equation showed correlation coefficient of 0.988; while the second order
correlation coefficient was 0.990 and k, was found to be 2.7x107. Therefore the
adsorption process for B-lactoglobulin onto ZnO can be better described by the second
order reaction kinetics, which is mainly due to the actual heterogeneous distribution at

NPs surface.
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Table 3.2. Comparison of rate constants calculated based on first-order and second-

order kinetic models.

First order kinetics

Second order kinetics

ki R k> R
(L min'l) (g mg'1 min'l)
S-lactoglobulin | 0.0123 0.988 2.7x107 0.990

3.3.3.5 Effect of temperature and thermodynamic analysis

The thermodynamic favorability of a process can be obtained from the analysis of

temperature of the system. To study the effect of temperature we have performed the

interaction study at elevated temperature
from 10 to 40°C. With the increase in

temperature the adsorption capacity

decreased. The adsorption was highest at
10°C with the ge value of ~355.10 mg g’

and gradually decreased to ~310.22 mg g

! as the temperature was increased to

40°C (Figure 3.7). The decrease in the

adsorption with the increases in

temperature might be due to the partial
unfolding of the protein structure when
heated. As the unfolding of -
lactoglobulin leads to the exposure of the

hydrophobic patches to the solution, it

400}
3508 —F
: T
cn __[ T
=Y 1
= T
= 300} T
o

250}

200 1 L 1

10 20 30 40

temperature (°C)

Figure 3.7. Adsorption capacity (q.) Wwith
temperature (°C), where protein concentration was

300 pug ml™" and NPs concentration 0.5 mg ml™.

can in turn affect the interaction with hydrophilic ZnO surface. This can results in the

reduced adsorption affinity of the protein on ZnO surface at higher temperature.

Moreover, the standard Gibbs free energy change (AG®) of the adsorption process was

calculated from the following equation (Eq. 3.2a),

AG® = - RT In(k.)

(3.2a)

Where R is the universal gas constant (8.314 J mol-1 K-1) and T is temperature in

Kelvin. The term k. is the equilibrium stability constant, which was calculated at each

temperature using the relation (Eq. 3.2b),

TH-1268_09612220
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k. = Cy/Ce (3.2b)

Where, Cs and Ce are the equilibrium protein concentration on the adsorbent and

aqueous phase respectively. The Gibbs free energy changes (AG®) in this temperature
range were calculated from Eq. 3.2a. The AG® value of B-lactoglobulin adsorption was -
0.874 KJ mol" at 10°C which increases to -0.177 KJ mol"' with the increase in
temperature to 40°C. (Appendix, Figure A3.7c). The negative values of AG® suggest that

the adsorption process is spontaneous and thermodynamically favorable.**’

3.3.3.6 Protein tertiary structure analysis by intrinsic tryptophan fluorescence

To study the change in tertiary structure of B-lactoglobulin upon adsorption the intrinsic

fluorescence intensity of the protein was analyzed. Fluorescence emission spectra of

protein were taken with an addition of 235

y=0.0055x + 1.0116
R*=0.9969

increasing NP concentrations. Figure 3.8
shows a steady decrease in the

fluorescence intensity upon addition of

7

130 180 230
Q [uM]

ZnO NPs in solution. The quenching of

Intensity (a.u)

fluorescence intensity is due to the

alteration in the native structure upon

adsorption. B-lactoglobulin contains two
i 300 350 400 450 500

tryptophan residues, (Trp19 and Trp61). AR

The Trpl9 is buried in the hydrophobic

Figure 3.8. Fluorescence quenching spectra of -

core whereas the latter is exposed to the
lactoglobulin upon addition of ZnO NPs (e-blank

3.28

solvent. The characteristic emission

protein concentration 100 pg ml" ; 20 pl
maximum of B-lactoglobulin in native

successive addition of 50 pg ml™” ZnO NPs into 0.6
solution is at ~343 nm, indicates that the  ml of protein solution ; m-240 pl addition of ZnO).

Trp6l is fully exposed to aqueous

solvent. The change in intensity can be explained on the basis that strong tryptophan
quenching groups such as cysteine are present which rearrange themselves in close

spatial proximity upon adsorption.>*

However it has been reported that ZnO NPs and
Trp moiety forms a ground state complex and the quenching of the fluorescence of -
lactoglobulin is quite likely to result from a complex formation between the p-

lactoglobulin and the ZnO NPs.**
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3.3.3.7 Fluorescence anisotropy measurement and thermal stability

To ascertain the binding of [-lactoglobulin with ZnO NPs, we measured the
fluorescence anisotropy of B-lactoglobulin at different experimental conditions. The
fluorescence anisotropy of native -lactoglobulin free in solution was measured 0.043,
which represents a free rotational motion of the fluorophore in the protein molecule.
However, upon adding of ZnO NPs the fluorescence anisotropy of P-lactoglobulin
increases to 0.135, suggesting the increased rigidity of the surrounding environment of
the fluorophore (tryptophan) upon binding on the nanoparticles surface (Figure 3.9).
This could be explained on the basis that adsorption of the protein on to the
nanoparticles surface implies an imposed motional restriction on the fluorophore
(tryptophan) moiety in the protein microenvironment. The anisotropy value almost
saturates with further increase in the ZnO concentration, indicates a steady state surface

coverage with a fixed alteration in protein conformation.
0.124

0.08+

0.061

< 0.04
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Figure 3.9. Fluorescence Anisotropy plot of B-lactoglobulin upon addition of ZnO NPs (1- blank; 20 ul
successive addition of 50 pg ml" ZnO NPs).

In order to study the changes in the adsorbed protein structure at different temperature
we utilized the fluorescence emission spectroscopy to analyze the protein tertiary
conformation changes occurring and the ability of the nano-composite to withstand
different harsh condition. In this regard, we have monitored the in-situ structural
features of native and adsorbed trypsin in a temperature range of 25°C to 70°C under a
continuous heating condition. The higher range of temperature (70°C) was chosen in
such a way that it does not affect the native protein denaturation in solution, as above

70°C the protein undergoes irreversible conformation changes.>' The emission spectra
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of native and adsorbed B-lactoglobulin on ZnO surface under an increasing temperature
are shown in Figure 3.10. Similar changes in emission spectra were observed in both the
cases, where the emission spectra quenched with a red shift with the increase in
temperature from 25°C to 70°C. This indicates a similar partial unfolding behavior of -
lactoglobulin at higher temperature, in both solution and on ZnO surface. These results
reveals a more native like structure (less denaturation) of -lactoglobulin on ZnO
surface which directs the suitability of these ZnO nanoparticles as a potential protein
carriers. However, in case of emission spectra of the adsorbed -lactoglobulin an initial
steep quench was observed. This might be due to the actual heterogeneous nature of the
system due to the presence of nanoparticles, and also considering the fact that the

adsorbed protein undergoes a small partial unfolding quickly on the surface of ZnO

nanoparticles.

1.2 1.2
1k (a) Native protein 1k (b) Adsorbed protein
—e— 25 —e- 25
0.8 ——30 0.8 ——30
> 2| =35 > | B35
= | ——40 3 g | 40
£ 0.6 g | 45 = 0.6 5| =4
2 g | =50 2 g —+—>50
= = w —&— 55 = p R e
0.4y —— 60 04V —— 60
/ —&— 65 / —— 65
—— 70 —=—170

0.2 0.2

0 1 1 1 1 1 O 1 1 1 1 1
320 340 360 380 400 420 440 320 340 360 380 400 420 440
wavelength (nm) wavelength (nm)

Figure 3.10. Temperature dependent study of native and adsorbed protein from temperature range 25°C

to 70°C at 5°C interval.

3.3.3.8 Secondary structure analysis by circular dichroism (CD)

CD spectra of B-lactoglobulin interacting with ZnO NPs were taken in different protein-
nanoparticle concentration. Figure 3.11 shows the CD spectra of B-lactoglobulin which
are in good agreement with the data reported previously by Wu et al.>** The protein
exhibits a wide minimum around 218 nm which is a characteristic of B-rich proteins.

CD spectra of B-lactoglobulin in solution with those of protein adsorbed on the

32
TH-1268_09612220



Chapter 3 ZnO-Protein interaction

nanoparticle surface have been compared in Figure 3.11. Analysis of the CD data was
done to calculate the secondary structural elements of the protein. The CD data shows
the relative amounts of a-helical, B-sheet and unordered secondary structural elements
of the protein in native state and upon adsorption. The obtained values for the secondary
structural elements from the CD analysis are summarized in Table 3.3. The (%) value
change of a-helical and B-sheet of the native and adsorbed protein reveals that -
lactoglobulin retained its secondary structure almost intact upon adsorption to the
nanoparticle surface at even different nanoparticle concentration. This indicates that the
B-lactoglobulin was almost stabilized on ZnO surface as obtained. Similar observation
was also reported for the behavior of other proteins adsorbed on flat surfaces by

previous investigators.3 33,324

— blank

— 100 mM of ZnO
200 mM of ZnO

— 300 mM of ZnO
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molar ellipticity, [0]
S I e
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Figure 3.11. CD spectra of B-lactoglobulin, blank and upon addition of ZnO NPs.

Table 3.3. Secondary structural elements of B-lactoglobulin; blank and upon addition of

ZnO NPs.
a helix (%)  [sheet (%) Others (%)
Blank protein 13.7 32.4 53.9
100 uM ZnO 13.4 32.6 54.0
200 uM ZnO 13.6 323 54.1
300 uM ZnO 13.8 32.1 54.1
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3.3.4 Summary

In this work we have demonstrated the morphological selectivity for the fabrication of
ZnO NPs using calcination reconstruction of crystalline precursor complex. Solid state
transformation of architecturally different Zn(II)-PDC complexes directs to disk-like
and rod shaped nanoparticles. The morphology and crystallinity of the as synthesized
ZnO NPs have been characterized by various analytical tools. This method has been
found to be facile and efficient in discriminating the morphological evolution of ZnO
NPs. Furthermore the synthesized ZnO NPs has been found to have differential
interaction phenomena with protein B-lactoglobulin. The adsorption capacity (q.) was
high and highly pH dependent. The adsorption kinetics data was well fitted with the
second order kinetics and the negative (AG®) values of adsorption process reflect the
thermodynamic favorability of the process. Moreover, the conformational analysis
reveals a partial unfolding of protein at interface with almost intact secondary structural
elements. Thus the facile process of morphologically controlled synthesis of nano-
materials and in-depth of differential protein interaction could be a very useful tool in
several directions of bio-nanotechnology, biomedical engineering and nano-scale

constructs.
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Appendix

A3.1 Experimental details for solving the crystal.

In each case, a crystal of suitable size was selected from the mother liquor and
immersed in silicone oil, then mounted on the tip of a glass fibre and cemented using
epoxy resin. Intensity data for the crystals were collected Mo-Ka radiation (A =
0.71073A) at 298(2) K, with increasing o (width of 0.3° per frame) at a scan speed of 6
s/frame on a Bruker SMART APEX diffractometer equipped with CCD area detector.
The data integration and reduction were processed with SAINT software.*' An
empirical absorption correction was applied to the collected reflections with SADABS
(SADABS 1999).**? The structures were solved by direct methods using SHELXTL
and were refined on F~ by the full-matrix least-squares technique using the SHELXL-97
program package.**** 4** Graphics were generated using MERCURY 2.3.%** In all
cases, non-hydrogen atoms are treated anisotropically and hydrogen atoms attached to

all carbons are geometrically fixed and refined isotropically.
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Figure A3.1. IR-plot of (a) Complex 1 and (b) Complex 2.
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Figure A3.2. -Potential measurement of (a) disk-like ZnO and (b) ZnO nanorods.
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Figure A3.3. UV-Vis spectra of ZnO nanoparticles (a) disk-like and (b) nanorods.
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Figure A3.4. PL spectra of ZnO nanoparticles (a) disk-like and (b) nanorods.
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Figure A3.5. Nitrogen adsorption plot for BET surface area measurement (a) disk —like ZnO and (b) ZnO

nanorods.
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Figure A3.6. Adsorption isotherm plot at different pH.
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Figure A3.7. (a) 1* order kinetic model plot; (b) 2™ order kinetic model plot and (c) Gibb’s free energy
change (AG’) vs temperature plot.
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Chapter 4

4.1 Introduction

Progressing from the interaction study of protein with a basic ‘hard’ surface in the
previous chapter, this chapter deals with the interaction study of proteins with an acidic
‘soft’ surface. Nanoparticles of Zinc Sulfide (ZnS), an acidic ‘soft’ sulfide mineral have
been extensively used for the interfacial interaction study of two proteins, bovine serum
albumin (BSA) and B-lactoglobulin (BLG). A detailed comparative study of interaction

of both the proteins upon adsorption onto ZnS surface has been reported here.

4.2 Synthesis and characterization of ZnS nanoparticles

A simple precursor mediated synthesis has been used for the synthesis of ZnS NPs. In a
usual synthesis procedure, aqueous solution of PDC (5.6 mmol, 0.954 gm) was added
drop-wise to the aqueous solution of Zn(OAc),.2H,O (2.8 mmol, 0.626 gm) with
constant stirring at room temperature for a period of 6 hrs. White precipitate thus
formed was filtered, washed with water and dried in vacuum. The complex was made
soluble adding few drops of aniline. H,S gas was purged through the solution to give a
white colloidal suspension which on centrifugation yielded white precipitates of ZnS
NPs. The precipitate was washed with methanol, water and vacuum dried prior to
characterization.

ZnS NPs synthesized were characterized by several techniques. The TEM image in
Figure 4.1a confirms the formation of nearly mono-dispersed nanospheres of sizes~100
nm in copious quantity. The X-ray powder diffraction of ZnS NPs (Figure 4.1b)
showing reflections from (111), (220) and (311) planes are in agreement with the
formation of zinc blende (cubic, B-ZnS) structure (JCPDS No. 01-0792). The FTIR
spectra also support the formation of ZnS nanoparticles (Appendix, Figure A4.1). The
BET surface area analysis from the N, adsorption desorption isotherm reveals the high
surface area of the synthesized ZnS nanoparticles to be 141.69 m*/g (Appendix, Figure
A4.2). From the zeta potential data it reveals that the PZC (point of zero charge) of the
ZnS to be around pH~3.7 (Figure 4.1c). The emission spectra of ZnS NPs has also been
given in the Appendix section (Appendix, A4.3).
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Figure 4.1. (a) TEM, (b) PXRD and Zeta potential () plots of ZnS nanoparticles.

4.3 Interaction study with protein
4.3.1 Background

Protein adsorption is the prima facie credibility in the construct of bio-nano composite
for implication in various fields. It is a complex process involving various factors such
as van der Waals, hydrophobic and electrostatic interactions, and hydrogen bonding.“'1
On the other hand, different proteins act differently with the introduced surface in the
adsorption process depending on their physio-chemical and structural stability.
Structural reorientation (both secondary and tertiary) is always accompanied by the
adsorption for most of the protein whilst some appears to resist significant
conformational change.***? This sort of conformational flexibility and conformation
rigidity of proteins classified them into class of “soft” and “hard” proteins. Proteins that
have a tendency to undergo major surface-induced conformational change are termed as
“soft” and those less vulnerable to conformational change are coined as ‘“hard”
protein.**** Based on this property of protein, different proteins (“soft” and “hard”) are
likely to show different adsorption behavior after adsorption onto same surface. A lot of
studies have been made to understand how “soft” and ‘“hard” proteins interact with
different surface. Norde et al. investigated the structural perturbation of lysozyme (hard)
and a-lactalbumin (soft) on negatively charged polystyrene latex (PS’) and variably
charged hematite (a-Fe,O;) surfaces.*® Norde er al. also studied the change in
secondary structural component of BSA (soft) and lysozyme (hard) upon adsorption
onto finely dispersed silica particle.*” Turci e al. elaborated the consequence of
adsorption of four proteins:BSA (soft), lysozyme (hard), bovine pancreatic ribonuclease

(hard) and bovine lactoperoxidase (soft), onto two amorphous pyrogenic silica
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nanoparticles.*® Further, Wertz et al. substantiated that lysozyme, despite its recognized
“hardness” on hydrophilic surfaces, compromises its structural integrity upon adsorption
onto hydrophobic surfaces.*” Cole et al. found the well-structured molecule of collagen
undergoes structural perturbations when interacting with the hydrophilic SiO, surface,
but it weakly interacts with a hydrophobic derivative of the same surface, which may be
explained by its rigid molecular structure.*'® From the above observation it could be
concluded that the consequences of adsorption is a very complex phenomenon and is
very difficult to predict how a “soft” or “hard” protein would behave to a given surface.

To quench our inquisitiveness of knowing the adsorption process better, we have taken
two different protein having near same isoelectric point (IEP) but different structural
stability for the adsorption interaction study. Two globular, highly abundant proteins,
Bovine serum albumin (BSA) and f-lactoglobulin (BLG) were taken as model protein
for the study. The main properties of the two proteins are summarized in Table 4.1 to
get a brief idea about the proteins. Serum albumin is the most abundant protein in
mammalian plasma and BSA (Bovine Serum Albumin) is the most studied serum
protein due to its wide availability, low cost and high structural resemblance with HSA

*13 BSA is a water-soluble monomeric protein of single

(Human Serum Albumin).
polypeptide chain with 583 amino acid residues and a molar mass of 66.4kDa.*'* BLG
is also one of the most extensively studied proteins due to its high abundance in cow’s
milk.*'> At neutral pH BLG exists as a non-covalent dimer consisting of two identical
monomers of molecular mass 18.3 kDa. Table 4.1 summarizes the physio-chemical
properties of the two proteins.

In continuation to our previous work of protein nanoparticle interaction study in Chapter
3, herein we focus to see the effect of the adsorption of the two proteins (BSA and
BLG) on to the surface of ZnS nanoparticle (NPs). ZnS NPs of size ~100 nm and having
a high specific surface area of 141.69 m”> g' was taken as the substrate for the
adsorption at pH 7. ZnS having PZC (point of zero charge) value around pH~3.7, retains
a negative surface at the study regime, likewise the proteins also possess a net negative
charge at this pH point. We have incorporated various experimental approaches such as
zeta (C) potential, fluorescence and CD for analyzing the adsorption process. From the
experimental results and based on the physio-chemical nature of the proteins and ZnS

NPs, we have tried to draw a plausible conclusion of the adsorption system.

41
TH-1268_09612220



ZnS-Protein interaction Chapter 4
Table 4.1. Properties of the proteins BSA and BLG taken for the study.*!"*!2

Protein  Isoelectric =~ Molecular  Resistance = Dimension Net Zeta
point mass (Da) to (nm) charge  potential
(IEP) deformation atpH7  ()mV
(hard/soft)
BSA 4.9 68,000 Low (soft) 9.0x6.0x5.0 Negative -14.6
BLG 5.1 18,300 High (hard) 6.5%3.6x3.6 Negative -19.5

4.3.2 Materials and methods

Protein. A buffer solution, consisting of 50 mM sodium phosphate at pH 7, was used in
all the experiments. Adsorption experiments of protein onto ZnS NPs were carried out
in batch mode. The concentration of the protein was varied from 10-500 pug ml™” and

ZnS NPs concentration was kept constant at 0.5 pg ml™.

Fluorescence emission spectroscopy. The protein was excited at 295 nm and
tryptophan emission fluorescence spectra were collected from 300-500 nm. We have
done the fluorescence titration of the protein with the continuous addition of aliquots of
ZnS NPs into the protein solution. The ZnS NPs concentration varied from 3.3 uM to
31.1 uM whereas a 50 pg ml”! concentration of protein was taken. Steady state

anisotropy was also measured in the same instrument.

Circular Dichroism (CD). CD spectra of native and adsorbed protein were measured to
evaluate the secondary structural change. Four different concentrations of ZnS were
taken for CD spectral analysis. The concentration of protein was 50ug ml” and final
ZnS NPs concentration was 10, 25, 50 and 100 uM respectively. Phosphate buffer

concentration of 50 mM was used for this study.

Zeta potential. Zeta potential ({) analysis of ZnS NPs and interaction system of the two
proteins with the nanoparticles were measured at different protein coverage. Samples
were re-dispersed and diluted in 10 mM phosphate buffer and titrated with 0.1 M NaOH
and 0.1 M HCI using the auto titrator, and circulated simultaneously in the analytical
cell for zeta potential measurement. The temperature of the scattering cell was fixed at

25°C.

42
TH-1268_09612220



Chapter 4 ZnS-Protein interaction

4.3.3 Adsorption interaction study

4.3.3.1 Surface coverage and Adsorption Isotherm

The resulting measurements of protein surface coverage for BSA and BLG are shown in
Figure 4.2. Substantial adsorption was found at pH 7 where both the surface and
proteins were negatively charged. In both the cases of BSA and BLG, the surface

coverage increased with an increase in protein concentration. The theoretical “side-on”

monolayer was calculated
considering the (RSA) random o
sequential adsorption model which EZSO
considers 55% of the surface éozoo
covering, to see the relative surface 3‘;: 1sof” — T T T “side-on™ monolayer BSA ()
covering of the ZnS NPs surface. The §100
theoretical “side-on” monolayer for g A “side-on" monolayer BLG (m)
BSA was calculated to be ~169 ng 0

2 ) 0 100 200 300 400 500 600
cm” and for BLG it was ~71.5 ng Protein conc. (ug ml™)

cm™. The surface coverage for BSA
Figure 4.2. Protein adsorption isotherms plotted as a

varied from a minimum of 7.19 n . o _ ,
g function of initial protein concentration at pH 7. The

2 4
cm” t0 maximum coverage of 251.8 dotted horizontal lines indicate the calculated amount of

ng cm” and that for BLG ranged proteins needed for “side-on” adsorption modes to cover
from 2.47 to 103.2 ng cm>2 This the surface area with one monolayer.

higher value of adsorption might be

due to the porous nature of the ZnS NPs which can accommodate higher number of

protein in its pore areas and also into the available surface area.

4.3.3.2 Zeta potential ({) variation and protein coverage

The adsorption of the proteins onto the ZnS surface brings about a modification of the
surface net charge which alters the  potential value.*'® Figure 4.3 depicts the profile of
the change in the { potential value as a function of pH, at various protein surface
coverage. For all the cases, the surface chemistry of the protein-nanoparticle composite
changed with increasing surface coverage. With the extent of adsorption, the surface of
ZnS NPs get masked by the proteins and the characteristic of the surface starts to
deviate towards the IEP of the protein. This deviation was more prominent with the

increase in protein concentration. The IEP of naked ZnS surface was around pH 3.7

43
TH-1268_09612220



ZnS-Protein interaction Chapter 4
whereas BSA and BLG have IEP values close to pH ~ 5 (~ 4.9 for BSA and ~ 5 for

BLG see Appendix, Figure A4.4). The IEP of the conjugates (BSA/ZnS and BLG/ZnS)

was found to be very near to the IEP of the corresponding proteins (but never
overlapped). For BSA/ZnS composite the IEP was around pH 4.5 at a low surface
coverage of 0.30 mg m™ and increased to pH 4.78 at a higher surface coverage of 2.51
mg m™. Similar trend was observed for the BLG/ZnS conjugate with IEP of about pH
4.4 at a lower surface coverage of 0.16 mg m™ and pH 4.81 at a higher surface coverage
of 1.03 mg m™. The maximum adsorption values of both the proteins exceeded the
theoretical “side-on” monolayer value for both the proteins whilst the zeta potential
values never leveled to the IEP of the proteins. These two findings lead to a probable
conclusion that the high porous nature of ZnS NPs accommodates a higher fraction of
proteins into it. Thus increasing the adsorption value and the complete masking of the
ZnS NPs surface never happened.

20 (a) 20 (b)

15

—+— 7ZnS blank —— 7ZnS blank

> 2
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Figure 4.3. £ Potential measurement of pure ZnS nanoparticles and protein coated ZnS nanoparticles at

different surface coverage.

4.3.3.3 Tryptophan fluorescence quenching and anisotropy measurement

The quenching of fluorescence emission originates either from static or dynamic
interaction of quencher with the fluorophore. In order to get an insight of the quenching
mechanism of the proteins (BSA and BLG) with ZnS, we have monitored the emission
of tryptophan residues in the protein solution at different concentrations of the quencher
(ZnS). BSA has two Trp residues at positions 134 and 212 which are responsible for the
intrinsic fluorescence. Trp212 residue is located in hydrophobic cavity, whereas Trp134
is located on the surface. The binding close to these can alter the fluorescence intensity
of the species.*!” BLG also has two Trp unit (Trp19 and Trp61). The Trp19 is buried in

the hydrophobic core whereas the latter is exposed to the solvent.*'® The fluorescence
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intensity was found to decrease gradually with the increase in the quencher
concentration and shown in Figure 4.4. We have further employed the classical Stern—
Volmer equation for the fluorescence intensity data to calculate the Stern—Volmer

constant.4‘19

I/1=1+ Ky [Q] (4.2)
where, I, and I are the fluorescence intensities of protein in the absence and presence of
the quencher, respectively. Ky, is the Stern—Volmer constant and [Q] is the
concentration of the quencher (ZnS in this case). The Ky, values obtained from the
equation are summarized in Table 4.2. Moreover, the di-molecular quenching equation
is

Ko =Kquo (4.3)
where, K, represents the quenching rate constant and 7y is the average
photoluminescence lifetime of protein (usually ~10™® to ~10° for BSA and BLG
respectively).*?***! The K value lies in the range of ~10" to ~10" (L mol™" s7") for
both BSA and BLG, which is far greater compared with the value obtained for
biological macromolecules due to the collision mechanism (2.0x10' L mol™ s
implying the static nature of the quenching process.*** Using the method described by
Shao et al., one can calculate the number of binding sites (n), and the binding constant
(Kp) using the equation

log (Ip- I)/I = log Ky, +n log[Q] 4.4)
where, Iy and I are the fluorescence intensities of protein in the absence and presence of
the quencher and [Q] is the concentration of the quencher. The binding constant values

and number of binding sites are enlisted in the Table. 4.2.

(a) 3;3 y =0.0396x +0.809 (b) 191 y=0.0279x + 0.9033
“1 R2=0.9888 17 R?=0.9901

10 20 30 40
[ZnS] uM

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

300 350 400 450 500 300 350 400 450 500
wavelength (nm) wavelength (nm)

Figure 4.4. Fluorescence quenching spectra of tryptophan residues of (a) BSA and (b) BLG upon

addition of ZnS nanoparticles at pH 7. (Inset: Stern-Volmer plot derived from the quenching data).
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Fluorescence anisotropy measurement was incorporated to establish the relative binding
of proteins with ZnS NPs. The fluorescence anisotropy of free native protein in solution
represents a free rotational motion of the fluorophore in the protein molecule which was
measured to be ~0.0502 and ~0.0817 for BSA and BLG respectively. However, upon
adding of ZnS the fluorescence anisotropy of both the proteins increased (0.2331 for
BSA and 0.1975 for BLG), suggesting the increased rigidity of the surrounding
environment of the fluorophore (tryptophan) upon binding onto the ZnS surface
(Appendix, Figure A4.5). Adsorption of the protein on to the ZnS surface implies an
imposed motional restriction on the fluorophore (tryptophan) moiety in the protein

microenvironment.

Table 4.2. Experimental observation of the parametrs of the proteins (BSA and BLG)

upon interaction with ZnS NPs.

Proteins Observations from fluorescence data
Ky (L mol ) x 10" R’ Ky(L mol ') x 10° n R’
BSA 3.96 £ 0.05 0.9888 7.90+0.12 1.5+0.003 0.999
BLG 2.79+0.02 0.9901 0.32 +£0.07 1.2+0.01 0.993

4.3.3.4 Structural changes from Circular Dichroism (CD) spectral analysis

The adsorption of proteins onto solid surface is usually accompanied by the change in
their secondary structure. The entropy gain of this conformational change may be the
driving for the adsorption. To evaluate such secondary structural change in the
adsorption of BSA and BLG onto ZnS NPs, we have incorporated CD analysis. CD is a
very powerful and sensitive technique for evaluating conformational changes in protein,
on binding to nanoparticles.** Different proteins have peak profiles which are the
characteristics of secondary structural elements present in them. BSA contains
predominantly a-helices as secondary structural elements, which shows strong negative
signals at 208 and 222 nm, characteristics of a-helical structure. Any change in these
bands will specify conformational change in the native structure of the protein.***
Whereas, BLG is a B-rich protein exhibiting a wide minimum around 218 nm which is a

characteristic of B-rich proteins.** Figure 4.5 depicts the CD profile of BSA and BLG
upon the gradual addition of ZnS at pH 7.
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Figure 4.5. CD spectra of (a) BSA and (b) BLG upon addition of ZnS nanoparticles at pH 7.

The structural deviation was more pronounced in case of BSA upon the addition of ZnS,

compared to BLG (data are summarized in Table 4.3). The a-helical content decreased

for BSA at the expense of the increment in the B—strand and random (turns and

unordered) fraction. A total of 9.6 % decrease in the a-helical content was observed for

BSA upon addition of 100 uM ZnS NPs. A gradual decrease in the a-helical content and

subsequent increase in the B—strand (~5.8%) and random fraction (~3.8%) content was

observed upon increasing the concentration of ZnS NPs. On the other hand, the

secondary structural elements for BLG were less altered upon the adsorption onto the

ZnS NPs surface compared to the BSA. Although a subtle decrease in the a-helical

content (of ~ 3%) was observed at the expense of the B—strand (~2.5% increment) but

the random fraction was not induced much. These results are in agreement with the

known susceptibility of BSA and BLG to conformational changes.

Table 4.3. CD spectra of (a) BSA and (b) BLG upon addition of ZnS NPs at pH 7.

(a) a—helix P-strand Random
BSA 43.8 14.1 42.1
BSA+10 uM ZnS 40.8 14.3 42.9
BSA+25 uM ZnS 36.8 19.3 43.9
BSA+50 uM ZnS 35.7 19.0 45.3
BSA+100 uM ZnS 34.2 19.9 45.9
47
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(b) a—helix P-strand Random
BLG 14.3 324 533
BLG+10 puM ZnS 13.1 33.8 53.1
BLG+25 uM ZnS 12.6 33.5 53.8
BLG+50 uM ZnS 11.6 34.5 53.9
BLG+100 uM ZnS 11.3 349 53.8

4.3.3.5 Evaluating the reversibility of the adsorption

To evaluate the reversibility of the adsorption process we have incubated the ZnS-
protein conjugate obtained after adsorption for 10 pg ml™” and 0.5 mg ml™ ZnS, in pure
buffer solution. The obtained ZnS-protein conjugate was washed with buffer prior to the
study. The availability of protein in the solution due to desorption of the protein from
the ZnS NPs surface was monitored with time. Figure A4.6 (Appendix, Figure A4.6)
gives the overview of the dynamics of desorption process for BSA and BLG from ZnS
surface. Both BSA and BLG were irreversibly bound to the ZnS NPs surface. The
increment in the solution protein concentration with time justifies this assumption. A
small fraction of protein (BSA and BLG both) was irreversibly attached to the NPs
surface and were not detached from the NPs surface within our study condition of 2h.
BSA was desorbed slower compared to BLG. The structural rearrangements of BSA
might be the cause behind this observation, although this fact could not be confirmed by
the data obtained in the present study. The more deformation of the structure of BSA

would have attenuated the desorption process.

4.3.4 Rationalization of observation

Substantial amount of adsorption was seen for BSA and BLG at pH 7, where both the
proteins and the ZnS NPs surface were negatively charged and electrostatic repulsion
was expected. The surface of protein contains different ionizable groups (carboxyl
groups and the amino groups) which are ionized at different pH. The net charge the
protein carries at a definite pH is governed by the number of ionized carboxyl or the
amino groups they possess. These ionized groups form local positive and negative
charge regimes within the protein molecule. These local positively and negatively
charged regimes on the protein surface could be involved in the adsorption mechanism,
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although the net charge suggests an electrostatic repulsion.**® The zeta potential data
also accounts for the substantial adsorption of BSA and BLG onto ZnS NPs surface. All
the IEPs of the protein treated ZnS NPs suspensions were shifted towards the IEPs of
the adsorbed proteins. Although the IEP of the protein-NPs composite never leveled to
the IEP of the native proteins. From the calculation of the adsorption capacity it was
also found that the maximum surface coverage value for BSA and BLG, was above the
theoretical monolayer (side-on) calculation value. These two results combined together
fetches the conclusion that the highly porous ZnS NPs can accommodate a high amount
of proteins into its pores which in turn increases the adsorption value, while complete
masking of the ZnS NPs surface do not happen in both cases of BSA and BLG
adsorption, leaving to the exposure of ZnS patches and non-overlapping of the IEP
values of protein and protein-NPs composite. Similar sort of heterogeneous distribution
of protein on hydrophilic surface at pH where all the species were of same charge was
reported by Rabe et al., even though they showed the co-operativity effect for the
outcome.*?’
From fluorescence quenching at wavelength ~345 nm, it was established that the tertiary
structure of both BSA and BLG was partially altered upon the adsorption onto ZnS NPs.
An insight into the protein residual structure can throw some light upon the quenching
mechanism of the two. BSA has two tryptophan moieties, Trp residues at positions 134
and 212. Trp212 residue is located in hydrophobic cavity, whereas Trp134 is located on
the surface. The quenching could be attributed to both Trp134 and Trp212 interacting
with the ZnS NPs. But from the secondary structural analysis (CD spectra) it was
substantiated that BSA undergoes a significant structural reorientation. This could
probably lead to the Trp212, residing in the hydrophobic pocket to bulge and
significantly interact with the ZnS surface resulting the fluorescence quenching. The
binding constant K, was calculated to be 7.9 x 10° L mol™' and number of the binding
sites was ~1.5. This structural re-adjustment of BSA for maximizing the
accommodation onto the ZnS surface could also justify the higher adsorption value.
BLG also showed some tertiary structural change upon adsorption. The magnitude of
the interaction of the tryptophan moiety with ZnS NPs was less compared to the BSA.
BLG contains two tryptophan residues at 19 and 61. The Trpl9 resides in the
hydrophobic core and Trp61 protrudes into the surface and sits quite close to the Cys66
to Cysl160 di-sulfide bridge. The Cysteine residues could be an effective Trp

fluorescence quencher. Thus the intrinsic fluorescence of BLG is attributed to Trp19.***
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The quenching of fluorescence could rise from the binding of Trp19 with the ZnS or the
Trp61. Although Trp61 has some contribution but the Trp19 contribute more to the total
seen quenching value. For the Trp19 to have an effective interaction it needs to come to
the vicinity of the ZnS surface from the hydrophobic pocket. From the secondary
structure analysis a very less structural change (~3% decrease in the a-helical content at
the expense of ~2.5% increment in the f—strand) was observed. This subtle change in
the structure could induce the Trpl9 to interact efficiently resulting the quenching.
Figure 4.6 is the cartoon representation of BSA and BLG showing the Trp residues.
From the figure it is quite clear that, even though the Trpl9 of BLG is in the
hydrophobic cavity but it is more accessible than the Trp212 of the BSA. Hence with
the less deformation a significant interaction could be achieved for BLG where BSA
undergoes a high deformation for achieving the same. The anisotropy value also support

the strong interaction of BSA over BLG onto ZnS NPs.

Figure 4.6. Cartoon representation of (a) BSA and (b) BLG showing the relative positioning tryptophan
residues at pH 7. (BSA pdb code: 3V03 and BLG pdb code: 3BLG was used. The structure was made
using pyMol).

Thus, compiling the results an assumption could be drawn to get the overview of the
adsorption phenomenon. The chemical-physical characteristics of the ZnS surface and
protein structure decide the relative predominance of the force responsible for the
adsorption. At pH 7 the electrostatic attraction could be ruled out to some extent, as all
the surfaces are negatively charge. Similar protein—particle adsorption under non-
attractive electrostatic conditions were also found on hydrophobic surfaces and reported
in the literature.****° The hydrophobic nature of the ZnS NPs could induce some
hydrophobic interaction for BSA and BLG adsorption. BSA showed higher adsorption
compared to BLG. Higher adsorption of BSA despite electrostatic repulsion is attributed
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to increase in entropy resulting from perturbations in the relatively ‘‘soft’’ a-helical
structure of serum albumin.**' On the other hand, BLG probably interacted with the
negative surface of ZnS NPs with the positive patches on its surface. Similar sort of
interaction of the positive and negative patches of the protein surface involving
interaction are reported in the literature [27]. Also, proteins adsorbing at positively or
negatively charged interfaces tend to expose oppositely charged regions to the surface

although the overall charges of both the species are same.*

Further supportive
evidence in favor of the structural deformation and the basis of such deformation for
BSA and BLG could be drawn from Figure 4.7. It (Figure 4.7) represents the surface
potential of BSA and BLG at pH 7.**° The surface of the BSA is predominantly
negative and the positive patches are buried deep in the core of the protein are
inaccessible without altering conformation of the protein. This also compels the
alteration in the secondary component of BSA which facilitates the interaction. But
from the Figure 4.7 it is apparent that the positive patches of BLG are not buried too
deep into the core of the protein and are easily accessible. This might be the probable

reason for the BLG with a very less alteration in the secondary structure could

effectively assist the adsorption at pH 7.

Figure 4.7. Schematic representation of the surface electrostatic potential of BSA (a, b, ¢) and BLG (d, e,
f) at pH 7. The structures were calculated online at http://kryptonite.nbcr.net/pdb2pqr/ using the pdb code
3V03 for BSA and BLG pdb code 3BLG. The monomer fraction of BSA was taken for the purpose. (blue:

negative potential, red: positive potential; range from —5 kBT/e to +5 kBT/e)
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4.3.5 Summary

In conclusion, this work gives an overview of the adsorption consequence of two
different proteins possessing net negative charge and different conformational
flexibility, onto the negative surface of ZnS nanoparticle. The proteins undertaken are
BSA and BLG, having near same IEP (~5) and differ in their conformational flexibility.
BSA is considered “soft” while BLG holds the conformational rigidity and considered
as “hard” protein. At pH ~7 the ZnS surface is negative (ZnSpzc ~ 3.7), whereas the
proteins also possess net negative charges. BSA was found to adsorb more compared to
BLG. From the Fluorescence and CD conformational analysis it was revealed that BSA
undergoes a prominent secondary structural change with the extent of adsorption,
whereas BLG resist to such deformation. These results are in agreement with the known
susceptibility of these proteins to conformational changes. In both systems, an increase
in protein surface coverage was observed with the increase in free protein concentration
in the solution and { values approaching that of native protein at high surface coverage.
This findings could help us to understand better how proteins susceptible to
conformation change, could structurally adjust themselves to maximize the adsorption
onto surfaces having like charge. This aids to the designing and construct of different

bio-nano composites where charge-factor shall seldom play a role.
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Figure A4.1. FTIR spectra of ZnS nanoparticles.
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Figure A4.2. BET adsorption pattern of N, adsorption onto ZnS nanoparticles.
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Figure A4.3. Emission spectra of ZnS NPs (excitation at 300 nm).
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Figure A4.4. Zeta potential measurement of native BSA and BLG.

Figure A4.5. Anisotropy plot of BSA and BLG upon addition of ZnS nanoparticles.
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Figure A4.6 Desorption experiment of (a) BSA and (b) BLG; [Composite taken after adsorption of the 10
ug ml™" protein on 0.5 mg ml-1 of ZnS NPs].

Table A4.1. Adsorption BJH pore size distribution profile of ZnS NPs.

Pore diameter Pore Volume Distribution %
Range(nm) (ml/g)
Under 6 0.03422 6.53
6-8 0.01796 3.43
8-10 0.01818 3.47
10-12 0.02100 4.01
12-16 0.03094 5.90
16-20 0.03912 7.47
20-80 0.34142 65.17
Over 80 0.02108 4.02
BJH Total 0.52392 100
56
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5.1 Introduction

After studying the effect of ‘hard’ and ‘soft’ surfaces on protein interaction behavior
this chapter advances to study the interaction of another ‘basic’ and ‘hard’ inorganic
mineral nanoparticle surface with pollutants. Malachite or basic copper carbonate is a
naturally occurring secondary copper mineral with the composition of Cu,(OH),CO:s.
The presence of —CO; and —OH groups on the surface of malachite makes it a surface of
choice for pollutant to interact in aqueous solution. Previous literature reports the use of
malachite as catalyst, fertilizer, antimicrobial agent, wood preservative, sensor
development, and in fabricating electronic devices have been reported.”' Molchan et al.
has reported a polyol-mediated synthesis of malachite nanoparticle (NP) which involves
the reaction in non-aqueous ethylene glycol media.>* Herein in this section we describe
the synthesis of hydrophilic malachite nanoparticles in aqueous medium and its

interaction with various pollutants has been investigated in details.

5.2 Synthesis and characterization of malachite nanoparticles

Malachite nanoparticles with an average size of 100-150 nm have been synthesized and
characterized as described previously.’” 200 mg of CuSO4-5H,0 was added to 100 mL
of 4 mM aqueous solution of SDS in a 250 mL round-bottom flask with stirring for 30
min. After that, 10 mM NayCOs solution was added drop wise with constant stirring at
room temperature for an additional 2h. This resulted in the formation of a green
suspension which was stable as no sedimentation was observed for more than 24h. The
reaction product was centrifuged at 15000 rpm. Two-step washing was undertaken; first
the precipitate was re-suspended by sonication in distilled water several times to remove
soluble impurity, followed by several times washing with ethanol. The final product was
centrifuged and vacuum-dried for overnight.

The as synthesized malachite NPs were characterized using various techniques. The
TEM images in Figure 5.1a reveals the spherical shape of malachite NPs which are
fairly polydisperse in nature. The size distribution of the malachite varies in the range of

100-150 nm. The PXRD data (Figure 5.1b) shows the formation of crystalline malachite
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mineral, and the peaks are matching well with malachite phases (JCPDS file no. 01-

076-0660). The zeta potential analysis in Figure 5.1c showed that malachite NPs has a
high positive charge (~15—20 mV) on their surface in the pH range of 5—7. The point of
zero charge (PZC) of malachite NPs is around pH ~7.6 which confines well with the
previously reported results by Gonzaletz and Laskowski.>* The BET surface area
analysis represented that malachite NPs have a specific surface area of 20.5 = 0.2 m? g
and pore volume of 0.060 cm® g'. (Appendix. Figure A5.1). The FTIR spectra also
favours the formation of the malachite mineral and are given in the Appendix section of
this chapter (Appendix, Figure A5.2) The thermogravimetric analysis of the malachite
NPs are also included in the Appendix section (Appendix, Figure AS5.3).
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Figure 5.1. (a) TEM image showing the dispersed malachite nanoparticles, (b) {—potential measurement

plot of malachite nanoparticles and (c) PXRD pattern of the malachite nanoparticles.

This chapter has been divided into two sections:
Part 1: Interaction and removal of inorganic pollutants using malachite nanoparticles.

Part 2: Interaction and removal of some organic pollutants using malachite

nanoparticles.

Part 1

5.4 Interaction and removal of inorganic pollutants using malachite nanoparticles

5.4.1 Background
The recent environmental issues are receiving increasing attention for being
contaminated by various pollutants due to their potentially hazardous risk to public
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health and the environment. Inorganic pollutants are one of the major concerns for the
environmental degradation. In the bigger scenario of inorganic pollutants, anionic
pollutants like arsenate and chromate contributes a lot. These are toxic pollutants that
contaminate the water system and enter the food chain causing fatal diseases in
human.’” These pollutants are introduced into the environment from a variety of
processes such as, mineral weathering, mining, industrial applications including leather
tanning, textile dyeing, metal finishing, electroplating, inorganic chemicals production
etc.”®" Hexavalent chromium usually exists in wastewater as oxyanions such as
chromate (CrO,”") and dichromate (Cr,O,° ) which are mostly toxic, carcinogenic and
mutagenic and does not precipitate easily using conventional precipitation methods.>*>"
Similarly, the common forms of arsenate predominantly present are HyAsO, , HAsO42_
and AsO,’~ in oxygen rich aerobic waste sources are capable of imposing several health
hazards in terms of skin, lung, and kidney cancer as well as pigmentation changes,
neurological disorders, muscular weakness etc.”'*>'* Therefore, the removal of these
pollutants from the contaminated waste sources is critically important for the protection
of human health and sustainable environment.

Numerous methods have been developed for the removal of such pollutants in
wastewater, including adsorption, electrochemical precipitation, ion exchange,

membrane ultra-filtration, reverse osmosis and reduction.’'*>1

Emerging as one of the
most promising techniques for removal of pollutants from industrial wastewaters,
adsorption technology has been employed widely and established as an effective method
in remediation technologies. Adsorption, when combined with appropriate desorption
step, can also solves the problem of sludge disposal, which is a major concern in
precipitation method.”'"'® Nowadays, nanoparticles are in high demand in
environmental remediation technologies for their high surface to volume ratio. As
discussed above, a nano-structured material having positive charge on its surface can be
effective for adsorbing the anionic pollutants from waste sources. In this regard,
malachite nanoparticles, a basic hydrophilic surface, can be a good choice for the
removal of chromate and arsenate. Malachite or basic copper carbonate is a naturally
occurring secondary copper mineral with the composition of Cu,(OH),COs. Previous
studies have reported that the malachite nanoparticles have the —CO3; and —OH groups
on the surface, having a pHpzc of ~7.533319 Therefore, the malachite surface would be
positively charged in the broad pH range upto ~7.5, which in turn can be a potential

surface for adsorption of anionic pollutants such as chromate and arsenate.
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5.4.2 Materials and methods

Adsorption isotherms were studied with varying initial concentrations of pollutants
(chromate and arsenate) ranging from 20-500 mg L™'. The pollutants were stirred with
defined 5 g L' of malachite nanoparticles. Solution pH of the adsorption experiments
were varied (by 0.1 M HCI and NaOH) from 4.0 to 9.0 to check the adsorption
efficiency of malachite nanoparticles for both chromate and arsenate. Kinetics
experiments were carried out at different time interval by withdrawing the aliquot of
supernatant from the adsorption mixture until steady state reaches. The influence of
nanoparticle concentration on the adsorption of arsenate and chromate was performed
with a malachite concentration from 5-20 g L™'. Temperature depended studies were
performed in an increasing temperature range from 10-40 °C. Competitive adsorption
study of these anions were performed with mixed solution containing 50 mg L™ of both
chromate and arsenate. Desorption of chromate and arsenate from the adsorbent surface
was carried out in batch mode. After equilibrium reaches, the adsorbent containing
adsorbed chromate and arsenate was separated by centrifugation and air dried. For
desorption studies after drying the adsorbent was re-dispersed and the pH was raised

from 9 to 12 using 0.1-0.5 M NaOH.

5.4.3 Results
5.4.3.1 Influence of solution pH

Surface properties of the adsorbent and ionic forms of metal ions in solution are largely
controlled by the pH of the medium. The value of pHpzc of malachite nanoparticles is
around 7.5. The adsorption efficiency was found to be maximum for pH 4 in both the
cases of chromate and arsenate and reduces thereafter as the pH was raised (Figure
5.2a). The presence of chromate and arsenate on the malachite surface after adsorption
was confirmed by EDX analysis (Figure 5.2b and 5.2¢). These results could be justified
taking the pHpzc of the malachite surface into account and the anionic forms of both the
anions. In the pH range from 2 to 6, for Cr(VI), HCrO4 and Cr,O7* are predominating
species in the equilibrium and in basic medium it exist as Cro,~>% Similarly As(V) ion
occurs mainly in the form of HAsO4 in the pH range between 3 and 6, while a divalent
anion HAsO,*~ dominates at higher pH values.”?' Therefore, at pH range 2.0-6.0, the
malachite surface (pH < pHpyzc) remains positively charged and further the —OH groups
in the malachite surface gets protonated to a higher extent and turns to —OH,". This
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positively charged malachite surface facilitates the electrostatic interaction with the
anionic pollutants, which in turn leads to a higher adsorption capacity.”**>* At higher
pH, due to more OH ions on malachite surface carrying net negative charges, the

repulsion between the anions (CrO;*~ and HAsO,”") and the nanoparticles surface

increases, which results in a decreased adsorption capacity of both the anions.>**
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Figure 5.2. (a) Effect of initial solution pH on chromate and arsenate ions adsorption by malachite
nanoparticles (chromate and arsenate concentration = 100mg L'; adsorbent dose = 5¢g L "and (b) EDX

analysis of adsorbed (b) chromate and (c) arsenate on malachite nanoparticles.

5.4.3.2 Adsorption steady state and kinetic model

The kinetics of adsorption describes the rate of ion uptake on the nanoparticle and this
rate controls the equilibrium time. The kinetics of adsorbate uptake is required for
selecting optimum operating conditions for the full-scale batch process.”” The kinetic
parameter, which is helpful for the prediction of adsorption rate, gives important
information for designing and modelling the processes. Thus, the effect of contact time
was analysed from the kinetic point of view. From the equilibrium studies, it was found
that steady state reaches within 12 h and 5 h for chromate and arsenate respectively
irrespective of initial concentration (Figure 5.3).

The adsorption kinetics of chromate and arsenate on malachite nanoparticle was studied
with respect to Lagergren first order (Eq. 5.1a) and second-order kinetic model (Eq.

5. lb)'5.26a, 5.26b

log(ge — qt) = log qe — (1 /2.303) k;t (5.1a)
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Figure 5.3. Effect of initial metal concentration and contact time on adsorption (a) for chromate and (b)

for arsenate (pH 5; absorbent dosage=5g L' temperature = 30=1°C; stirring speed = 200 rpm for both).

Where, the q; and q. (mg g ') are total adsorption capacity at time t and at equilibrium
respectively. k; and k; are first and second order rate constant respectively. Table 5.1
shows all the kinetic constant values. It was found that the first order rate equation
showed correlation coefficient of 0.984 for chromate and 0.994 for arsenate; while the
second order correlation coefficient was 0.990 for chromate and 0.995 for arsenate
(Appendix, Figure AS5.4). Therefore the adsorption process for both chromate and

arsenate can be better described by the second order reaction kinetics.

Another empirically established functional relationship proposed by Weber and Morris,
the intraparticle diffusion model was applied to fit the kinetic experimental results.>*’

The root time dependent equation is given (Eq. 5.2¢) by,
q=Kut'"?*+C (5.2¢)

Where K, is an intraparticle diffusion rate constant and C is the intercept. The slope in
the linearized fitted curve using intraparticle model (Appendix. A5.4), characterizes the
rate parameter corresponding to the intraparticle diffusion, whereas the intercept of this
portion is proportional to the boundary layer thickness. The values of rate constant K,

and C were calculated from the fitted model and given in Table 5.1. The linearized
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curve in both the cases do not pass through the origin (~1.0 mg g for chromate and
~3.6 mg g'1 for arsenate) indicates that intraparticle diffusion is involved in the
adsorption process but it i1s not the only rate-limiting mechanism and that some other
mechanisms also play an important role. Surface adsorption and intraparticle diffusion

were likely to take place simultaneously.

Table 5.1. Comparison of rate constants calculated based on respective first-order,

second-order and intra-particle diffusion kinetic models.

First order kinetics Second order kinetics | Intra-particle diffusion kinetics
k; R’ ks R’ | Ky(mgg' C R’
(L min") (g mg_1 min") min ) (mg g_l)
Chromate | 0.0015 0.984 0.0004 0.994 0.3950 1.0 0.983
Arsenate 0.0071 0.990 0.0011 0.995 0.4507 3.6 0.982

5.4.3.3 Effect of malachite nanoparticle concentration

Concentration of malachite nanoparticles was varied from 5-20 g L™ (for 100 mg L™
initial chromate and arsenate) in a
batch mode adsorption study at pH
~5.0. As the concentration of
malachite nanoparticle was
increased from 5 g L' t0 20 g L
the adsorption capacity (q.) was
found to decrease (Figure 5.4).

Although, the total removal

efficiency (%) for chromate and 2 |

1

I I
4 8 12 16 20

arsenate is increased with the Malachite concentration (g L)

increase in malachite concentration. .
crease chite conce 0 Figure 5.4. Effect of absorbent dosage on the adsorption

As the mass of the adsorbent ,f (a) chromate and (b) arsenate (pH 5.0; concentration =
increases, the total surface area and  100mg L™'; temperature = 301 °C; stirring speed = 200

in turns the number of active !Pm forboth).
adsorption sites increases. However the amount of anions adsorbed per unit mass/area of

adsorbent decreases, resulting in reduction of the adsorption capacity (qe).
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5.4.3.4 Effect of initial ion concentration and adsorption isotherm

The equilibrium adsorption isotherm of chromate and arsenate are presented in Figure
5.5. The initial anion concentration was varied from 20 to 500 mg L™ with 5 g L™ of
malachite at pH 5.0. According to the slope of initial portion of the curve, as seen from
Figure 5.5, the adsorption isotherm may be classified as H-type of the Giles'
classification.”*® The H—type isotherms are the most common and correspond to high
affinity of adsorbate for a given adsorbent. Hence, competition from the solvent for
adsorption sites was not observed. As the isotherm tends to plateau, it seems reasonable

to assume that complete coverage of the adsorbent surface occurs and steady state is

reached.
60T
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Figure 5.5. Adsorption isotherm plot of (a) chromate and (b) arsenate, on malachite nanoparticles (pH 5.0;

concentration = 100mg L—1; temperature = 30+1 °C; stirring speed = 200 rpm for both).

The adsorption process of chromate and arsenate is analysed with Langmuir, Freundlich
and Dubinin-Radushkevich isotherm model. The main consideration of Langmuir
isotherm 1is sorption takes place at specific homogeneous sites within the adsorbent,
indicating a monolayer adsorption process (constant heat of adsorption for all sites). The

Langmuir isotherm is expressed as

Qe = mece/(l+bce) (53)

where, C. (mg L") and ge (mg g'l) are the equilibrium metal ion concentration in
aqueous and solid phase respectively.’*’ Qy, is the maximum monolayer uptake by the

adsorbent (mg g™), and b is the Langmuir binding constant of the adsorption. A constant
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factor called “constant separation factor” or “equilibrium parameter”, Ry is defined as

Ri=1/(1+bCo) (5.4)

The values of Ry informs about the favourability of the sorption process. For a
favourable reaction process, 0< R;<1; whereas R=0 for the irreversible case, R=1 for
the linear case and R>1 for unfavourable reaction. The Freundlich adsorption isotherm
is generally based on multilayer adsorption on heterogeneous surface. This holds the
assumption that the adsorption sites are distributed exponentially with respect to heat of

adsorption. Freundlich isotherm is given as
de=K¢C. 1/n (5.5)

Kyis the Freundlich’s uptake factor and n denotes Freundlich’s intensity factor.’>" The
value of n in the range of 1 to 10 denotes favourable adsorption, could be find out from
the linearized form of Freundlich isotherm. The values of regression coefficients
obtained from these models were used as the fitting criteria to find out these isotherms.
It was found that the plots in both the cases depicted the linear form of the isotherms
and the extremely high correlation coefficients (Rzlanmuir=0.999 for chromate and 0.992
for arsenate; R2ﬁ~eund]ich:0.975 for chromate and 0.981 for arsenate), indicating both
monolayer and heterogeneous surface conditions may exist. The maximum adsorption
capacity (Qy,) for chromate and arsenate, obtained from Langmuir isotherm model were
822 mg g ' and 57.1 mg g respectively (Table 5.2). The Ry values, calculated using
Eq. 5.4, were in between 0 and 1 (0.52 and 0.62 for chromate and arsenate respectively)

for both the anions, indicating the favourable adsorption process.
Dubinin and Radushkevich (D—R) equation is represented in a linear form by equation:
In ge = In Q — Kpre? (5.6a)

where, Kpr (mol® kI?) is a constant related to mean adsorption energy.”' And ¢ is the

Polanyi potential, which can be calculated from equation,™*

£=RT In[1 + (1/Co)] (5.6b)

The slope of the plot of In q. versus & gives Kpg (mol® kJ %) and the intercept yields the

sorption capacity, Qo (mg g ). T is the absolute temperature in K and R is the universal
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gas constant (8.314 J mol™' K™). The adsorption energy for these anions on malachite

nanoparticles can be calculated using the following relationship,’"’

E = 1/(2Kpr) "> (5.6¢)

The isotherm constants for Langmuir, Freundlich and D-R models are calculated from
the isotherm equations and given in Table 5.2. The adsorption energy of chromate and
arsenate worked out using Eq. 5.6¢ was found to be 3.38 kJ mol™' and 2.89 kJ mol™
respectively. In both the cases the E value are less than 16 kJ mol™', which indicate that
the physical adsorption is the major process involved for adsorption of chromate and
arsenate. The positive value of E indicates that the sorption process was endothermic so

that higher solution temperature would favour the sorption process.

Table 5.2. Adsorption isotherm parameters of chromium and arsenate on malachite

nanoparticles.

Langmuir isotherm Freundlich isotherm D-R isotherm

Qm b R°® R.| K n R | Q Kpr R’
(L mg™") (mgg) (mg g) (mol2kJ?)
Chromate [82.2 0.009 0.999 0.52| 1.472 1.45 0.975| 41.07  0.0437 0.931

Arsenate |57.1 0.006 0.992 0.62| 1.559 1.85 0.98125.028 0.0596 0.841

5.4.3.5. Effect of temperature and thermodynamic study

Temperature of the system in an adsorption process is very important regulating
parameter which is associated with different thermodynamic aspect of this process. The
thermodynamic favourability of a process can be obtained from this analysis. To study
the thermodynamics of a process, the adsorption was carried out at different temperature
from 10 °C to 40 °C. It was found from the results that the adsorption capacity increased
from 11.4 mg g” to 15.6 mg g for chromate and 10.1 mg g’ to 12.1 mg g in case of
arsenate when temperature is increased from 10°C to 40 °C (Figure 5.6a). The standard

Gibbs free energy change (AG®) was calculated from the following equation,

AG°=-RT In (ko) (5.7a)
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Where R is the universal gas constant (8.314 J mol™ K™) and T is temperature in
Kelvin. k. is the equilibrium stability constant, which was calculated at each

temperature using the relation,
k. =Cy/C. (5.7b)

where, Cs and C. are the equilibrium chromate and arsenate (in respective cases)
concentration on adsorbent and aqueous phase respectively. The Gibbs free energy
changes (AG®) in this temperature range were calculated from Eq. 5.7a, and are given in
Table 5.3. The negative values of AG® suggest that the adsorption process is

>3 The average standard enthalpy

spontaneous and thermodynamically favourable.
change (AH®) and entropy change (AS°) were determined from Van’t Hoff equation (Eq.

5.7¢),
In k. = AS°/R — (AH®)/RT (5.7¢)

AH® and AS° were calculated from the slope and intercept of plot between In (k) vs.
(1/T) based on Van’t Hoff equation (Figure 5.6b). To a certain extent, physisorption and
chemisorption can be classified by the magnitude of the enthalpy change (AH®).
Bonding strengths of less than 84 kJ mol ' are typically considered as those of
physisorption bonds. Chemisorption bond strengths ranges from 84-420 kJ mol™ .>**
From Van’t Hoff curve it was found that the value of AH® is about 23.3 and 9.86 kJ
mol ™ K respectively for chromate and arsenate. This establishes that the adsorption
process takes place mainly through physisorption. This also supports the previous
discussion obtained from D-R isotherm model. The value of AS° was found to be
positive reflecting the spontaneity of the adsorption process. The positive values of AH®
revealed that the adsorption process was endothermic in nature; which leads to the

higher adsorption capacity at higher temperature as obtained from this experiment.
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Figure 5.6. (a) Adsorption capacity of chromate and arsenate in temperature range of 10 °C to 40 °C and

(b) Van’t Hoff plot of chromate and arsenate adsorption on malachite nanoparticles.

Table 5.3. Thermodynamic parameters of chromate and arsenate adsorption onto

malachite nanoparticles.

Temp. Chromate Arsenate
(K) AG° AS° AH® AG° AS° AH°
(KImol™) (Jmol'K™") (KImol") | (KImol) (Jmol'K™") (KJmol™)
283 -0.676 -0.056
288 -1.580 -0.371
293 -1.966 85.88 23.34 -0.665 35.47 9.861
303 -2.781 -0.963
313 -3.360 -1.131

5.4.3.6. Competitive adsorption and desorption studies

Competitive study with 50 mg L™ of both chromate and arsenate reflects similar
adsorption behaviour as observed in single-component study. The adsorption efficiency
of chromate and arsenate from binary mixture was ~70% and ~61% respectively (Figure
5.7a). However in binary mixture, the adsorption efficiency (%) of these two pollutants

decreases to some extent compared to that of in single-component study (~75% for
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chromate and ~66% for arsenate). This is mainly due to the competitive binding of these

two anions on malachite nanoparticles.

Moreover, in the competitive and single-component study, the binding capacity of these
anions on malachite nanoparticles was analysed with the respective distribution
coefficient (K4) values of each ions. The distribution coefficient (Kq) is described as the

ability of adsorbents to remove a given ion from solution and can be expressed as,

K4 = qc/Ce (5.8)

where, q. and C, are steady-state concentrations of a given ion on adsorbent (mg g ' of
adsorbent) and in solution (mg L"), respectively. The K4 value of chromate (~0.47 L g~
Y is slightly higher than that of arsenate (~0.31 L g_l) in both single-component and
competitive study (Figure 5.7b). However, the K4 values of both the anions decreases in
competitive study compared to that in single-component study. In a mixed solution, the
decrease in K4 value of an ion is mainly due to the competitive binding of other ion

present in solution.
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Figure 5.7. (a) Adsorption efficiency of chromate and arsenate from a mixed solution containing 50 mg
L' of each anion (at pH ~5.0) and (b) Distribution coefficient (Kq) values of chromate and arsenate in

individual and competitive adsorption process.

In addition, in a competitive study, the adsorption of different metal ions is mainly
governed by the preferential binding affinity of the ions toward the binding site of the
adsorbent. A selectivity coefficient (k) for the binding of a specific ion in the presence

of other competitive ions can be obtained from equilibrium binding data (Eq. 5.9a).”
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mj (solution) + m; (adsorbent) =~ —»; (adsorbent) + m; (solution) (5.9a)

kl = {[ml]adsorbent [m2]solution}/ <{[rnl]solution [m2] adsorbent} =Ky (ml)/ Kd(m2) (59b)

where, Ky is the distribution coefficient of the metal ions and k; represents the ratio of
K4 values of one ion (m;) to another (m;) used in the mixed solution. In the competitive
study of chromate and arsenate, the selectivity coefficient of chromate (k¢4 = 1.5) is
higher than that of arsenate (k45 = 0.67) (Figure 5.8a). This indicates a comparatively
higher binding affinity of chromate than arsenate, which also reflects in the adsorption

efficiency in competitive study (Figure 5.7a).

Desorption efficiency of chromate and arsenate loaded malachite nanoparticles in the
pH range from 9.0 to 12.0 is shown in (Figure 5.8b). It has been observed that ~58% of
the adsorbed anions were desorbed at pH ~9.0—10.0. However, upon increasing the pH
up to ~12.0, final desorption efficiency was ~61% and ~66% for chromate and arsenate
respectively. The desorption of these anionic pollutants from malachite surface at higher
pH is mainly due to the electrostatic repulsion between the anionic pollutants and
malachite surface. As discussed before, at pH > 7.5 the malachite surface is negatively
charged and the predominant species of chromate and arsenate are CrO4> and HAsO,*

/AsO4” in this pH range.”'* **

Therefore the electrostatic repulsion between the
negatively charged malachite surface and anionic pollutants as well as the electrostatic
repulsion between these two anionic species on malachite surface lead to desorption of

these pollutants from malachite surface.
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Figure 5.8. (a) Selectivity coefficient values (k) of chromate and arsenate in a competitive adsorption

process; and (b) Desorption efficiency of both chromate and arsenate in higher alkaline pH.
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To see the stability and any change in the characteristics of the malachite NPs the
malachite after desorption were subjected to PXRD analysis (Appendix, Figure AS5.7).
The PXRD peaks obtained matches well with the peaks of the malachite NPs suggesting
that no significant phase transformation have been occurred and this depicts the stability

and usability of the malachite as NPs as a potent adsorbent.

5.4.4 Summary

In this section, we have demonstrated the efficient adsorption of toxic arsenate and
chromate from wastewater on malachite nanoparticles at pH~4.0-5.0. However, the
adsorption capacity decreased with the increase in pH. Kinetic models revealed that the
adsorption followed second order kinetics. Intraparticle diffusion rate (Ky,) indicates that
intraparticle diffusion is involved in the adsorption process but it is not the only rate-
limiting mechanism and surface adsorption and intraparticle diffusion were likely to
take place simultaneously. The adsorption process was well fitted by the Langmuir
isotherm with maximum monolayer coverage of 82.2 mg g' and 57.1 mg g ' for
chromate and arsenate, respectively. The positive E values calculated from the D-R
model, indicates that the physical adsorption is the major process involved for
adsorption of chromate and arsenate and endothermic in nature. The negative AG® and
positive AS” values from thermodynamic analysis also reveals the spontaneity of the
adsorption process. Competitive study with a mixed solution showed the efficient and
simultaneous adsorption of both chromate and arsenate on malachite nanoparticles.
However, the binding affinity of chromate with malachite surface was found
comparatively higher than arsenate as calculated from selectivity coefficient analysis.
Therefore, the malachite nanoparticles can be used as a potential nano-structured

material for efficient removal of toxic pollutants from wastewater.
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Part 2

5.5 Interaction and removal of some organic pollutants using malachite

nanoparticles
5.5.1 Background

Water pollution is one of the major concerns in environmental problems due to their
adverse effect in the total biota. Water pollution is mainly caused by the dyes and
pigments which are largely used in different industries, such as textiles, plastics, paper,
leather, jute, food, and cosmetic.>¢ Discharge of these dyes in the surrounding water
bodies without proper treatment can cause serious environmental and health hazards.
These dyes interfere with the penetration of sunlight into water, retards photosynthesis,
inhibit the growth of aquatic biota, and also interfere with gas solubility in water
bodies.’*” Therefore, there is a significant need for the removal of these dye effluents in
the water bodies for environmental benefit.

In this section we have used malachite nanoparticles (basic copper carbonate,
Cu,y(OH),CO3) for adsorption of different dyes from aqueous solution. From our
previous study we have found the malachite nanoparticles were highly efficient for
removal of anions such as arsenate and chromate from the aqueous solution. Malachite
NPs have a high specific surface area of 20.5 + 0.2 m’g"' with PZC (point of zero
charge) value ~ 7.5. Malachite NPs have —CO3; and —OH groups on the surface which
facilitates adsorption.’* Therefore we extended our work to see whether any organic
pollutants (dyes) would also give a similar result with the Malachite surface. To further
investigate the influence of nanoparticle surface properties and surface functional
groups on the adsorption of dye molecules, we explored the potential of malachite NPs
in adsorption of different xanthene dyes. Three different dyes viz: Fluorescein (with —
COOH and —OH), Rhodamine B (with -COOH) and Rhodamine 6G each having same
xanthene moiety but differing in their functionality was taken for the study. We have
also studied the influence of various parameters such as the solution pH, concentration
of the dye, time, temperature, NPs concentration on adsorption behaviour of dye
molecules. The adsorption characteristics were evaluated from the kinetic and
thermodynamic isotherm. Desorption study and the multi-cycle efficiency of the

Malachite NPs were also examined.
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5.5.2 Materials and methods

Adsorption of different dye was done in batch mode to procure the kinetics and
equilibrium data. A dye stock solution of 500 mg L™ was prepared and different
desired concentrations were obtained by proper dilution with buffer solution and a
volume of 2 ml was taken for the study. After addition of Malachite NPs to the dye
(varying concentration of both) the vials were then kept under stirring until steady state
was reached. Preliminary experiments were done to figure out the optimal conditions for
various reaction parameters. The experiments were performed in duplicate for data
consistency. The pH of the medium was controlled by taking acetate and phosphate
buffers for the requisite pH. The ionic strength was maintained constant using 0.05M
NaCl in all the cases otherwise mentioned. Desorption efficiency was calculated from
the residual dye concentration of the solution and the multi-cycle efficiency of the
Malachite NPs was investigated by repeating the same process with the recovered

Malachite NPs.

5.5.3 Results

5.5.3.1 Adsorption properties

Malachite NPs have been found to be selective for the adsorption of xanthene dyes. The
dyes we have considered for the studies are Fluorescein (Flu), Rhodamine B (RB) and
Rhodamine 6G (R6G), which contains the same xanthene moiety but differs in their
functionality. Flu contains the -COOH and —OH as the functional group whereas RB
has only —COOH but R6G contains none of these. Although the availability and the
forms at which these present are highly complex and are pH dependent. They exist as
different species in the solution, from zwitterions to mono-anions and di-anions. The
maximum adsorption was obtained for Flu with q. value ~ 29.54 (mg g ') followed by
RB with q. value ~ 20.74 (mg g ). R6G was least adsorbed with q. value ~ 6.4 (mg g
". The adsorption isotherm plot given in Figure 5.9a shows the saturation of the
adsorption value with increase in the concentration of the dye concentration. The optical
microscopic image of Flu adsorbed Malachite NPs given in Figure 5.9b reflects the high
adsorption of the dye onto the surface of the NPs.
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(a)

0 100 200 300 400 500
C.

Figure 5.9. (a) Adsorption isotherm plot for Flu (i), RB (ii) and R6G (iii); (b) Optical micrograph of Flu

adsorbed onto the Malachite surface.

PXRD of the Malachite NPs before and after adsorption of the dyes were taken. The
PXRD spectra indicate that no significant changes were observed in the spectra which

support the fact that the crystallinity of the Malachite NPs did not change after the

adsorption of the dyes onto its surface.”’

(d)

(c)

(b)

(a)

10 20 30 40 50 60 70
20 (theta)

Figure 5.10. PXRD spectra of (a) only malachite NPs and malachite after desorption of dye (b) Flu, (¢)
RB (d) R6G.

5.5.3.2 Adsorption isotherm
Adsorption isotherm can give an insight into important parameters involved the

adsorbate/adsorbent interaction and help in the designing of a preferred sorption
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system.>*® Therefore, we have fitted our experimental data into the Langmuir and
Freundlich adsorption isotherms to describe the relationship between the amounts of
adsorbate adsorbed on adsorbent and its equilibrium concentration in aqueous solution.
The linearized form of Langmuir and Freundlich adsorption isotherms can be expressed

according to Eq. (5.10a) and Eq. (5.10b) respectively.” >

Co/ge = Co/Qm + 1/Qmb (5.10a)
log g. =loq K¢+ (1/n) loq C, (5.10b)

Where, C, (mg L") and q. (mg g_l) are the equilibrium dye concentration in aqueous
and solid phase respectively. Q, is the maximum monolayer uptake by the adsorbent
(mg g'), and b is the Langmuir binding constant of the adsorption. Ky is the
Freundlich’s uptake factor and n is the Freundlich constant (index of adsorption
intensity or surface heterogeneity) which denotes favourability of the adsorption if the
value lies between 1 and 10.>*' The experimental data were fitted well with Langmuir
isotherm showing high correlation coefficient (R21;1u = (0.9986, RZRB = (0.9936, R2R6G =
0.9951) as compared to the Freundlich isotherm fitting (R2F1u =0.9119, RZRB = 0.974,
R%reg = 0.9592) for all the three cases (Figure 5.10). The high correlation of the
experimental data with the Langmuir isotherm indicates that the adsorption follows
preferentially the Langmuir isotherm with monolayer adsorption of dyes onto the
Malachite NPs surface.>** The maximum monolayer uptake value was calculated from
the straight line equation of the linearized Langmuir isotherm and found to be ~ 32.47
mg g, ~ 2347 mg g and 8.40 mg g ' for Flu, RB and R6G respectively. The
experimental values for the maximum monolayer uptake as obtained from the plateau
region in Figure 5.10a were in well accordance with the calculated values favouring the
Langmuir model over the Freundlich model. The plot of q. (experimental) data overlay
well with the g, calculated from the Langmuir isotherm than the Freundlich isotherm
(Appendix, A5.8). The other values obtained from the isotherms are listed in the table
(Table 5.4).
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Figure 5.10. Langmuir plot (a) and (d) for Flu and RB and Freundlich isotherm plot (b) and (c) for Flu

and RB respectively at 100 mg L' dye concentration and Malachite NPs concentration of 5 g L™".

Furthermore the feasibility of the sorption can also be elucidated using a dimensionless

constant called “constant separation factor” or “equilibrium parameter”, Ry is defined as

Ry=1/(1+ b Co)

(5.10c)

Where b is the Langmuir coefficient and Cy is the initial dye concentration. For a

favourable reaction process, 0< Ry <1; whereas R=0 for the irreversible case, R=1 for

the linear case and R>1 for unfavourable reaction. The Ry values were 0.36, 0.50 and

0.63 for Flu, RB and R6G respectively which lies well within the favourable range.

TH-1268_09612220
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Table 5.4. Adsorption isotherm parameters of dyes on Malachite NPs.

Langmuir isotherm Freundlich isotherm
Qu(mgg") bLmg R R K(mgg') n R’
)
Flu 32.46 0.0269 0.998 0.36 1.529 1.80 0911
RB 23.47 0.0130 0.993 0.50 1.852 1.01 0.974
R6G 8.40 0.0074 0.995 0.63 1.480 0.12 0.959

5.5.3.3 Adsorption kinetics

To determine the contact time required for the optimal adsorption and equilibrium

attainment of the dye and NPs u--- Flu

r 201 +--RB
system, we have taken an initial +--- R6G
concentration of 100 mg L' and NPs 5.

concentration of 5 g L' for the study. 0

)
The adsorption increased with time E 10,
until a steady state was achieved at ~ <

6h after which the adsorption seemed 51

|

constant for all the three dyes (Figure

5.11). The kinetic data obtained could 0 200 400 600

be well utilized for deducing the time (min)

kinetic mechanism for the adsorption Figure 5.11. Effect of contact time on adsorption of

. -1 .
and was studied with respect to dyes onto Malachite NPs (100 mg L~ dye concentration

and Malachite NPs concentration of 5 g L at room

Lagergren first order (Eq. 5.11a) and

temperature).
second order kinetic model (Eq.
5 1 lb) 5.263., 5.26b
log (e — q1) =log g — (1 /2.303) kyt (5.11a)
(t/q)=(1/g’k) + (t/ qe) (5.11b)

Where, ¢, and g, are total adsorption capacity (mg g) at time ¢ and at equilibrium
respectively. The first and second order rate constants are k,(min"') and &, (g mg ' min"
1) respectively. Putting the data in both the above mentioned model and after
calculation, it was found that the second order kinetic model was more favoured having
high correlation co-efficient values of R220.9954, R?*=0.9972 and R?=0.9967 for Flu,
RB and R6G respectively (Figure 5.12). The values for k; and k, obtained from the
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equation are summarized in the table (Table 5.5).

y = 0.0569x +4.2876 (a) y =0.0919x + 5.6306 (b) 100/ ¥=0.2524x + 28.24 (c)

20 R2=(0.9954 30 R2=0.9972 R?=0.9967
o :\25 ~80
p1s 220 -
=] 1] on
£10 gl £
E E g40
= =10 E
g's g £

0 0+ 0

0 1001112001t 00400 0 100 200 300 400 0 100 200 300 400
t (min) t (min) t (min)

Figure 5.12. Second order kinetics plot (a) Flu, (b) RB and (c) R6G respectively, dye concentration 100

mg L™ and Malachite NPs concentration of 5 g L™ concentration.

The kinetic data were also fitted into the intra-particle diffusion model, an empirical
model which gives us the information of the steps within the adsorption process. Initial
adsorption always takes place in the exterior of the surface and then diffusion of
adsorbate from the exterior surface to the pores of adsorbent happens. The intra-particle
diffusion is described by (Eq. 5.11¢c),>?’

g= Kt +C (5.11c)
Where Ky, is an intra-particle diffusion rate constant and C is the intercept. The high
correlation coefficient values (R*> 0.98) for all the three dye indicates the involvement
of the intra-particle diffusion model but then the linearized curve in all the cases do not
pass through the origin (Appendix, Figure AS5.9) indicating that the intra-particle
diffusion is not the only rate limiting factor. Adsorption onto the external surface and

intra-particle diffusion are probably working simultaneously.

Table 5.5. Kinetic parameters of the rate of adsorption of the dye on to Malachite NPs.

First order kinetics Second order kinetics Intra-particle diffusion kinetics
k;(Lmin") R? ks (g mg_1 min~ R’ Kyw(mg C(mg g_l) R’
D ¢ 'min %)
Flu 0.008 0.988 0.076 0.995 0.63 3.4 0.988
RB 0.005 0.987 0.10 0.997 0.36 2.8 0.982
R6G 0.008 0.990 0.40 0.996 0.15 0.27  0.994
78
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5.5.3.4 Effect of solution pH

The surface property of Malachite NPs is highly governed by the pH of the medium.
The species distribution of the dye molecules in solution are also greatly influenced by
the pH of the solution. With the change in solution pH the protonation/de-protonation
equilibrium of the system containing the Malachite NPs and dyes changes which
facilitates the adsorption. To see the effect of pH in the adsorption we have studied a pH
range of 4 to 9 and tried to carve out a plausible mechanism based on the results

obtained and relating with the
20

reported literature. The maximum ~
on
adsorption was found in the neutral 201101 I
s,

pH regime as evident from the pH 0

m--- Flu
ﬁ s-RB
N - R6G
el O
$

IS

dependence plot (Figure 5.13). Flu

had the maximum adsorption at pH

~ 7 with qe value of (15.14 mg g ')

W

(10.28 mg g ). To get an insight of 0- : : — : ;
3.5 4.5 5.5 6.5 7.5 8.5 9.5

the mechanism we have considered pH

followed by RB with q. value of

the surface active groups of the

b ) Figure 5.13. Variation of adsorption value q. (m =
Malachite NPs and  species s P 1 % (mg £7)
with pH, dye concentration 100 mg L™ and Malachite NPs

availability offthe idye atidificrent concentration of 5 g L™ concentration. (Inset q. values at
pH. These dyes exist in different ,p 7).

ionic forms in the solution in

different pH. These ionic species of dyes can establish some sort of electrostatic
interaction with the groups available on the Malachite NPs surface and regulate the
adsorption equilibrium. Flu exists as neutral, monoanionic (carboxylic acid
deprotonated species) and dianionic (both carboxyl and hydroxyl group deprotonated
species) in solution and the protolytic equilibrium between these three species is
expected to be around pH ~ 2, 4.3 and 6.3 respectively.”* >* The first deprotonation
takes place at around pH ~ 4.3 which leads to the increment of the monoanionic species
in the solution and with the increase in the pH to around ~ 6.3 the dianionic species
prevails (Figure 5.14). Furthermore the PZC (point of zero charge) of the Malachite NPs

was found to be around pH ~ 7.5 and from the study we have found that the maximum

adsorption was found in the pH ~ 7. At pH < PZC of Malachite NPs the strong
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electrostatic interaction between the positive surface of the Malachite NPs and the
highly negative, fully deprotonated species of the Flu might be responsible for this
outcome. Both the carboxylate and the phenolate moiety are readily available to
facilitate the adsorption by the electrostatic attraction leading to high q. value.
Adsorption value was also found to be higher for the pH ~ 5-6 but was less than that of
pH ~ 7. The probable reason behind this might be, though the possibility of electrostatic
interaction is there, only one group can assist the attraction (mono-anionic) with the
positive Malachite NPs surface. Further with the increase in the pH (pH ~ 8-9) the
surface of both the NPs and the Flu dye were both negative and electrostatic repulsion
leads to the drastic reduction in the adsorption value. For the case of RB although the
carboxyl group gets deprotonated above pH ~ 4 it re-arrange to give the predominant
zwitterionic form (Appendix, Figure A5.10).>* Electrostatic interactions between this
carboxylate group and the xanthene moiety lead to aggregation for dimers and can
hinder the adsorption process.”*® This might be the reason for the observed lower
adsorption for RB compared to Flu. The adsorption value further decreases as pH
increases (8—9) due to the availability of the OH in the solution which competes for the
—N" rendering the -COO™ free.”*” The surface of the Malachite NPs is also negative at
this pH (pH >PZC) and the repulsion of these negative charges further reduces the
adsorption quantity. On the other hand R6G is a cationic dye.”*® Thus in our study the
electrostatic repulsion between the dye and the Malachite surface leads to the reduced
adsorptions of the dye. Above pH > PZC of Malachite the surface starts to acquire
negative charge and thus adsorption increases to some extent due to the interaction with
the cationic dye and also the -N" group of the R6G can facilitate hydrogen bonding with
the hydroxyl group of the malachite which results in an increase in the adsorption

5.49
value.

coon
HO (8] 0O HO

pH~2 < pH~4 < pH~6
neutral mono anionic di-anionic

Figure 5.14. Species of Flu that prevails in the solution in our study range.
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5.5.3.5 Effect of malachite nanoparticle concentration

The influence of concentration of Malachite NPs on adsorption of the dyes were done in
batch mode at pH ~ 7 by varying the Malachite NPs concentration in the range of (0.5 —
3.0) g L' and the dye concentration was kept constant at 100 mg L™'. With the decrease
in the dye to NPs ratio the q. (mg g ') was found to decrease (Appendix, Figure A5.11).
For the change in the ratio from 0.2 to 0.006 the q. (mg g ') was 6.26, 4.93 and 1.47 for
Flu, RB and R6G respectively. The total adsorption of the dye was increased with the
increase in the concentration of Malachite NPs as the availability of the surface area and
the number of sites increased but this amount of increment in the adsorption could not
compensate the decrease in the q. (mg g ') value (the amount of dye adsorbed per unit

mass of adsorbent).

5.5.3.6 Thermodynamics of adsorption

Adsorption at different temperature can give the overview of the favourability of the
adsorption system. To study this thermodynamic aspect of the adsorption process, we
carried out the study at different temperature from 10 °C to 40 °C. The adsorption was
found to increase with the increase in temperature for all the cases of the dyes. At 10 °C
the qe (mg g ') value was found to be 14.12 (Flu), 9.1 (RB) and 2.88 (R6G) which
increased to 15.26 (Flu), 10.89 (RB) and 3.4 (R6G) at 40 °C (Figure 5.15a). The
parameters such as standard Gibbs free energy change (AG®), enthalpy change (AH®)

and entropy change (AS°) were also calculated from the following equations,
AG°=-RT In (k) (5.12a)

Where R is the universal gas constant (8.314 J mol" K™") and T is temperature in
Kelvin. £, is the equilibrium stability constant, which was calculated at each temperature
using the relation,
k.= Cy/C, (5.12b)
Where Cg and C. are the equilibrium concentration on the adsorbent and the aqueous
phase respectively. AH° and AS°® were calculated from the slope and intercept of plot
between In (k¢) vs. (1/T) based on Van’t Hoff equation (Eq. 5. 12¢).>°
In (kc) = (AS°/R) — (AH°/R)1/T (5.12¢)
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Van’t Hoff plot for Flu adsorption on Malachite surface is given in Figure 5.15b. From
the value of AH®, we could ascertain the adsorption as physisorption or chemisorption.
The typical value for physisorption usually lies below 84 kJ mol™', whereas for
chemisorption bond strengths lie between 84-420 kJ mol'.>** The value for AH®
obtained from the slope of the straight line equation conform the physisorption of the
dyes on to the Malachite NPs with values 7.729, 8.303 and 4.419 kJ mol ' for Flu, RB
and R6G respectively (Appendix, Table AS5.1). The positive values for enthalpy change
(AH®) reflect the endothermic nature of the adsorption process. The AS® value was also
found to be positive for all the dyes indicating the affinity of the Malachite NPs towards

the dye molecules (Appendix, Table A5.1).>!

The spontaneity of the adsorption process
was also calculated from the thermodynamic data. The AG® value for all the three dyes

was calculated to be negative suggesting the spontaneity of the adsorption process.

(a) 4 (b) i
25 - Flu 8.1~ y =-929.72x + 11.07
——RB i A R?=0.9532
R6G L
20 ——r— J .
7 8 [
Wisp oyt D
ao N’
g £
= 7.9
o2 10 4————*"/‘}-’_——4
5
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Figure 5.15. (a)Temperature dependence plot of the adsorption at dye concentration 100 mg L™ and
Malachite NPs concentration of 5 g L™ concentration; (b) Van’t Hoff plot for Flu adsorption on Malachite

surface.

5.5.3.7 Desorption and multi-cycle efficiency

After the loading of the dye onto the NPs, their elimination from the surface of the NPs
is also imperative for the practical re-usability of the NPs. The desorption phenomena
also plays a pivotal role alike the adsorption process. The desorption efficiency
determines the usability of the dye through a repeated times without prior decrease in
the adsorption properties. For the desorption study, we have used a 20% and 50%
ethanol solution todesorb the dye adsorbed onto the Malachite NPs. The 50% ethanol

solution gave a better result, as the extraction of the dyes was more profound than the
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20% ethanol solution. Flu was desorbed to ~ 99.5% whereas complete extraction of RB
and R6G were obtained (Figure 5.16a). The high solubility of the dye in ethanol might
be the driving force behind the efficient extraction of the dyes. The re-usability of the
NPs was also tested up to three cycles of continuous adsorption and desorption. The
adsorption efficiency was found to decrease with the subsequent cycle. After third cycle
the relative adsorption (q.) value decreased to ~95%, ~97% and ~98.1 % for Flu, RB
and R6G respectively, considering the adsorption efficiency of first cycle as ~100%
(Figure 5.16b).

105 b
@) M 20% ethanol m 50% ethanol m1st cycle  ©2nd cycle O3 cycle (®)
100+ S0 jmmmmmmmm g s
>~
= z
X 2
- =3
g 60 g
& g
e | =)
4 =}
a2 8
20 3
G T T 1
N o) [C) 1 T
SN
< & & Flu RB

Figure 5.16. (a) Desorption study at 20% and 50% ethanol solution as extractant; (b) Multi-cycle

efficiency plot showing the decrease in the efficiency with the number of cycle.

5.6.4 Summary

The result obtained in this study reveals the potentiality of the Malachite NPs as an
effective and preferential adsorbent for the removal of organic pollutants. In our earlier
work we have established Malachite NPs as an efficient adsorbent for the removal of
Arsenate and Chromate. Organic pollutants: Fluorescein (Flu), Rhodamine B (RB) and
Rhodamine 6G (R6G) were taken for the study. Flu was favourably adsorbed the most
with ge value ~29.54 (mg g ") compared to the other two dyes RB q. value ~ 20.74 (mg
g ") and R6G q. value~ 6.4 (mg g ').The maximum adsorption was observed at pH ~7.
The dianionic functionality (-COOH and —OH) of Flu seems to play the crucial role in
providing the favourable electrostatic interaction compared to the other two dyes RB (—
OH) and R6G respectively. The adsorption followed the 2nd order kinetics with external
adsorption by monolayer formation which was well accompanied by intra-particle
diffusion. Moreover, the proficient desorption was carried out using 50% ethanol
solution and the muticycle efficiency of the recovered NPs was well accounted up to
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three continuous cycles. Thus the above findings encourage us to explore the Malachite
NPs surface further for removal of various pollutants based on their physiochemical

diversities and properties.
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Figure A4.2. N, adsorption/desorption isotherms of malachite NPs measured from BET analysis.
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Figure A5.2. FT-IR spectra supporting the formation of malachite nanoparticles.
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Figure AS.3. Thermogravimetric analysis of the malachite nanoparticles.
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Figure AS.4. Adsorption kinetic plots for adsorption; pseudo-first-order kinetics plot (a) for chromate and
(d) for arsenate; Pseudo-second-order kinetics plot (b) for chromate and (e) for arsenate; Intra-particle
diffusion kinetics plot (c) and (f) for chromate and arsenate respectively (pH 5; absorbent dosage = 5g
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kinetics.(a) for chromate and (b) for arsenate. From the plot it can be considered that both chromate and
arsenate preferentially follow 2™ order kinetics.
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Figure AS.7. PXRD spectra of (a) only malachite NPs and malachite NPs after desorption of (b) arsenate,

(c) chromate.
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Figure AS5.11. Variation of adsorption value with the increase in Malachite NPs concentration [dye

concentration was kept constant at 100 mg L'and Malachite NPs was varied to 5, 10 and 15 g L

'respectively].

Table AS.1. Thermodynamic parameters of dye adsorption onto Malachite

nanoparticles.
Flu RB R6G
AS® | AH° AS’ AH® AS® | AH°
AG® AG° AG®
Temp.(K) U
(KJmol J 1 (KJ_ (KJmol™ | mol (KJ_ (KJmol J 1 (KJ_
1) mol mol 1) Tk mol 1) mol mol
K h N h K 1
283 -18.31 -16.29 -12.05
293 -19.18 -17.04 -12.60
92.03 7.729 0.42 8.303 59.12 4419
303 -20.26 -17.99 -13.16
313 -21.01 -18.87 -13.84
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Chapter 6

6.1 Introduction

After studying the interaction of pollutants onto malachite surface this chapter deals
with the study of pollutants with another basic ‘hard’ potential inorganic surface for
pollutant removal from aqueous solution which is bio-compatible in nature, calcium
carbonate (CaCQOs). Three anhydrous crystalline polymorphs of CaCO; are known viz.
Calcite, Aragonite, and Vaterite. Calcite is thermodynamically the most stable species
and abundant in nature followed by aragonite and vaterite is the least stable. However,
vaterite is a material of high potential application because of its high specific surface
area, high solubility, high dispersion, and small specific gravity compared with calcite

and aragonite.®' But the formation and stabilization of the vaterite phase is intricate.

Quite a lot of approaches have been taken to deal with synthesis and stabilization of the
polymorph, such as initial super saturation, mixing and stirring conditions, temperature,
pH, solvents and the presence of organic or inorganic additives.®? In the absence of any
additives calcium and carbonate ions precipitates in the aqueous solution to give
rhombohedral calcite crystals.*> Whereas vaterite particles could be fabricated using
specific additives in a controlled environment. Anionic dendrimer could induce the
formation of spherical vaterite particles, double hydrophilic block copolymers were
used in the precipitation of spherical or hollow shell vaterite particles in solution.®*
Vogel et al. synthesized vaterite microspheres using a seeded growth method.®’
Microwave-assisted synthesis of vaterite has been reported by Qui et al.*® Walsh et al.
reported a water-in-oil system with SDS for morphosynthesis of vaterite
microsponges.®’ Amino acids such as glutamic acid and aspartic acid has also been used
as an additive for selective vaterite synthesis.**®® Synthetic polypeptides have also been
used for the stabilization of the vaterite phase.®* The principle behind this stabilization
is arresting the metastable phase by delaying the transformation into the more stable
calcite form. Electrostatic interaction of the surface calcium ions of the crystal and the
anionic site of the additive is sought to be responsible for the stability of the
thermodynamically unfavorable vaterite polymorph. Therefore molecules having

suitable site for the calcium ion interaction is a potential additive for stabilizing the
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vaterite phase. Organic dye molecule, having carboxylic moiety might prove to be a
good candidate in this regard. Our literature survey reveals that not much work have
been reported in the synthesis of stable vaterite microspheres using organic dyes. We
have used a salicylic acid-aniline dye as an additive in the morphosynthesis of CaCO;
(vaterite). The formation and the lifespan of the metastable vaterite phase were

increased upon addition of the dye.

Figure 6.1. ORTEP representation of the dye (E-2-hydroxy-5-(phenyldiazenyl)benzoic acid) used for

the synthesis of the vaterite.

6.2 Synthesis and characterization of vaterite

A simple co-precipitation method was used for the synthesis of CaCOj as reported
carlier.*" Precipitation was carried out by mixing CaCl, (20 mM) and Na,CO; (20 mM)
in presence of 10 mM dye solution. The dye was added to the Na,CO3 solution and then
CaCl, solution was added drop-wise at a flow rate of 5 ml/min with constant stirring.
White precipitates appear instantaneously which was then allowed to stir for 30 minutes.
The white precipitates were then centrifuged and separated. The obtained precipitates
were washed with ethanol and dried prior to characterization.

Synthesized (CaCO;) vaterite were characterized using various analytical techniques.
Framboidal vaterite spheres of size ranging 0.5 to 4 um were the major components of
the mineralized CaCOj; precipitates as evident from the SEM micrographs (Figure 6.2a).
The FTIR data in Figure 6.2b shows the peak at 1433 cm™ and the characteristic vaterite
peak at 746 cm™ and 1089 cm™ corresponding to the occurrence of the vaterite. The
PXRD data also reveals the occurrence of pure vaterite phase with almost absence of the
other two phases (Figure 6.2c). The BET surface area analysis reveals that the vaterite
has specific surface area of 12.266 m”* gm™ (Appendix, Figure A6.1a). The point of zero
charge (PZC) value of vaterite was found to be around pH~8.2 and given in Appendix
section of this chapter (Appendix, Figure A6.1b).
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Figure 6.2. (a) SEM micrograph images, (b) FT-IR spectra and (c) PXRD spectra of vaterite.

The stability of the synthesized vaterite was also investigated and the dynamics of the
phase transformation was monitored. The vaterite was further allowed to incubate in the
reaction mixture and precipitates were drawn out at different time scale. The stability of
the vaterite microspheres formed was dominant as observed after incubation for over a
week in solution, as apparent from the SEM images in Figure 6.3a. The existence of the
peak at 746 cm’ and non occurrence of the calcite peak (712 cm™) even after incubation
of ~4 days support the perseverance of the vaterite phase in presence of the dye (Figure
6.3b). A small calcite peak emerged in the FTIR spectrum only after ~8 days of
incubation (Figure 6.3a), which was due to the commencement of the formation of
calcite by dissolution of the vaterite microspheres. The detailed analysis of the TEM
images (Appendix, Figure A6.2) confirmed that the vaterite microspheres formed were
actually aggregates of vaterite nanocrystals. These findings are similar to the findings
reported by Ganguli et al.*!" These nano-vaterites of sizes 20-50 nm self assembles to

for larger microspheres of vaterite crystals.
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Figure 6.3. (i) SEM images of vaterite microspheres after incubation period of 7 days and (ii) FTIR
spectra of CaCOj taken after (a) 15 mins; (b) 1day; (c) 4 days; (d) 8 days; of incubation respectively.
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This chapter has also been divided into two sections:
Part 1: Interaction and removal of inorganic pollutants using vaterite microparticles.

Part 2: Interaction and removal of organic pollutants using vaterite microparticles.

Part 1

6.3 Interaction and removal of inorganic pollutants using vaterite microparticles
6.3.1 Background

The negative impact of arsenate and chromate in the environment has been plenty. We
have already discussed the water pollution caused by theses inorganic pollutants.
Presence of chromate and arsenate are posing a threat to human health and it sheer
removal from water bodies is crucial. Waste water remediation using the method of
adsorption has been very effective due to its ease of operational utilities. In the previous
chapter, we have used malachite mineral surface for the interaction and removal of these
two pollutants from the solution. Malachite was found to be effective in the removal of
theses pollutant. As we all know the physio-chemical nature of every surface governs
the adsorption interaction nature of the system. So, now we proceed to study another
mineral of vast interest and importance for the adsorption interaction and removal study.
CaCOs; is a mineral of great choice due to its vast applicability and low cost. Three
anhydrous crystalline polymorphs of CaCO; are known viz. calcite, aragonite, and
vaterite. Amongst these, calcite is the thermodynamically the most stable and vaterite is
the least. However, vaterite is a material of high potential application because of its high
specific surface area, high solubility, high dispersion, and small specific gravity
compared with calcite and aragonite.®' In this section, we have elaborated the use of
framboidal vaterite microparticles for the removal of arsenate and chromate from the
solution. In depth analysis of the adsorption of arsenate and chromate onto vaterite

surface has been done.

6.3.2 Materials and method

A stock solution of 500 mg L' for both the pollutants was taken, from which the

concentration of 10-500 mg L' was made for the adsorption analysis study. Adsorption
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study was carried out with 2 ml of the adsorbate and addition of vaterite (1.5 mg ml™)
onto it. Preliminary experiments were done to figure out the optimal conditions for
various reaction parameters and also the time to attain the steady state. The experiments
were performed in duplicate for data consistency. The pH was maintained using 0.1 M
NaOH and 0.1 M HCI solution. The ionic strength was maintained constant using 0.05
M NaCl in all the cases otherwise mentioned. Also to see the effect of the pH in the
adsorption profile we have considered the range of pH 5-9. Desorption efficiency was

also monitored at higher pH range of 10-12.

6.3.3 Results and Discussion
6.3.3.1 Adsorption properties

The vaterite surface was found to be effective for the interaction and removal of
arsenate and chromate from solution. Both arsenate and chromate shows a high degree
of adsorption. The adsorption amount of chromate was higher than that of arsenate as
obtained from individual system of study. The q. (mg g ') values were found to be
3429 mg g ' for arsenate and 58.56 mg g ' for chromate at pH~6. The adsorption
profile is given in Figure 6.4a. The EDX spectra confirm the presence of arsenate and

chromate onto the vaterite surface after adsorption (Figure 6.4b).
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Figure 6.4. (a) Adsorption isotherm of the adsorption of arsenate and chromate onto vaterite surface.

EDX spectra confirming the presence of (b) arsenate and (c) chromate after adsorption onto vaterite.
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6.3.3.2 Effect of pH

The pH of the solution affects the surface charge of the adsorbents as well as the degree
of ionization of different pollutants. The hydrogen ion and hydroxyl ions are adsorbed
quite strongly and therefore the adsorption of other ions is affected by the pH of the
solution. Change of pH affects the adsorptive process through dissociation of functional
groups on the adsorbent surface active sites. This subsequently leads to a shift in
reaction equilibrium characteristics of adsorption process. Therefore it is very crucial to
monitor the adsorption at different pH and draw a plausible interplaying mechanism out
of it. From the data obtained for adsorption in the pH range of 5-9 it was quite evident
that the adsorption was more profound in the acidic range (Figure 6.5). Both arsenate
and chromate shows an elevated adsorption profile in the acidic range. The q. value was
found to be maximum with 34.29 mg g for arsenate and 58.56 mg g ' for chromate at
pH~6 onto vaterite surface. A drastic decrease in the adsorption capacity value was
observed above the pH > PZCyaeite (pH~9) for both the adsorbents. The negative
surface of vaterite above its PZC could hinder the adsorption of these anionic pollutants

at that pH.

Q Vaterite

Arsenate

Chromate

Figure 6.5. Adsorption profile of arsenate and chromate on vaterite surface at different pH.

The adsorption was found to be high in the acidic pH regime whereas with the increase
in pH a declination in the adsorption profile was observed. To ascertain a plausible
mechanism undergoing in the adsorption process it is necessary to consider the physio-

chemical properties of the adsorbate and the adsorbent at that given pH. It is obvious
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that arsenate and chromate adsorption on vaterite shows a maximum of arsenate
removal in a pH range 5-8, and thereafter decreases as the pH increases above 8 (Figure
6.5). From the species availability of arsenate and chromate and the PZC of vaterite a
plausible interaction mechanism can be carved out. Arsenate and chromate are anionic
pollutants and exists in different ionic forms at different pH in solution. As(V) ion
occurs mainly in the form of HyAsO4 in the pH range between 3 and 6, while a divalent
anion HAsO427 dominates at higher pH values and for Cr(VI), HCrO4 and Cr20727 are
the prevalent species in the pH range 3-6 and CrO,*~ predominate at higher pH.*'> At a
pH value lower than pHpzc of vaterite (i.e. at pH<8.21) the surface of vaterite are
protonated and positively charged surface are more susceptible for arsenate and
chromate species available in the solution. Above the pHpzc of vaterite the surface
acquires negative charge and the anionic species (HAsO4> and CrO,*) encounters

electrostatic repulsion and hence reduction in the adsorption capacity was observed.

6.3.3.3 Adsorption steady state and kinetic model

In order to get insight into the mechanism of adsorption, as well as potential rate
controlling steps, different kinetic models were used for fitting kinetic data. Figure 6.6
shows the adsorption profile of arsenate and chromate versus time. The steep slope at
the earlier phase indicates a rapid adsorption onto the surface which became steady after
time. The steady state equilibrium time for both arsenate and chromate was different.
Arsenate equilibrium time was found to be ~90 minutes whereas the steady state

equilibrium for chromate was attained after ~105 minutes.

40,
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Figure 6.6. Effect of contact time on adsorption of arsenate and chromate onto vaterite surface.
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The dynamics of the adsorption can be studied by the kinetics of adsorption in terms of
6.13

the order of the rate constant.” ~ The adsorption rate is an important factor for a better
choice of material to be used as an adsorbent; where the adsorbent should have a large
adsorption capacity and a fast adsorption rate. Most of adsorption studies used pseudo-
first-order and pseudo-second-order models to study the adsorption kinetics. An
additional model that considers the intraparticle diffusion into account is also
considered. The pseudo-first-order or Lagergren first order (Eq. 6.2a) and pseudo-
second-order or Ho—McKay kinetic model (Eq. 6.2b) was used to deduce the kinetic

mechanism for the adsorption.6'14

log (ge — qt) =log g — (1 / 2.303) k;t (6.2a)
(t/q)=(1/gc’k) + (t/ qe) (6.2b)

Where, the q; and g (mg g) are total adsorption capacity at time t and at equilibrium
respectively. k; and k, are first and second order rate constant respectively. The
experimental data fitted to these equations gave the rate constant value. The obtained
values are summarized in Table 6.1. Usually the best-fit model can be selected based on
the linear regression correlation coefficient R*> values and from the plot it was
established that the pseudo-second-order was more followed compared to the pseudo-
first-order rate kinetics model. The R* values for the pseudo-first-order model were
found to be RzArsenatQZO.929 and RZChmmate:O.974, while the values of R? for the pseudo-
order-second order model were RzArsenateZO.992 and RZChromate=0.997, indicating the

conformity of pseudo-second-order model for both the cases (Figure 6.7).
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Figure 6.7. Kinetic 2™ order plot showing high fitting values of linear regression correlation coefficient

R’ (a) arsenate and (b) chromate.
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However, the pseudo-second-order equation describes kinetics data through generalized
approach, and observes process as one rate-controlling step which could not identify the
contribution of diffusional processes. Thus, to predict the actual rate-controlling step
involved in the adsorption process of arsenate and chromate onto vaterite, the intra-
particle Weber—Morris diffusion model was also applied. The intra-particle diffusion is
described by (Eq. 6.2¢).%"

q= Kut'"?+C (6.2¢)

Where Ky, is an intra-particle diffusion rate constant and C is the intercept. Results of
intra-particle Weber—Morris diffusion model showed a linear plot for both arsenate and
chromate. The R? values for both the pollutants was found to be high suggesting the
involvement of the intra-particle diffusion mechanism. The linear plot does not pass
through the origin suggesting that intra-particle diffusion is not the sole rate-limiting
step (Appendix, Figure A6.3). Compilation of the results obtained from the above
models suggests that the adsorption on to the surface and the intraparticle diffusion are

occuring simultaneously.

Table 6.1. Kinetic parameters of the rate of adsorption of the dye onto vaterite surface.

First order Second order kinetics Intra-particle diffusion
kinetics kinetics
ki (L R’ k; (g mg’ R’ Ky(mg C(mgg') R’
min ') min ) g 'min ")
Arsenate 0.036 0.929 14x10%  0.992 4.70 9.37  0.988
Chromate 0.026 0.974 12x10%  0.997 3.35 6.84  0.999

6.3.3.4 Adsorption isotherm

Adsorption isotherms are important for the description of how molecules of adsorbate
interact with adsorbent surface. Hence, the adsorption of arsenate and chromate onto
vaterite is determined as a function of equilibrium pollutant concentration (C.) and the
corresponding adsorption isotherm (Figure 6.4).The adsorption process is normally
described by the Langmuir and the Freundlich isotherms.®'®*!” The Langmuir equation

assumes that there is no interaction between the adsorbate molecules and that the
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sorption is localized in a monolayer. It is then assumed that once a pollutant molecule
occupies a site, no further adsorption can take place at that site. The Langmuir equation

is expressed as,

Qe = mece/(l+bce) (633)

where C, is the equilibrium concentration of dye solution (mg L), qe is the equilibrium
capacity of dye on the adsorbent (mg g '), qm is the monolayer adsorption capacity of
the adsorbent (mg g '), and b is the Langmuir adsorption constant (L mg ') and related

to the free energy of adsorption. The Freundlich adsorption model assumes that

adsorption takes place on heterogeneous surface and can be written as,

qe = Ky Ce I/n (63]2))

where K¢ and n (dimensionless) are the Freundlich adsorption isotherm constants,
indicated the capacity and intensity of the adsorption, respectively. The experimental
data were fitted to the above equations. The isotherm constants and correlation

coefficients were calculated and listed in Table 6.2.
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Figure 6.8. Adsorption isotherm plot for (a) arsenate and (b) chromate onto vaterite, q. values compared
were obtained from Langmuir isotherm and experimental finding; (inset: Langmuir plot for (a) arsenate

and (b) chromate respectively).

By comparing the correlation coefficients R?, it can be deduced that the experimental
equilibrium adsorption data are well described by the Langmuir equation compared to

Freundlich model for both the cases. This suggests the monolayer coverage of the
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surface of vaterite microparticles by arsenate and chromate molecules. The maximum
adsorption capacity of vaterite for arsenate and chromate was found to be 154.1 and
156.3 mg g ' respectively.

Another important parameter, a dimensionless constant called “constant separation

factor” or “equilibrium parameter”, Ry defined as
2

Ri=1/(1+b Cp) (6.3¢)

where, b is the Langmuir coefficient and Cy is the initial dye concentration, can give
some indication of the feasibility of the adsorption process. For a favourable reaction
process, 0< R;<1; whereas R=0 for the irreversible case, R=1 for the linear case and
R>1 for unfavourable reaction. The values for arsenate and chromate adsorption onto
vaterite was found to be 0.60 and 0.49 respectively which indicates the favorability of

the adsorption process (Table 6.2).

Table 6.2. Adsorption isotherm parameters of arsenate and chromate adsorption onto

Vaterite.
Langmuir isotherm Freundlich isotherm
Qm b R° R Ky n R’
(mgg') (Lmg) (mgg)
Arsenate 154.1 0.006 0.993 0.60 2.07 1.39 0.968
Chromate 156.3 0.004 0.992 0.49 1.01 1.26 0.989

6.3.3.5 Thermodynamic of the adsorption

To determine the temperature effect of the arsenate and chromate adsorption onto
vaterite, adsorption experiments were performed at 283, 293, 303 and 313 K.
Adsorption isotherms do not have any intrinsic thermodynamic definition, and its
significance depends on conditions of the system under study. Anyway, empirical
approach, applied for calculation of thermodynamic data, provides the data necessary
for understanding of adsorption process. The adsorption values were found to increase
with the rise in temperature for both arsenate and chromate (Figure 6.9a). The standard
Gibbs free energy change (AG®) was calculated from the following equation,

AG®=—RT In (ko) (6.4a)
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Where R is the universal gas constant (8.314 J mol™! K™') and T is temperature in
Kelvin. k. is the equilibrium stability constant, which was calculated at each

temperature using the relation,
ke = Cy/Ce (6.4b)

where, C; and C. is the equilibrium chromate and arsenate (in respective cases)
concentration on adsorbent and aqueous phase, respectively. The Gibbs free energy
changes (AG®) in this temperature range were calculated from Eq. 6.4a, and are given in
Table 6.3. The negative values of AG® suggest that the adsorption process is
spontaneous and thermodynamically favourable.®'® The average standard enthalpy

change (AH®) and entropy (AS°) were determined from Van’t Hoff equation (Eq. 6.4¢),
In k. = AS’/R — (AH®)/RT (4¢)

AH’ and AS° was calculated from the slope and intercept of plot between In (k) vs.
(1/T) based on Van’t Hoff equation. Figure 6.9b is the Van’t Hoff plot for arsenate and

chromate adsorption onto vaterite.
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Figure 6.9. (a)Temperature dependence plot of the adsorption of arsenate and chromate. (b) Van’t Hoff

plot for the adsorption at different temperatures.

Calculated thermodynamic parameters are presented in Table 6.3. The negative values

of Gibbs free energy and positive standard entropy changes indicate exothermic and
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spontaneous nature of adsorption process on vaterite, and spontaneity of adsorption
increases at higher temperature for both the pollutant. The positive values of AH® for
both arsenate and chromate indicate the endothermic nature of the adsorption process
with more preferable adsorption at higher temperature. The changes in entropy values
were positive, indicating an increase in randomness of the system, i.e. arsenate and

chromate adsorptions are entropy-driven process.

Table 6.3. Thermodynamic parameters of arsenate and chromate adsorption onto

vaterite micro-particles.

Temp. Arsenate Chromate
(K) AG° AS° AH° AG® AS° AH°
(KImol™) (Imol'K") (KImol") | (KImol™) (Jmol' K") (KJmol™)

283 -5.263 -3420

18.851 84.844 25926  103.85
293 -5.893 -4703
303 -6.744 -5256
313 -7.828 -6704

6.3.3.6 Desorption

Desorption studies help to elucidate the mechanism of adsorption and recovery of the
adsorbate and adsorbent. Regeneration of adsorbent makes the treatment process
economical. The trend in the desorption process at different pH values is just converse
to that of the adsorption process in the pH effect. It was expected that increased
concentration of OH™ ions should compete with the already present arsenate and
chromate on vaterite surface, hence sodium hydroxide solution has been used as
desorbing agent. We have used three different pH range of 10-12 for the desorption
study of these pollutants. Desorption was found to be more efficient at higher pH. The
desorption efficiency for arsenate was found to be ~57%, ~63%, 69% and for chromate
~51%, ~59%, ~70.2 at pH 10, 11 and 12 respectively (Figure 6.10). The probable reason
behind this increased desorption at basic pH range is due to the electrostatic repulsion of
the surface (pH > PZC) with these anionic pollutants and also the increased OH ™ ions

are available for competition with these pollutants for the available interacting sites.
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Figure 6.10. Desorption plot of arsenate and chromate showing different desorption behavior at different

pH.

To monitor whether the adsorption has brought about any changes to the surface of
vaterite PXRD spectra of the vaterite after desorption of the pollutants was taken.
Desorption experiments have been discussed in details in the next section. A minute
change in the PXRD spectra was observed for both the cases of arsenate and chromate
adsorption as shown in Figure 6.11. Emergence of a small calcite fragment has been
observed for both the cases. Although our as-synthesized vaterite micro-particles were
stable in solution (as reported in synthesis and characterization section) but a probable
interaction between the arsenate and chromate with the vaterite could trigger the
transformation of small fraction of vaterite into calcite.

(a) c C- calcn.e
v - vaterite

Vaterite

10 20 30 40 50 60 70
2 Theta (°)

Figure 6.11. PXRD spectra after of the vaterite particles taken after the desorption of arsenate and

chromate.
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6.3.4 Summary

The summary from this section clearly indicates the possible use of framboidal vaterite
microspheres for anionic pollutant removal. Another inorganic surface vaterite has been
explored in this regard and was found to be effective in removing arsenate and chromate
from aqueous solution. The adsorption phenomenon was governed by the pH of the
medium. The adsorption was higher at pH 6-7, for both arsenate and chromate. The
adsorption capacity increases with the increase in initial pollutant concentration. The
kinetic of the adsorption followed the pseudo-second-order model. A good agreement
between Langmuir isotherm and experimental data suggest monolayer coverage of
arsenate and chromate upon adsorption onto the vaterite surface. The maximum
adsorption capacity (Qy,) was calculated to be 154.1 and 156.3 mg g ' for arsenate and
chromate respectively. The pollutant adsorption has been found to be
thermodynamically favourable. Desorption was efficiency was found to be moderately

good.

Part 2

6.4 Interaction and removal of organic pollutants from aqueous solution using

framboidal vaterite as adsorbent
6.4.1 Background

Water pollution is one of the major causes of concern in the present era and various
anthropogenic factors have led to the major exhaustion of the water system as a whole.
We have already discussed the factors leading to the contamination of the water bodies
and its adverse effect on human health in the previous chapter. We have also reported
the promising facet of adsorption for dye removal from aqueous solution. We have
given some examples of application of various inorganic surfaces for dye removal. To
add a few are, for example activated carbon is used and is found to have a good
adsorption capacity for the dyes but the high cost effectiveness of the compound makes
it reluctant for application in large scale.*'” Many inorganic mineral surfaces have also
been exploited for the same purpose. Silica was used as adsorbent for the removal of
cationic dye by McKay et al.®*° Perlite was used for the removal of Methylene Blue.*?!
Natural phosphate, hydroxyapatite and titania was also applied for the removal study of

6.22-6.24

waste water dyes. Clay minerals like bentionite, montmorillonite, smectite,

105
TH-1268_09612220



Vaterite-Pollutant interaction Chapter 6

kaolinite, sepiolite, and zeolite etc. were also employed for removing the dyes from
waste water.">> Boujaady et al. reported the use of synthetic calcium phosphate for the

removal of textile dye.**°

Different inorganic mineral surfaces behave differently when
introduced with different dyes. It is therefore necessary to know the in-depth detail of
the mechanism which is the outcome of the surface characteristics and the physio-
chemical properties of the adsorbate and the adsorbent. In the earlier chapter we have
studied the malachite surface for the removal of dyes from aqueous solution. In this
section we are exploring another inorganic surface, vaterite (a polymorph of CaCO3),
for the removal study of dyes from solution.

This present study focuses the use of framboidal vaterite particles for the effective
removal of dyes from aqueous medium. The as-synthesized vaterite particles are highly
porous and have high surface area. Furthermore the point of zero charge (PZC) value for
the vaterite was calculated to be pH~8.21. Therefore, this surface might prove to be a
potential candidate for the anionic dye removal via electrostatic attraction. Keeping this
in mind, we have considered to study the adsorption of anionic and cationic dyes onto
vaterite and to see how the adsorption profile behaves. Eriochrome Black T (EBT),
Congo Red (CR) as anionic dyes, Methylene Blue (MB) and Rhodamine 6G (R6G) as
cationic dyes were taken for the study. Batch experimental studies were carried out
under various parameters such as pH, adsorbent dosage, contact time, initial dye
concentration and temperature. The kinetic data obtained from experimental result was
tested by the pseudo-first-order and the pseudo-second-order kinetic models. The
equilibrium data were evaluated using Langmuir, Freundlich isotherm models and the
thermodynamics of the adsorption was also calculated to get the details of the

adsorption process.

6.4.2 Materials and methods

Dye stock solution of 500 mg L™ was prepared and different desired concentration (10,
50 100 and 200) was done by proper dilution and a volume of 2 ml was taken for the
study. After addition of vaterite (1.5 mg L™") to the dye of varied concentration, the vials
were then kept under stirring until steady state was reached. Preliminary experiments
were done to figure out the optimal conditions for various reaction parameters. The
experiments were performed in duplicate for data consistency. The pH of was

maintained using 0.1 M NaOH and 0.1 M HCI solution. The ionic strength was
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maintained constant using 0.05 M NacCl in all the cases otherwise mentioned. The pH in
the range 5-9 was monitored to see the effect of pH on the adsorption process. To see
desorption efficiency of the framboidal vaterite microspheres we have incubated the dye

loaded vaterite particles in 50% ethanolic solution.

6.4.3 Results and Discussion
6.4.3.1 Effect of pH

The pH of the medium highly influences the surface properties and the physio-chemical
behavior of the adsorbate which controls the adsorption capacity of any substrate in that
medium. To study the effect of pH we have considered a pH range of 5-9. The
adsorption profile was different for different dyes. The anionic dye showed a higher
adsorption in the acidic range and the cationic dyes were comparatively less adsorbed in
the lower pH range. Figure 6.12 gives the statistical overview of the q. value with the
pH of the medium. EBT and CR showed the highest adsorption value of 72.2% and
81% at pH~5 respectively. MB showed the least adsorption value of 16% and R6G was
adsorbed only 14% of the total value. With the increase in the pH the adsorption pattern
of the anionic dyes showed a downhill curve. Above the PZC of vaterite at pH~9 the

adsorption profile was found to be inversed.

: §/ OVaterite
/

[ EBT
/ B Cr
% I MB

N 5t - R6G
-~ — _ 0oL — —

Figure 6.12. pH adsorption profile of various dye onto vaterite surface.

107
TH-1268_09612220



Vaterite-Pollutant interaction Chapter 6

The plausible mechanism for adsorption could be drawn out from the respective species
of dyes available in the solution at definite pH. Considering the pHpzc value of the
vaterite an overview of the probable mechanism can be figured out. The PZC of vaterite
was found to be around pH~8.2 and above which the surface will be negative and below
this pH the surface shall behave positively. Considering the anionic dyes, EBT contains
sulphonic group which remains ionized in all of the pH ranges studied here. AT lower
pH, hydrogen bonding and surface complexation via sulfonic acid group of EBT with
the positive surface of the vaterite is responsible for the observed adsorption value. With
the increase in pH (~6.3) and above the first deprotonation (pk, 1) of one of the
hydroxyl group occurs.®”” Thus surface through hydrogen bonding as well as
electrostatic interaction through its partially charged hydroxyl groups with the positive
surface of the vaterite favors the increased adsorption in this pH range. As the pH of the
system was increased to 9 the surface of the vaterite becomes negative and thus leads to
the decreased in the adsorption value due to the repulsion from the negative surface of
vaterite and the negative species of the dye. Similar sort of adsorption interaction was
also justified for the case of CR. At lower pH of our study range the surface of CR was
negative as the pK, value was around 4.5-5.5.%%® The vaterite surface was positive
below the PZC,.eriie Which facilitates the favorable electrostatic interaction for the
adsorption. For the cationic dyes MB and R6G at lower pH range they remains positive
and the surface of the vaterite also remains positive which promotes the electrostatic

repulsion between them and thus hinders the adsorption.®**%3°

6.4.3.2 Adsorption steady state and kinetic model

The rate of uptake of the adsorbate onto the adsorbent surface controls the equilibrium
time for the adsorption of the system. This rate of kinetics is required for selecting
optimum operating conditions for the full-scale batch process.®*' Figure 6.13 shows the
plot of dye adsorption versus contact time. The plot indicates that the adsorption was
rapid at the early phase of the process which then slowed with further increase in
contact time until a steady state was achieved. The equilibrium time varied for the dyes.
The steady state for EBT was achieved within ~105 minutes while for CR, MB and
R6G it took ~120 minutes to achieve the steady state of the adsorption.
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Figure 6.13. Plot for the adsorption efficiency (q.) with time.

The kinetic data obtained was incorporated into Lagergren first order (Eq. 6.5a) and
second order kinetic model (Eq. 6.5b) to deduce the kinetic mechanism for the
adsorption.®'*

log (ge — q¢) = log g — (1 / 2.303) k;t (6.5a)
(t/q)=(1/g’k) + (t/ qc) (6.5b)

Where, the q; and q. (mg g) are total adsorption capacity at time t and at equilibrium
respectively. k; and k, are first and second order rate constant respectively. The
calculation results indicate that the adsorption kinetics of EBT, CR, MB and R6G on
vaterite microspheres can be well explained by the pseudo-second-order adsorption
model with higher correlation coefficients (R?) and are given in Table 6.4. The values
obtained for k; and k, are also summarized in Table 6.4. Figure 6.14 represents the

pseudo-second-order plot for all the dyes.

Table 6.4. Kinetic parameters of the rate of adsorption of the dye on to Vaterite.

First order Second order kinetics Intra-particle diffusion kinetics
kinetics
ki (L R’ k; (gmg R’ Ky (mg Cimgg R’
min ") min") g_lmin_o‘s) h

EBT | 0.030 0.924 0.0007 0.992 3.62 7.7 0.986
CR | 0.025 0977 0.002 0.993 4.73 2.8 0.996

MB | 0.026  0.966 0.002 0.991 0.74 1.1 0.990
R6G | 0.273  0.979 0.0003 0.995 1.69 2.7 0.991
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Adsorption onto the surface of the adsorbent is often accompanied by diffusion of the
adsorbate from the exterior surface to the pores of adsorbent. To see this effect the
kinetic data were also fitted into the intra-particle diffusion model, an empirical model
which gives us the information of the steps within the adsorption process. The intra-

particle diffusion is described by Eq. (6.5¢),%"

q=Kyt"? +C (6.5¢)

Where K, is an intra-particle diffusion rate constant and C is the intercept. From the
results it was obtained that the intra-particle diffusion model also demonstrated a high
R? value for all the dyes, (Table 6.4) which indicates that pore diffusion also affects the
rate of dye adsorption. However, since the intercept of the line (for the dyes) do not pass
through origin suggests that this mechanism does not solely limit the overall adsorption
process. The rate-limiting step may be a complex combination of adsorption onto the

external surface and intra-particle diffusion working hand in hand.®'
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Figure 6.14. Second order kinetics plot of dyes (a) EBT, (b) CR, (¢) MB and (d) R6G onto vaterite

surface.
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6.4.3.3 Adsorption isotherm

For designing a preferred sorption system it is very necessary to know the parameters
involved in the adsorbate-adsorbent interaction.’** The adsorption isotherm can throw
some light into these requisite parameters. The Langmuir and Freundlich adsorption
isotherms were utilized to describe the relationship between the amounts of adsorbed
adsorbate and its equilibrium concentration in aqueous solution. The linearized form of

Langmuir and Freundlich adsorption isotherms can be expressed according to Eq. (6.6a)

and Eq. (6.6b) respectively,™'®¢17
Ce/qe = Ce/Qm + 1/Qmb (6.6a)
log ge = loq K¢+ (1/n) loq C. (6.6b)

Where, C. (mg L™") and q. (mg g ") is the equilibrium dye concentration in aqueous and
solid phase respectively. Qy, 1s the maximum monolayer uptake by the adsorbent (mg g~
", and b is the Langmuir binding constant of the adsorption. Ky is the Freundlich’s
uptake factor and n is the Freundlich constant (index of adsorption intensity or surface
heterogeneity) which denotes favorability of the adsorption if the value lies between 1
and 10. The data obtained were analyzed for the best fit in the isotherm models. The
results are enlisted in the Table 6.5 with their respective correlation coefficients (R?).
The q. values were calculated from both the isotherm and the q. value calculated out
from the Langmuir isotherm were found to be proximate to the experimental q. value.
Figure 6.15 shows the adsorption fit for EBT and CR with the experimental and
calculated using the Freundlich model. The R value for the Langmuir isotherm was also
better compared to the Freundlich isotherm suggesting that the adsorption was
monolayer. The plateau formation in the adsorption isotherm curve also indicates this
sort of mechanism to occur (Figure 6.4a). The experimental values for the maximum
monolayer (Qn) uptake as obtained from the plateau region were also in well
accordance with the calculated values favoring the Langmuir model over the Freundlich

model.
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Table 6.5. Adsorption isotherm parameters of dyes on Vaterite.

Langmuir isotherm

Freundlich isotherm

Qmmgg') b(@Lmg R* R K(mgg') n R?
1
)
EBT 158.73 0.0063 0.993 0.412 4.03 1.54 0.967
CR 102.04 0.0098 0.999 0.519 6.56 1.94 0.932
MB 27.39 0.0064 0.996 0.597 2.54 1.47 0.968
R6G 31.45 0.0148 0.995 0.443 1.38 1.90 0.942

Another important parameter, a dimensionless constant called “constant separation

factor” or “equilibrium parameter”, Ry defined as

Ri= 1/ (1+b Co)

(6.6¢)

where, b is the Langmuir coefficient and Cy is the initial dye concentration, can give

some indication of the feasibility of the adsorption process. For a favourable reaction

process, 0< Ry <1; whereas R=0 for the irreversible case, R=1 for the linear case and

R>1 for unfavourable reaction. The values for EBT, CR, MB and R6G were calculated
to be 0.412, 0.519, 0.597 and 0.443 respectively which falls well within the favourable

regime (Table 6.5).
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Figure 6.16. Adsorption isotherm plot for (a) EBT and (b) CR onto vaterite, q. values compared were

obtained from Langmuir isotherm and experimental finding; (inset: Langmuir plot for (a) EBT and (b) CR

respectively).
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6.4.3.4 Effect of temperature and thermodynamics

The extent of adsorption is also dependent on the temperature of the solid—liquid
interface. Therefore, we have chosen to study the adsorption at different temperature
ranging from 283-313K. Adsorption at different temperature can also give the overview
of the favorability of the adsorption system which reveals the thermodynamic aspect for
the adsorption. With the rise in temperature the adsorption value was found to increase
for all the cases of the dyes. The adsorption values, q. (mg g ') for EBT, CR, MB and
R6G were 40.51, 47.15, 6.43 and 15.63 at 283K which increased to 46.51, 49.36, 10.96
and 18.45 respectively.
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Figure 6.17. Plot for AG® with temperature for the adsorption of the dyes.

To get the details of the thermodynamic parameters we have incorporated the standard
Gibbs energy equation which relates the Gibbs free energy change (AG°), enthalpy
change (AH®) and entropy change (AS°) by the following,’

AG’ = —RT In (k) (6.7a)
Where R is the universal gas constant (8.314 J mol ' K™') and T is temperature in
Kelvin. k. is the equilibrium stability constant, which was calculated at each temperature
using the relation,

k.= Cy/Ce (6.7b)

Where, Cs and C. are the equilibrium concentration on the adsorbent and the aqueous
phase respectively.®?> The enthalpy AH® and the entropy AS° of adsorption were
estimated from the following equation:

AG°® = AH® — TAS® (6.7¢)
The combination of Egs. (4a) and (4c) gives:
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In k. = -AH°/RT +AS°/R (6.7d)

The slope and intercept of the plot between In k. versus 1/T give the values of AH® and
AS°. The (AG®), (AH®) and (AS°) values obtained for EBT, CR, MB and R6G are
summarized in Table 3. The negative values for AG® in all the cases at different
temperatures (Table 6.6) indicate that the adsorption is thermodynamically feasible and
is spontaneous in nature. The increase in AG® values with increase in temperature shows
an increase in feasibility of the adsorption at higher temperatures. The AH® of a system
gives the information about the endothermic/exothermic nature of the adsorption
process and also ascertains the adsorption as physisorption or chemisorption. The
typical value for physisorption usually lies below 84 kJ mol', whereas for
chemisorption bond strengths lie between 84-420 kJ mol'.>** The values for AH® lie
well below 84 kJ mol™' which favors the physisoprtion of the dyes onto vaterite surface.
Entropy has been defined as the degree of chaos of a system. The positive value of AS°
suggests that some structural changes occur on the adsorbent, and the randomness at the
solid/liquid interface in the adsorption system increases with increase in temperature.

Figure 6.17 shows the variation of Gibbs free energy change (AG®) with temperature.

Table 6.6. Thermodynamic parameters of dye adsorption onto Vaterite.

T(K) 283 293 303 313

AG® (K J mol™) -7.69 -8.65 923 | -10.22
EBT | AS°(Jmol'K™) 81.73

AH® (K J mol ™) 15.40

AG® (K T mol ™) -8.30 -8.70 -9.05 -9.50
CR AS° (Jmol™' K™ 39.07

AH® (K J mol™) 2.79

AG® (K J mol™) -10.03 | -1121 | -11.72 | -12.68
MB AS° (Jmol™' K™ 85.03

AH° (KJ mol ™) 13.92

AG® (KJmol ™) -2.30 -2.69 -2.98 -3.27
R6G | AS°(Jmol' K™ 32.18

AH° (KJ mol ™) 6.77
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6.4.3.5 Desorption

The practical reusability of any adsorbent depends on desorption of the adsorbed
materials from the adsorbent surface. To see desorption efficiency of the framboidal
vaterite microspheres we have incubated the dye loaded vaterite particles in 50%
ethanolic solution and separated by centrifugation. The desorption values were found to
be 70%, 67%, 86% and 71% for EBT, CR, MB and R6G respectively (Figure 6.18a).
But these values of desorption efficiency are less compared to our earlier study case of
Malachite nanoparticles and dye (in chapter 5), where desorption efficiency were
greater than ~97% for all the cases. This might be due to the fact that some fraction of
the dye might get trapped into the interior of the calcite that has been formed by the
transformation of the vaterite during the adsorption process. As a result these trapped
dyes were not released from the vaterite entity. Although, these vaterite-dye composites
could be further reused and has potential as the raw material of caustic lime making or
as a colour additive used in building materials, rubber and plastics industries.®** This

adds to another potential benefit of using the vaterite micro-particles for dye removal.
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Figure 6.18. (a) Desorption efficiency of the vaterite surface after the adsorption of the dyes. (b) PXRD

spectra of vaterite after desorption of dyes from the vaterite surface.

The dye-vaterite composite after desorption was subjected to PXRD analysis to see any
change in the properties of adsorbent during the adsorption process. Figure 6.18b
represents the PXRD spectra taken after desorption of the vaterite particles for EBT and
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CR. The PXRD spectra for MB and R6G are given in the supporting section (Appendix,
Figure A6.5). A subtle change in the PXRD peak was seen in the spectra for all the
cases. Characteristic calcite peaks were found to be present in the PXRD spectra. The
FTIR spectra also support the formation of calcite with the emergence of calcite peak at
712 cm™" for the cases (Appendix, Figure A6.6). The presence of the calcite peak in the
dye-vaterite composite could be justified by the fact that a small fraction of vaterite has
been transformed to calcite during the adsorption process. Although these vaterite were
shown to be stable in solution up to ~4 days, but the interaction forces leading to the
adsorption might be aiding this transformation of vaterite to calcite. The color of the
dye-vaterite composites are given in the Figure 6.19, which also supports the

incorporation of the dyes onto the vaterite surface.

(@ °.  ;"- -

Vaterite - EBT dye

(c) (d)

\5‘,”.‘ -v‘ a. ;: b
e e
!
Vaterite - MB dye Vaterite - R6G dye

Figure 6.19. Image of the dye loaded vaterite particles, (a) EBT loaded vaterite, (b) CR loaded vaterite,
(c) MB loaded vaterite and (d) R6G loaded vaterite.

6.4.4 Summary

In summary, vaterite microspheres are found to be very effective in the removal of dyes
from aqueous solution. Vaterite, a relatively unstable polymorph of CaCO; and having
high surface area was found to be efficient container for the loading of anionic dyes
compared to the cationic dyes. EBT, CR was adsorbed more compared to the cationic

dyes such as MB and R6G. The adsorption profile was highly pH dependent and was

116
TH-1268_09612220



Chapter 6 Vaterite-Pollutant interaction

sought to be electrostatic in nature. The positive surface of the vaterite (pH < PZCaerite)
and the negative functional groups of the EBT and CR (pH > pK,) facilitates the
requisite electrostatic interaction that leads to the increased adsorption of these dyes
onto vaterite surface. Whereas the electrostatic repulsion of the cationic MB and R6G
(pH < pK,) with the positive (pH < PZCaerite) surface justifies the observed lower value
of adsorption onto vaterite surface. The adsorption followed the second order kinetics
for all the dyes with simultaneous occurrence of the intra particle diffusion of the dyes.
Langmuir isotherm was preferably more matched with the obtained data for all the cases
of the dye. The adsorption was spontaneous in nature. The desorption efficiency and the
practical reusability of the vaterite-dye composite was addressed efficiently. These
findings together suggest the potential applicability of vaterite for waste water

treatment.
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Figure A6.1. (a) BET surface area plot and (b) C-potential plot of vaterite.
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Figure A6.2. TEM image showing nano vaterite aggregation to form large vaterite microsphere. (inset):
SAED of the corresponding particle
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aresenate and (d) chromate adsorption onto vaterite particles.
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Figure A6.4. First order kinetic spectra of the adsorption of dyes (a) EBT, (b) CR, (c) MB and (d) R6G,
on to vaterite.
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Figure A6.5. PXRD spectra of vaterite after desorption of dyes from the vaterite surface.
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Figure A6.6. FTIR spectra showing the emergence of calcite peak at 712 cm™ after adsorption of various
dyes onto vaterite.
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Conclusion and Future Direction

In conclusion, this thesis represents the interaction study of proteins and pollutants onto
various inorganic surfaces and their dependence on the surface properties. Different
inorganic mineral based micro-to-nano structured materials have been prepared and
used for these interaction studies. Of the studied inorganic surfaces, different surface
properties were established with different inorganic materials which in turn interact with
different proteins and pollutants. The ‘hard’ and ‘soft’ nature of the inorganic surface
alongside the ‘acidic’ and ‘basic’ nature controls the fate of interaction of these
inorganic surfaces with other entity. Nevertheless, other important regulating parameter
such as pH, temperature, concentration etc. also governs the fate of the adsorption.

These were the major findings put forward in the thesis.

The basic hard surface of ZnO interacts with the protein BLG with possible electrostatic
interaction with no significant changes in the protein secondary element. The adsorption
was found to be maximized at near the IEP of the protein. But the observation with the
ZnS, which is a soft and acidic surface, was evidently different. ZnS interacts differently
with the proteins (BSA and BLG). The negative surface of ZnS also facilitated the
adsorption of negatively charged BSA and BLG onto its surface. The secondary
structure of BSA was altered to accommodate this adsorption whereas the rigid BLG
was more stable whilst the probable interaction took place with the oppositely charged
local regimes (patches). This also supported the assumption of conformational
flexibility and conformational rigidity of BSA and BLG respectively. Furthermore, the
interaction and removal studies of pollutants (both inorganic and organic) from solution
using inorganic mineral based surface were also found to be dependent on various
factors. The basic hard surface of malachite was found to be efficient for the removal of
anionic pollutants and preferential removal of Flu compared to RB and R6G. On the
other hand, the more basic surface of the vaterite could also be efficiently used for the
interaction/removal of arsenate and chromate from solution. The advantage of the basic
surface of the vaterite was well utilized for selective removal of anionic dyes (EBT and

CR) over cationic dyes (MB and R6G).
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Scheme: A general outline of the present work of this thesis.

Overall, the work reported in this thesis, gives an in-sight to the interaction of protein
and pollutants onto inorganic surfaces. Surface dependence of such interaction and the
suitable parameters to control such interactions at the interface are presented. These
findings could help to augment the better understanding of protein-nano construct for
practical usability. Furthermore, the potential applicability of these inorganic surfaces
for waste water remediation (ionic pollutants or dyes) is substantial. A plenty of
information of surface specific interaction, and various parameters controlling such
interaction at the molecular level could be gathered which could be fabricated to gain

more control over such interactions.
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