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Abstract

Arsenic has a global concern as a groundwater contaminant due to its potential for fatal
health consequences. The long term consumption of arsenic contaminated water and food results
in damage to the liver, kidney and gall bladder. Both developed and developing countries are
under a potential threat of groundwater arsenic contamination. To combat the problems related to
its contamination, WHO and USEPA have set the standard limit of 10 ug L' for drinking water
since the year of 2006. Its removal employing nanoadsorbents has gained considerable attention
through both ex-situ and in-situ techniques among the scientific groups since last two and half
decades. Moreover, nanotechnology based water treatment systems in general are also finding
favour due to better resource and energy efficiency.

Several metallic nanoadsorbents including oxides of iron, aluminium, cerium, copper,
zirconium, titanium alongwith their functionalized nanostructures have been reportedly developed
for arsenic removal. In recent years, metallic iron/iron oxides based nanoadsorbents have been
widely explored due to their significant affinity towards arsenic and easy availability. Among
various polymorphs, nZVI (nano-scale zero-valent iron) has been extensively studied in literature
both at the laboratory and pilot scale studies. These nanoparticles, however, are unstable in natural
environmental conditions and prone to get oxidized into iron oxides/hydroxides, a fact which
limits their application for pilot scale studies effectively.

The aim of present study is to develop the maghemite (y-Fe;O3) nanoparticles and their
nanohybrids while also exploring the use of industry waste as one of a precursor material. The -
Fe;O3 is FDA approved iron oxide phase and considered to have high magnetization, bio-
compatible and non-toxic nature. At nanoscale, this phase is considered as the most stable

polymorph of iron™

oxides. Further, the as-synthesized nanoparticles have been explored for
arsenic removal as adsorbents, anticipating their application as ex-sifu and/or in-situ remediation
materials. To achieve the goal in the present study, several tasks have been performed. The entire
study has been divided into 7 chapters.

Chapter 1 presents the introduction of the research work. The research goal, objectives and
hypothesis have been stated alongwith the justification for conducting the research. Strategic

approach highlights the tasks identified in different domains extending from synthesis,

characterisation to batch and continuous remediation experiments.
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Chapter 2 highlights the worldwide scenario of arsenic contamination and the mechanisms
of its release in groundwater. An overview of the employed treatment technologies adopted at
small and large scales have been presented. The issues and scope for increasing the efficacy of
already existing arsenic removal units based on adsorption technology have been examined.
Further gaps pertaining to the development of nanoadsorbents and their application in
batch/continuous scale studies alongwith the fabrication of columns are discussed. Possible scope
of in-situ arsenic sequestration and need of upgradation of the technologies in this regard have also
been included in this section.

Chapter 3 presents the development of methodology for synthesis of bare maghemite (BIO)
nanoparticles and functionalized (BIO-DW) nanostructures using chemical approach. Their
physio-chemical characterization has been examined for electronic spectroscopy (UV-Visible,
XRD, Raman, FTIR and XPS), magnetic characteristics (VSM and SQUID), surface (FE-SEM,
HR-TEM, zeta-potential) and physical (DTA-TGA, BET surface area) properties. A fundamental
approach in this task has been to develop a method to maintain the yield of nanostructured
adsorbents by conserving the maghemite phase of iron oxides during the formation of
nanohybrids. The phase identification has been confirmed using the analysis such as X-ray
diffraction (XRD), Raman and X-ray photoelectron (XPS) spectroscopy. In nanohybrids, the
results indicate a decrease of 13.2 % in the average particle size (nm) and an increase of 39.6 % in
the surface area have been observed which are beneficial characteristics in providing more reactive
sites to arsenic species for electrostatic interactions. An increase in the colloidal stability in BIO-
DW nanoparticles as compared to BIO nanoparticles have been observed through zeta potential
measurements, which are determined to be -21.0 and -27.3 mV at pH 7, respectively.
Demonstration of super-paramagnetic behaviour is quite apparent with the magnetic moment (emu
g'!) value of 72.7 and 67.5 observed for bare and functionalized nanoparticles, respectively.

Chapter 4 presents the batch experiments to analyse the sorption kinetics and removal
characteristics of targeted arsenic specie (+5) as well as in multi-constituent matrix (associated
with other constituents simulating real life scenario) for both as-synthesized nanoadsorbents. The
adsorbate-adsorbent reactions are illustrated through various models viz. empirical, chemical and
surface complexation models. Optimization of the contact time for AsY removal has been worked
out simultaneously maximizing adsorption capacity and minimizing amount of dose for the near
neutral pH conditions. This study utilizes the CCD (central composite design) to employ RSM

(response surface methodology) for optimization procedure. The modeling of the removal kinetics
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for the adsorbent dose concentration ranging from 0.15 — 0.45 g L'! follows pseudo-second-order
kinetics and intra-particles diffusion models. Further, the equilibrium isotherms models have been
examined for concentrations of AsY (5 - 125 mg L) and dose (0.30 and 0.40 g L") at the physical
variables representing for the treatment of groundwater. The Langmuir constant (unit less),
Tempkin constant (J mol ') and mean free energy (KJ mol™!) from these examinations have been
found to be 0.034 - 0.393, 18.036 - 30.775 and 0.707- 1.0, respectively. These studies indicated
that the removal process involves both partial physisorption as well as partial chemisorption.
Chapter 5 presents the batch experiments which were extended to examine the removal
capabilities of as-synthesized nanoparticles for the real world applications by formulating synthetic
water at laboratory scale representing the concentration of elements equivalent to those of samples
collected and analyzed from arsenic effected Ballia district, Uttra-Pradesh, India. Taguchi’s design
of experimental methodology has been explored to evaluate the possible effects of process
parameters such as initial arsenic concentration, total dissolved solids (TDS), shaking speed,
temperature, pH, dose and contact time. Out of these, two-parametric interactions (arsenic
concentration x TDS, arsenic concentration x shaking speed, TDS x shaking speed) have also been
investigated to explore their effects on AsY removal. The geochemical code Visual MINTEQ has
been utilized for surface complexation modeling (SCMs) to understand the adsorption mechanism.
The charge distribution multi-sites complexation (CD-MUSIC) model alongwith 2pk-Three-Plane-
Model (TPM) and Diffuse Layer Model (DLM) have been examined for this purpose. Further, the
ANN model is trained to evaluate the Taguchi’s outcomes using MATLAB neural network tool.
Chapter 6 presents the details of the experiments conducted on the fixed bed 1-dimensional
column(s) and sand-tank model to explore the arsenic removal under the dynamic flow
environment similar to real world scenario. Design and fabrication of columns have been carried
out by considering the factors such as height of reactive zone, column with constant porosity and
their correlation with the required mass of adsorbents. Analytical grade sand soil of particles size
ranging from 0.05 - 0.5 um has been used as a supporting material alongwith as-synthesized
nanoparticles in all the experimental runs. The Bed-Depth-Service-Time (BDST) model has been
employed to determine the breakthrough (75) and exhaustion time (7¢) at different bed height and
flow rate values. A percent increase in breakthrough and exhaustion time (min) with the values of
22.9 % and 10.3 % have been observed for functionalized nanostructures as compared to bare

maghemite nanoparticles. Further, the breakthrough curve data have also been fitted using
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Thomas, Yoon-Nelson and Adam-Bohart models to understand the removal characteristics under
continuous mode of experiments.

Further, to overcome the limitations of ex-sifu treatment technologies such as high
operational cost and generation of toxic sludge, a laboratory scale 3-D sand tank (60 cm x 30 cm x
50 cm) model has been developed to explore the possible factors that may affect the in-situ
addition of developed nanoparticles and visualising injection of nanomaterials into the aquifer
systems contaminated with arsenic. The efficacy assessment for in-situ employment of developed
nanoparticles representing Direct Injection mode of application has been investigated through
sand-tank experiments for As'! removal. The COMSOL Multiphysics software (subsurface flow
module) has also been employed to simulate fluid flow below ground during the assessment of
arsenic sequestration. Tracer experiments have been performed using molar solution of sodium
chloride. The possibilities of recontamination have also been investigated after the arsenic
sequestration under variable flow rate.

Finally, Chapter 7 summarizes the research work and presents the conclusions drawn based
on the research outcomes. It also presents the possible future perspectives of studies based on

investigations carried out in the thesis.
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Chapter 1

Introduction

1.1 Problem statement

Arsenic is a toxic, bio-accumulating, redox and pH sensitive element. It is a life threating
contaminant, to which millions are exposed through contaminated groundwater from the beginning
of 20" century [1]. The high mobility of arsenic species in aquifer systems is of concern among the
scientific communities. Worldwide, about 105 countries and approximately 226 million people are
under potential threat of arsenic contamination [2]. Around 90,000 km? area with 50 million people
are critically affected by its contamination in Bengal Delta basin comprising Bangladesh [3]. Its
contamination in groundwater broadly reported in flood plains of the Ganga River is a subject of
concern among the scientific communities across the globe since the last two and half decades due
to its high mobility in ecosystem, high toxicity, carcinogenicity to human beings and its bio-
magnification characteristics. Both developed and developing countries are under a potential threat
of arsenic contaminated groundwater. The menace among the communities across the globe is
mainly due to its contamination in groundwater as compared to that of surface water. To combat the
problems related to its contamination, WHO and US EPA have set its standard limit as 10 ug L' for
drinking water since 2006 [4], [5].

1.1.1 Outline of arsenic pollution in groundwater and its health consequences

Il gpecies) have been found in groundwater supply

Most reported arsenic problems (As
systems and are caused primarily by natural processes such as mineral weathering and dissolution
resulting from a change in the geo-chemical environment to a reductive condition. Millions of people
in West Bengal and Bangladesh had been drinking groundwater from wells contained arsenic
concentration ranging from 100 - 3900 pg L-! with many of them succumbing to diseases caused by
it [6], [7]. A pictorial representation of the possible causes of arsenic pollution are shown in Figure
1.1

It may exist as oxyanions in different types of species due to its sensitivity towards redox and

pH conditions. At redox potential (pE > 600 mV), HAsO4> is a dominant species of AsV in

1



groundwater between the pH range of 6.5 to 11.5. Below pH < 6.5, it exists as H2AsO4 [8]. However,

zero-valent arsenic (As’) and As* occur rarely in aquatic environments.

9| Pesticides, Herbicides

> | Seed Treatment |
Geothermal / Volcanic
activities —>|  Agriculture |79| Cattle dip |
— > | Geogenic —
& —> | Fertilizers |
Weathering of Rocks
and Minerals > | Timber Treatment |
Causes of —— —>| Tannery |
arsenic Anthropogenic Industrial I—
contamination = | Electroplating |
%| Paints and Chemicals |
Plants
L - | Biogenic | S |
Agricultural cwage
organisms/Micro-aquatic -
biota | Smelting |

Figure 1.1. Representation of possible causes of arsenic pollution in groundwater [9]-[11].

Early clinical symptoms in acute poisoning are severe nausea and vomiting, weakness,
muscular pain and flushing skin, colicky abdominal pain [12]. Chronic exposure is much more
insidious in nature and sometimes symptoms appears between 6 months to 2 years, leading to
anaemia and leukopenia [13]. The major dermatological diseases such as melano-keratosis,
melanosis, spotted melanosis, spotted and diffuse keratosis were reported to affect the human beings.
Further, it has been widely reported that the long term consumption of arsenic contaminated water
and food results to damage the liver, kidney and gall bladder [14], [15]. Some potential health hazard

of arsenic to human beings are highlighted in figure below:

Figure 1.2. An overview of arsenic health consequences a. Skin lesions b. Skin cancer c. Blackfoot disease.
[Source: http://www.sos-arsenic.net/english/contamin/index.html].




1.1.2 Nanostructured adsorbents for arsenic removal

Nanoadsorbents have gained considerable attention for arsenic removal in groundwater
among scientific communities. Nanotechnology based water treatment systems are logical choice in
respect to resource and energy efficiency [16]. The literature is widely replete in cases of
development of different nanoadsorbents which have been explored for arsenic removal [17]. From
past two decades, several metallic nanoadsorbents including oxides of iron, aluminium, cerium,
copper, zirconium and titanium have been reported to developed for arsenic removal [18]. Metallic
iron based nanoadsorbents have been widely explored due to their strong affinity towards arsenic
and ecological-friendly nature.

Development of several polymorphs of metallic iron nanostructures such as nZVI, iron'!
oxides (a-Fe203, B- Fe203, y- Fex03) iron'" (oxy) hydroxides (a-FeOOH, B-FeOOH, y-FeOOH) and
iron'™ oxides (magnetite) is also reported in the literature for arsenic removal. Among different
polymorphs of iron, nZVI (nanoscale zero-valent iron) has been extensively explored in the literature
both at laboratory and pilot scale studies. These nanoparticles are unstable in natural environmental

conditions and prone to oxidize into iron oxides/hydroxides after oxidation which limit its

application for pilot scale studies significantly [19].

1.1.3 Sub-surface sequestration of arsenic

Generally, removal of arsenic from the contaminated systems have been categorised into: ex-
situ (pump and treat) and in-sifu (underground treatment) processes. Till now, pump and treat
remediation has been practiced on large scale in providing arsenic free water to the affected
population [20]. However, such technologies have several disadvantages like high operational cost
and generation of toxic sludge [21]. The advantages of in-sifu removal of contaminants compared
to ex-situ technologies include such as: natural treatment of groundwater and low operational cost.
Moreover, the sequestration of groundwater contaminants using in-situ technologies have been
considered among sustainable approaches [22]. Therefore, the development of technologies to
sequester the arsenic in the subsurface are gaining a considerable attention. From last two decades,
in-situ technologies such as: biosorption, permeable reactive barriers, chemical oxidation, natural
attenuation are being developed. Among these, PRB’s (permeable reactive barrier’s), because of its
convenient operation and compactness makes it easy to manage for remediation and has been

considered as a promising technology [20][23].



1.2 Research goal and objectives

Since the large two and half decade continuous efforts have been made by scientific
communities in developing the efficient and sustainable arsenic removal technologies.

The focus of the present research has been to explore further one of the widely employed
technology due to its cost-effectiveness and easy operational characteristics, i.e. adsorption. The
goal of this work is to reduce the risk of arsenic contamination in groundwater through improved
understanding and improvement of present nanotechnology based arsenic removal processes on one
hand, as well as attempting resource recovery in the industrial waste(s) by employing the same in
nanoparticle synthesis. To this end, this research has four objectives: -

1. To improve understanding about the process of arsenic removal employing nanoadsorbents

and explore knowledge gaps.
for arsenic removal and exploring the gaps that could be sustainable in their applications.

2. To develop a novel approach to address twin problems, (a) arsenic remediation and (b)

utilization of waste as a resource, both at a common platform.

3. Attempting to synthesize the iron based nanomaterials and their functionalized

nanostructures by the modification of precursor material employing industry waste.

4. Evaluating the ex-situ (above-surface) removal characteristics of developed nanoadsorbents

for arsenic removal.

5. Efficacy assessment of generated nanomaterials for in-situ (sub-surface) arsenic

sequestration through laboratory scale models representing direct injection mode of

application.

1.3 Justification for research

1.3.1 Intellectual merits

This study proposes to explore the raw waste of distillery industry, which is rich in a variety
of natural organic compounds for the generation of iron oxide nanohybrids under partial hydrolysis
(reflux) conditions that could prevent agglomeration of nanoparticles along with the encapsulation
of inorganics and putting organic functionalities as surface. The use of economic and non-toxic
waste for the generation of nanohybrids could mitigate the expectancy of occupational hazard and
health effects as well. Further, a methodology exploring the utilization of waste to nanomaterials

production will promote practicability of the technique for industrial resourced communities in
4



terms of revenue generation. The resulting iron oxide nanoparticles IONP’s could be injected around
shallow and deeper aquifer groundwater wells for sequestration of arsenic to a considerable extent
in sub-surface environment, restoring one of the numerous crippled, yet potential source of drinking
water for most of the rural population.

Nonetheless, there are several challenges also that may impede the employment of in-situ (sub-
surface) application of as-synthesized nanosystems. Although, the as-synthesized nanoparticles have
been proven to remove arsenic species significantly in the presence of competing ions and it remains
to seen that long term stability of employed nanoparticles and adsorbed arsenic is established. But,
the drawbacks associated with the different types of groundwater conditions may adversely causes
the detachment of arsenic species from the surface of these nanoparticles. Also, the variations in the
geological formations and microbial environment could lead to increase in possibilities of
recontamination with the occurrence of interactions with consolidated materials and interruption in

biological life-cycles.

1.3.2 Broader impacts

The findings of this research is expected to help the scientific communities to apply an
effective, safer and sustainable removal technology to deals with the problems of arsenic-
contaminated groundwater at wider scale. The outcome of the present study may be of significant
value not only to the groundwater scientists and engineers, but to the environmental professionals
and professional of industry and ultimately in densely populated areas affected with arsenic

contaminated groundwater.

1.4 Strategic approaches and tools

While attempting to fulfil the objectives of the present study, several tasks have been performed
to develop and critically evaluate the novel treatment media for targeted contaminant removal in

both ex-situ and in-situ application modes.

1.4.1 Task I. Synthesis of maghemite nanoparticles along with their engineered

nanostructures utilizing industry waste

Task I included the development of methodology in the generation of maghemite

nanoparticles and their nanohybrids with the incorporation of industry waste during the synthesis
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process under reflux conditions (Chapter 3). Two types of metallic nanoadsorbents have been used
in this study in terms of their physio-chemical characteristic features. One type includes the bare
maghemite nanoparticles (BIO) and other consists of functionalized phase of these nanoparticles
(BIO-DW) encapsulated with the organic surface moieties. A fundamental approach of this task has
to develop methods to maintain a good yield of nanostructured adsorbents while conserving the
maghemite phase of iron! oxides during the formation of nanohybrids and high surface area that
resulted in providing more reactive sites to arsenic species for interactions. The successful
completion of Task I, was envisaged to provide a specific methodology that could generate a cost-

effective nanoadsorbent material at a significant yield.

1.4.2 Task II: Physio-chemical characterization of as-synthesized nanoparticles

In Task II, these nanoparticles have been analyzed in terms of phase identification,
crystallinity, magnetic strength, surface features, elemental composition and agglomeration
characteristics using several techniques (Chapter 3). The electronic, optical, magnetic and physical
characterization of as-synthesized BIO and BIO-DW nanostructured adsorbents have been
undertaken employing techniques such as UV-Vis, FTIR, XRD, Raman, FESEM, HRTEM, VSM,
SQUID, XPS, DTA-TGA, BET and Zetasizer. These emerging findings are expected to deliver an
understanding of possible variations occurred during functionalization of maghemite nanoparticles
using organic waste material. This has been employed to establish whether the iron! phase,
crystallinity, magnetization remained conserved during the modification of synthesis process for
producing BIO-DW nanohybrids. The occurrence of possible variations in average particle size,
specific surface area, surface functional moieties, surface characteristics, super-paramagnetic
behaviour and thermal features are adequately investigated. The outcomes of all these analyses have

been discussed in Chapter 3.

1.4.3 Task I1I: Adsorption isotherm and sorption kinetic modeling of arsenic removal

through batch experiments

The Task III elaborates the adsorption experiments, which generated fundamental data to
understand the sorption kinetics and removal characteristics of targeted arsenic species by BIO and
BIO-DW nanoadsorbents. To predict the sorption behaviour, sorption rates and factors affecting the

removal behaviour more accurately, sorption kinetic models have been applied to experimental data
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(Chapter 4). In an attempt to explore the efficacy of the developed nanoadsorbents, it is necessary
to establish a significant equilibrium correlation between adsorbents and target contaminants. The
adsorption reactions of adsorbate were illustrated through empirical, chemical and surface
complexation models. These empirical models were expected to deliver the representation of
adsorption data without a theoretical basis, whereas chemical models provide a molecular

description using equilibrium approach for the adsorption process.

1.4.4 Task 1V: Statistical approach for arsenic removal using Response Surface and

Taguchi’s design of experimental methodology

Task IV focused on investigating the adsorption capabilities through experimental design
(Chapter 4 and 5), based on mathematical models which are found to be relevant to assess the
statistical significance of different factors. As the traditional Design of Experiments (DoE) explains
only the effects of design factors on average result level as well as the exploration of interactions
between the experimental variables and result outcomes are impractical using one-way classification
procedures, therefore, RSM and Taguchi’s methodology (robust design) were explored in the present
study. These are effective statistical tools in developing a suitable experimental approach for
laboratory investigations at optimized parametric levels by selecting a minimum number of
experiments. Artificial water having compositions similar to the groundwater in field was prepared

and used in experimental runs.

1.4.5 Task V: Understanding the removal mechanisms through surface complexation

models and predictive modeling of outcomes using MATLAB

The formation of possible competing ion species under different conditions such as pH and
variable concentrations range have been identified using Visual MINTEQ, and further explored to
understand their effects on AsV adsorption (Chapter 5). Arsenic removal using nanoparticles require
a robust methodology for predictive analysis. Artificial neural network tool has been found
appropriate for the prediction and estimation of adsorption properties due to its complex non-linear
characteristics. This tool has a capability to consider or take into account both the input and output
parameters effectively. The tool has also the ability to correlate the input variables with the output
adequately in complex conditions. A few authors have explored the predictive modeling for the
removal of arsenic onto different adsorbents using ANN. In the present study, the training of ANN
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model for Taguchi’s data is evaluated using MATLAB neural network tool. An approximation
algorithm based on feed-forward back propagation has been applied in which mean square error
represents the accuracy index. Three layered architecture of back propagation neural network
(BPNN) represented as IL-HL-OL, where IL is input nodes (equal to number of variables in the

model), HL is hidden nodes (optimized using runs) and OL is output nodes (based on numbers).

1.4.6 Task VI Evaluating the arsenic removal efficiency of developed

nanoadsorbents through fixed bed reactors systems (1-D columns experiments)

Task VI highlights evaluation of the practical applicability of developed nanoparticles in
arsenic removal in continuous mode, discussed in Chapter 6. BDST, Thomas, Yoon-Nelson and
Adam-Bohart models were fitted to the dynamic experimental flow data obtained from fixed bed
columns to analyse the breakthrough curve and determine the column characteristics. The fixed-bed
reactor continuous flow system study provides a simple method for the determination of bed
operation life span effectively at the laboratory scale. Further, the designing and fabrication of
laboratory columns was undertaken based on the universally accepted methodology, for a better
comparability and interpretation of arsenic removal data using different nanoadsorbents at a

common platform.

1.4.7 Task VII: 3-D sand tank experimental model for in-situ employment of as-
synthesized nanoparticles

Task VII delineated the efficacy assessment for in-situ deployment of BIO and BIO-DW
nanoparticles representing Direct Injection mode of application (Chapter 6). To overcome the
limitations of conventional ex-sifu treatment technologies such as high operational cost and
generation of toxic sludge, a laboratory scale model was developed to explore the role of various
factors that could affect the in-situ injection of developed nanoparticles. The principal concept of
this task included the assessment of distribution of nanoparticles after the injection into consolidated
material through the injection ports having variable depths. Under constant head pressure,
contaminated water was allowed to pass through the tank, and further the sequestration capability

of material under these conditions were assessed by calculating the total volume of water treated.



1.5 Thesis organization

The thesis divides into seven chapters.

Chapter One presents an introduction, problem statement, research goal and objectives,
strategic approaches along with the justification for research.

Chapter Two presents the literature review, global scenario of arsenic contamination, treatment
technologies, discussing the earlier studies explored on arsenic removal employing nanoadsorbents
in different modes, and their limitations along with the research gaps.

Chapter Three presents the synthesis of nanoadsorbents and cost estimation of their production,
methodology of instrumentation, physiochemical characterization employing UV-Vis, XRD,
Raman, XPS, FE-SEM, HR-TEM, BET, TGA/DTA, VSM, SQUID, FTIR and Zetasizer equipment.

Chapter Four deals with the batch studies involving optimization of arsenic removal process
by RSM along with the modeling for removal kinetics and adsorption isotherms.

Chapter Five extends to the batch studies representing real world groundwater conditions,
involving the optimization of arsenic removal process by Taguchi’s design of experimental
methodology and Surface complexation modeling (SCMs) for the understanding of adsorption
behaviour.

Chapter Six deals with the modeling for the removal kinetics of arsenic under continuous
flow employing columns (1-D) and Sand-tank (3-D) experiments.

Chapter Seven presents the conclusions along with the future research directions.






Chapter 2

Literature review

2.1 Source of arsenic in subsurface environment

Arsenic from earth crust and bedrocks enriched with its ores, leaches moderately into
groundwater [24]. The mineral iron arsenate (FeAsOs) is considered to be a common source of
arsenic in the subsurface environment. The compounds scorodite (FeAss. 2H>0) and pittcite
[Fex**(AsOs)y (SO4),]. nH>O are reported as direct and instantaneous source of arsenic in
subterranean conditions [25]-[27]. Both of these are alteration products of mineral arsenopyrite

(FeAsS) which constitutes a widespread source of arsenic in natural water [28].

2.2 Geochemical mechanisms of its release in groundwater

Arsenic mobilization in sub-surface environment and aquifer systems are controlled by two
major factors viz. (1) adsorption and desorption, and (2) precipitation and dissolution of solid phase.

The possible mechanisms that cause its release into groundwater are discussed below:

2.2.1 Reductive dissolution

Under reducing environment, the release of arsenic attached to iron has been considered as
an important reason for the presence of elevated levels of arsenic in the sedimentary aquifer systems
[29]. The generation of reducing conditions in sub-surface environment primarily depend on
microbial activities in the sediments along with the abundance of organic matter. The major factors
responsible for its mobilization in surrounding environment are diffusion of gases, sedimentation
rate and microbial reactions. Nickson et al. [30] have described that the lowering of pH accelerates
the dissolution of iron(oxy) hydroxides and subsequent release of associated arsenic through
laboratory scale studies. In another study, the generation of highly reducing environment at near
neutral pH has been suggested due to elevated concentration of carbonates and is considered to be
the possible reason of its release into the aquifer media [31][32]. Recently, oxidation of organics
along with microbial triggered reductive processes have been reported to be crucial in the

mobilization of arsenic in alluvial aquifers of Terai Region, Nepal [33]. However, high
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concentrations of Fe, Mn, HCO3™ ions, NH4" ions, CH4 gas, and an absence of oxidized species such
as NOs™ and SO4* ions are the indicators of strongly reducing conditions [34]. Moreover, the
microbial mechanisms of arsenic release require the presence of abundant of organic matter in sub-

surface environment.

2.2.2 Alkali desorption

Arsenic attachment in the subterranean environment onto the surface of iron oxides is an
example of adsorption, and its detachment occurs through desorption. Its adsorption and release in
the aquifer systems mainly occur through solid-phase precipitation and solid-phase dissolution
respectively. In alluvium plains, arsenic is present as FeAsS (arsenopyrite) along with its
transformed phases such as FeAsOs (ferric arsenate) and FeAsOs (ferric arsenite) [35]. It has been
reported that the presence of an oxidizing agent, most commonly atmospheric oxygen (as O2),
controls the oxidation rate of arsenic containing sulphide minerals [36][37]. Thus, increment in the
discharge rate of groundwater makes the arsenic bearing sulphide mineral exposed to oxygen which

causes their oxidation and further release of arsenic to aquifer system.

2.2.3 Geothermal trigger

The elevated levels of arsenic have been reported in the hot springs on Qinghai-Tibet plateau
that caused thorough leaching of rocks under high temperature conditions [38]. The generation of
these conditions occurred due to either circulation of groundwater (deep and rapid) or shallow
volcanism. Incidentally, the rivers and groundwater of Chile have also been reported with severe
arsenic pollution caused due to seepage triggered by geothermal forces from the mountain, Andes

located hundreds of kilometres from the point of groundwater abstraction areas [39].

2.3 Arsenic speciation and its aqueous chemistry

Being thermodynamically unstable, the percent distribution of dominant inorganic arsenic
species (As'" and AsV) varies in natural water. The dominant inorganic species with common
valance states of 0, +3 and +5 are present in the aquifer systems. The major controlling factors for
its speciation in groundwater are: the pH and redox potential (Ey) [40][41]. In highly oxidizing
environment (En: 600 to 1200 mV), HAsO4> and H>AsO4 are dominant arsenic species in the pH
range of 2.0-6.5 and 6.5-11.5, respectively. However, the weaker oxidizing environment (Ex: 0 to
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600 mV) and anaerobic environment (En: 0 to -800 mV) favours the presence of uncharged H3AsO3°
species in natural water [34][42]. Figure 2.1, represents the distribution of arsenic species in the

aqueous solution under different pH and En conditions is shown below:
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Figure 2.1. Pictorial representation of different arsenic species produced under varied pH and E; conditions
[43].

2.4 Global scenario of arsenic contamination in groundwater

Both developed and developing countries are under a potential threat of problems related to
arsenic contaminated groundwater. The countries such as Argentina [44], Bangladesh [45], Brazil
[46], Canada [47], Cambodia [48], Chile [49], Ghana [50], Hungary [51], Mexico [52], Pakistan
[53][48], Republic of China, Taiwan, United States of America and Vietnam [48] are affected with
arsenic contaminated groundwater. In India, the states of Assam [54], Bihar [55], Chhattisgarh [56],
[57], Jharkhand [58], Punjab [59], Manipur [60], Uttar Pradesh [61] and West Bengal [62] are
reported to have arsenic in groundwater with the concentration exceeding the permissible limit set

for drinking water.
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Figure 2.2. Global map of location of different arsenic contaminated groundwater highlighting their respective maximum arsenic concentration in

ug L along with year of discovery in groundwater [63]-[67].
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Figure 2.2 represents the arsenic contamination scenario in groundwater worldwide [44], [48],
[63]-[66], [68]-[75] (the data set for several locations were gathered from the published literature
which was plotted using ArcGIS, version 10.2.2). The map highlights the arsenic contaminated
areas, its year of detection in groundwater along with the maximum concentration reported in the
respective countries. It may be interesting to note that one of the first countries to report the arsenic
contamination in the groundwater in the beginning of 20" century (1917), was Argentina [44],
whereas, in India, its potential health hazards were reported as late as in early 1990s.

A close examination of Fig. 2.2 reveals that maximum concentration of arsenic with the value
of 300000 pg L' has been reported in the gold mining region of Victoria, Australia [69], whereas,
the regions of Manipur valley in Bangladesh (4730 pg L), red river deltaic regions in Vietnam
(3050 pug L), West Bengal in India (3900 pg L!) and loess aquifers of La Pampa Argentina (5300

ug L) have also been reported with an alarming contamination [76].

2.5 Employed technologies for its removal in groundwater

Several technologies have been developed so far to remove the arsenic from groundwater.
However, the most common removal methods which have been widely explored include: oxidation
and adsorption [77][78][79][80], chemical precipitation/sedimentation and filtration [81] [82], use
of ion exchange resins [83] and membrane technology including reverse osmosis [84]. Recently, the
in-situ arsenic removal technology using Permeable Reactive Barriers (PRBs) has drawn
considerable attention among the research communities and is being practised in few countries. All

these methods have been discussed briefly below:

2.5.1 Coagulation/ Flocculation

It involves the mixing of chemicals such as salts of iron (ferric chloride), aluminium (alum)
and manganese (manganese sulphate) into water to settle-down the arsenic through precipitation,
co-precipitation or combination of both these processes. Afterward, the arsenic is separated from the
solution by filtration as it gets adsorbed onto the solid matrix [85]. In general, this approach removes
As'"" as compared to AsY, and ferric chloride has been reported to be more efficient than alum. The
effectiveness of this method depends on the pH, concentration of arsenic, arsenic speciation and
|

presence of competing ions in the water. However, it requires pre-treatment process to oxidize As

to AsY using chlorine or permanganate ions since it causes partial removal of As'! from aqueous
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solution [86]. Nowadays, solar and microbial oxidation have also been commonly utilized to convert
Asto AsY [20].

Although, utilization of ferric chloride has been considered as a useful coagulant to arsenic
removal but its characteristics in aqueous phase limit its application for the treatment of arsenic
contaminated groundwater effectively. It forms amorphous hydrous ferric oxide (HFO) during
hydrolysis which makes it difficult to separate from the treated water. Its separation has been
reported to be accomplished through rapid sand filters or micro-filers and sedimentation. However,
these types of filtration techniques are economically viable for centralized large scale water

treatment systems, but are not suitable for smaller rural areas.

2.5.2 Ion-exchange resins

It is a physio-chemical process involving exchange of ions between solid phase and resin
(solid) phase of similar charge. The exchanged ions are held electrostatically on the surface of solid
phase with ions of similar charge in a solution. The ion exchange media is usually packed into a
column and then water containing arsenic is allowed to pass for removing the desired contaminant.

The columns can be regenerated with the brine solution for preparation of next cycle of removal

[87].

2.5.3 Membrane processes

In this technique, a semi-permeable membrane has been utilized to separate the arsenic from
contaminated water. This membrane acts as a physical barrier to some ions depending on their
physio-chemical characteristics. The driving force responsible for the movement of ions across the
membrane is the generation of potential difference between the two sides of membrane. The process
involved for the arsenic removal depends on the mechanisms of filtration, adsorption of arsenic
bearing compounds and electric repulsion [88]. The removal rate of arsenic through this process is
affected by shape, size and chemical characteristics of contaminant species. Several membranes
have been developed so far for the removal of arsenic, which can be broadly classified into two
categories such as high pressure membrane (75-250 psi) and low pressure membranes (10-30 psi).
Low pressure membrane includes micro-filtration (MF) and ultra-filtration (UF), whereas, high

pressure membrane includes nanofiltration (NF) and reverse osmosis (RO).
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2.5.4 Oxidation and adsorption

Oxidation followed by adsorption is one of the conventional methods to treat arsenic

s oxidised to AsY using several oxidants, such as chlorine,

contaminated water. Mostly, As
potassium permanganate, ozone and hydrogen peroxide. Typically, adsorption involves passing of
contaminated water through a packed media to which arsenic get attached via physical or chemical
bonds. The common adsorbents that have been reportedly employed in the field include granular
ferric hydroxides, activated alumina, iron coated sand and activated carbon with surface

modifications [89], [90].

2.5.5 Relevance of adsorption technology

The above mentioned removal methods have been reported to have the disadvantages in terms
of generating highly toxic waste that causes its easy mobilization in the living ecosystems. Arsenic
removal through coagulation/flocculation requires addition of chemicals and thereafter removal in
the form of precipitates after the completion of process. This serves as one of the drawbacks of this
technology. Also, there are the possibilities of generation of secondary pollutants in treated water,
which may cause diseases related to these pollutants. Moreover, the technologies such as ion-
exchange and membrane processes have limitations in terms of their higher energy consumption,
higher costs and complex removal mechanisms.

Among the above mentioned removal methods, arsenic removal by adsorption has still gained
considerable attention even considering its limitation in handling toxic waste after the exhaustion of
adsorbed material. It is widely acceptable technology as on today due to its easy operation, less
maintenance cost, and cost effectiveness [91]. Generally, the formation of two types of surface
complexes have been considered responsible between adsorbate and adsorbent. These are
represented such as monolayer and multilayer adsorption and shown in Figure 2.3. The literature is
also replete in providing several reviews highlighting a number of adsorbents for arsenic removal in
groundwater, which involve the use of naturally originated, synthetic adsorbent materials and low
cost materials [78][92][93][94]-[100]. In recent years, a number of nanoadsorbents such as nZVI
alone [101] supported on clay, tea waste, polyaniline and starch [102][103][104]; oxides of iron
[105][106][107]; titania as anatase [108][109]; cerium!'V oxide [110][111]; copper [112][113];
polymer based adsorbents [114][115] including the sulphides of iron [116] and zinc [117] have been

explored for arsenic removal.
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Figure 2.3. Overview of molecular models depicting molecular models (a) Monolayer adsorption (b)
Multilayer adsorption [118].

However, the development cost of nanoadsorbents is a research concern to make their usage
feasible in real world application because of their requirement in large quantities. Efforts are being

made across the globe to develop more efficient, economic and environmental friendly adsorbents.

2.6 Ex-situ mode of remediation technique

Several authors have reported that the above-surface (pump-and-treat) treatment of As
contaminated groundwater using a variety of processes such as chemical precipitation, adsorption,

ion-exchange and filtration [119].

2.6.1 Adoption of technology at rural scale

In order to fulfil the requirement of arsenic free drinking water for densely populated countries
such as India and Bangladesh, adoption of the technology at rural scale in a convenient, economic
and effective manner is a challenging task among the scientific communities. Several conventional
technologies with modifications have been reported to be accomplished in rural and remote areas to
provide safe drinking water [120][121]. These technologies have been generally classified as:
household treatment systems or community based treatment systems. A brief description of these
technologies is presented below:

Aeration, boiling of water, sand filters, ceramic filters and oxidation using solar light are
among the typical methods of household treatment systems, where contaminated water is treated
from a single source and utilized for livestock’s purposes such as cooking and drinking [122][123].
Whereas, in community based treatment systems, many households invest money as a society and
make a single treatment unit. The advanced and costly methods for the treatment of arsenic

contaminated groundwater are not affordable to most of the populations in the world [124]-[126].
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Therefore, the focus of this research also describes the development of arsenic remediation materials
by utilizing industry waste as precursor material, which might present a sustainable approach to

upgrade the existing arsenic removal units by providing indigenously generated nanoadsorbents.

2.6.1.1 Domestic or household treatment systems

This type of technology was developed to provide arsenic free water to the poor people.
Many developing countries are unable to afford centralized treatment methods for arsenic
remediation; therefore, different types of economic treatments have been developed. Among these,
the Bucket Treatment Units (BTU), Sono-filters and Bio-sand filter are quite common.

Bucket treatment unit is based on the arsenic removal processes such as coagulation, co-
precipitation and adsorption. It consists of two buckets placed one above another. From the top, the
arsenic contaminated water is poured along with the mixing of alum (as a flocculant) and potassium
permanganate (as an oxidizing agent). This mixture is allowed to settle after stirring for a couple of
minutes. Then, the settled water is passed to lower bucket through the pipe attached to lower end of
upper bucket [127], [128]. The arsenic free water is collected from the lower part of the bucket after
passing through sand filter. The obtained aluminium-arsenic complex can be removed by filtration
process at the end of remediation process.

Sono-filters is an another simpler household technique which involves the process of
oxidation, precipitation, adsorption and filtration during removal of arsenic [129], [130]. It consists
of top and middle pots as reactors along with lower one as storage pot for treated water. The layers
of polyester cloth, coarse sand, iron chips; and polyester cloth, fine sand, charcoal are placed as
removal material medium in top and middle pot of the filter system respectively. This approach has
been reported to be quite efficient for arsenic removal in the pH range of groundwater which
involves surface complexation reactions mechanisms.

Arsenic bio-sand filter (ABF) is among the one of most effective and economical technology
adopted for arsenic removal to provide drinking water in rural areas [131]. It consists of two layers
such as pathogen removal unit (PRU) and ATU (ARU) representing lower part and upper part of
filter system, respectively. These parts are equipped with iron nails, polyester cloth, metal diffuser
box and fine sand, coarse sand, gravels as components of ARU and PRU, respectively.

This filter works on the principal of arsenic removal through adsorption onto iron hydroxides
and slow sand filtration mechanism [132]. The formation of iron hydroxide particles responsible for

arsenic adsorption is produced after the oxidation of iron nails in the presence of air. Then, arsenic
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loaded water is allowed to pass through underlined sand filter to acquire potable water. Further, the
PRU unit is considered to remove the pathogens by steps such as mechanical trapping (occurs due
to entrapment of pathogens along with sediments in the space between the consolidated material),
adsorption (attachment of pathogens to sediments and each other), predation (consumption due to

already existing microbes in bio-films layer) and natural death due to scarcity of food.

2.6.1.2 Community based treatment systems

In rural areas, many people consume water from common tube-wells and hand-pumps. To
provide safe drinking water, arsenic treatment unit (ATU) is generally attached to water source
which is operated with an intermittent flow of water. Generally, the conventional treatment is done
through the processes such as mixing of chemicals, flocculation, sedimentation and filtration [133],
[134]. In the first stage, sodium hypochlorite and alum are added to the arsenic infested water for
the oxidation and coagulation, respectively. In the second stage, the mixing of these chemicals leads
to the formation of flocks containing arsenic, which is followed by sedimentation and filtration to
get arsenic free water. Nowadays, this mode of conventional treatment has been occasionally

modified by utilizing the nanoscale based absorbents as remediation material.

2.7 In-situ mode of remediation technique

2.7.1 Technology advantages

Sub-surface remediation of contaminant of organic volatile pollutants has been considered an
environmental friendly approach in terms of its attenuation and release to the atmosphere [135],
[136]. Similarly, the treatment of arsenic contaminated groundwater in subterranean environment
(below surface) is a logical choice in respect to reduce the chance of its mobilization in living
environment. /n-situ treatment has been considered more environmental friendly, cost-effective and
reliable as compared to ex-situ mode of treatment [137]. Developing a better understanding about
in-situ remediation methods and further improvement appears to be more rational and relevant
choice now rather than to improve the already developed conventional techniques. Some recent

methods explored for the removal of arsenic in sub-surface environment are discussed further.
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2.7.2 Methods of treatment

2.7.2.1 Permeable reactive barriers (PRBs)

In early 1990s, permeable reactive barriers (PRB’s) made use of zero valent iron, iron work
slags materials. An overview is shown in the Figure 2.4. Initially, ZVI has been applied in permeable
reactive barrier (PRB’s) system for the remediation of groundwater [138]. In this approach, multiple
functional barriers were employed for the remediation of arsenic from groundwater [139]. The
system was widely explored for the remediation of both As™ and AsY due to its easy availability

and environmental friendly characteristics.
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Figure 2.4. An illustration of PRB based technique representing remediation of arsenic in shallow
groundwater system [140], [141].

In recent years, the nanoscale zero valent iron (nZVI) has been explored in PRB system and
is considered as an extension of conventional ZVI technology [139], [142]. In subsurface
environment, nZVI has proved as one of the most popular adsorbent for the removal of dominant

arsenic species as compared to micrometre size iron [22].

2.7.2.2 In-situ chemical treatment

Generally, it involves the direct injection of oxidants to the sub-surface such as KMnOs or
oxygen which promotes the oxidation of As'"' to As, and then the co-precipitation of AsY from iron
oxides. In this process, the chemical oxidant is injected in an aquifer upstream of the contaminated
site and a closed loop can be generated by pumping of water in the downstream site to utilize it for
reinjection. The reaction between injected chemical and the contaminant inhibits the mobilization
of arsenic in aquifer systems. The most efficient chemicals injected into aquifer are hydrogen

peroxide and ferric chloride [ 143]. Both of these chemicals have to be injected sequentially because
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the oxidation by hydrogen peroxide is a rapid process. The oxidation and precipitation reactions

included in this process are:

FeAsO, + H,0, — Hs;AsO, + 2H* +2e~ (E° = 0.56V) 2.1)

Fe3* + AsO;~ - FeAsO, (K, = 5.7 X 10721) (2.2)

Where, E° is standard electrode potential and K, is solubility product constant. Ipsen et al. [144]
have utilized this technology for the remediation of a contaminated site in Tacoma, Washington,

USA, where contamination of arsenic in groundwater was caused by sodium arsenite.

2.7.3 Concern associated to technology

Although, Permeable reactive barriers (PRBs) have been proved to offer a promising
technology as compared to the conventional mode of treatment methods for arsenic removal, but
there are still significant limitations which occur due to geochemical and physical characteristics of
contaminated sites [145]. The major limitation is the lack of information on the long-term
effectiveness of large-scale remediation systems. Therefore, it has not been yet approved by USEPA
till now.

The PRB based treatment requires to study the effects of aging of the reagent, decrease in
permeability due to precipitation, microbiological growth and accumulation of gas and evaluating
the long term performance which cannot be predicted in short-term laboratory experiments
[146][147]. Also, the literature has not been updated about the possible issues which may take place
during the elimination process of system media after its exhaustion. Further, the injection of the
dissolved phase of remediation materials (iron salts) in aquifer systems may cause the generation of
secondary pollutants due to their possible chemical reactions with other ions. The possibility of

recontamination due to dissolution of the compounds is also a concern in this application [101].

2.7.4 Scope for future studies

The installation of PRBs requires the process of excavation for the remediation of arsenic,

which is viable to treat the shallow aquifers systems (such as wells) effectively, where the source of
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arsenic is well defined. Figure 2.5 presents a pictorial representation demonstrating an approach of

nanomaterial injection in deep aquifer systems displaying a distributed source of arsenic.

/ Deep aquifer l_\ Injection of

system ~ Water table | | | nanomaterial

8] o o0 '..-.-.:. .. l =

«® ® o- o G} !
fe=ioe 0’0 %00’ %0 O,

-.:..l.. ..o..‘o ...- o;_

® O , e O /

Figure 2.5. An overview of injection based technique representing remediation of arsenic in deep aquifer
system [148].

Future research could be useful in exploring the utilization of colloidal or sub-colloidal iron or
iron nanoparticles for injection as substitutes for using iron salts [149]. In this method, the injection
of nanomaterials creates a reactive which further sequester the arsenic through different removal
[150]. It also requires in depth analysis of fate and transport of nanomaterials in porous media as
well as possibilities of secondary pollution. Moreover, injection of materials may be done through

exiting deep wells or abandoned wells, in which the reactive material may be introduced.

2.8 Metallic nanoadsorbents for arsenic removal

The literature demonstrates the development of several types of metal based inorganic
nanomaterials, which have been investigated for arsenic removal from an aqueous solution. Broadly,
these inorganic nanomaterials can be categorized into different groups such as iron, titanium,
aluminium, zirconium and cerium, zinc and copper. A brief description explaining their structural

behaviour and stability characteristics are discussed in brief below:

2.8.1 Ti, Al, Zr, Ce, Zn and Cu based nanomaterials

Anatase, brookite and rutile are common polymorphs of titanium dioxide which have been
reported to be explored for arsenic. These have been considered as significant nanomaterials for the

environmental applications due to their non-corrosive, non-toxic and chemically stable properties
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[151]. The anatase and brookite are metastable phases and their conversion to rutile at high
temperature has been extensively reported. Considering the adsorption capabilities, their efficiency
has been observed to depend on the surface structure, crystallinity, particle size and the surface
energy [152]. Among these, high removal efficiency of their amorphous form has been reported,
which is ascribed due to their large surface area and disordered structure. Moreover, its amorphous
is capable to oxidize the arsenite, possibly due to the presence of surface or adsorbed O and high

surface hydroxyl groups, and the mechanism is shown in Figure 2.6.
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Figure 2.6. Schematic showing mechanism adsorption of arsenic by nanoscale titanium oxides [108].

Alumina is an important adsorbent as it acquires excellent physical and textural properties
comparable to those of other transitional metal oxides [153]. It has been found in several industrial
wastes such as blast furnace slag, coal combustion ash and water works sludge. The nanostructures
of these nanoparticles reported to have poorer adsorption capacity for the arsenic removal compared
to those of iron(oxy) hydroxides and TiO» nanoparticles [78][154].

Nanoscale zirconia and ceria based nanomaterials have demonstrated an adequate affinity for
AsY due to which it has been explored for arsenic treatment [155] [156]. These have been considered
as suitable adsorbents for field scale applications due to their stable characteristic features [45].
Various polymorphs of zirconium oxides have been reported in the literature exhibiting monoclinic
(P2 _1/c), tetragonal (P4_2/nmc) and cubic (Fm_3m) These exist in equilibrium at different
temperatures as shown in Figure 2.7 (a-c). The noticeable change during the transformations among
the polymorphs is demonstrated in Figure 2.7(d). Further, a major group of metallic nanoparticles
needs a pre-treatment step for the oxidation of As™ to AsY and/or post pH adjustment of treated
water during the removal process using adsorption [157][158]. Therefore, it is advantageous to

M removal effectively without pre-oxidation step and

develop the adsorbents having potential for As
post adjustment of pH in the treated solution [159]. These nanoparticles have been reported to

qualify in this respect.
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Figure 2.7. Picture representing crystal structure phases of zirconium oxides nanoparticles (a) monoclinic (b)
tetragonal (¢) cubic [160].

The polymorphs of metallic zinc nanoparticles such as ZnO and ZnS have been explored for the
removal of arsenic. The structural stability of ZnS at nanoscale is sensitive to natural environmental
conditions due to their ability to adsorb water and aggregation characteristics [161]. However, ZnO
nanoparticles are slightly stable in comparison to ZnS nanoparticles, having capability to receive
several structural conformations by forming nanowires [162] and nanobelts [163]. Copper oxide(s)
are other class of nanomaterials which do not require pre-treatment and post pH adjustments during
adsorption. It has two types of polymorphs: Cu' oxide and Cu'" oxide. Lastly, the bulk Cu,O is known
to get oxidised into CuO at ambient conditions, however, nanostructured Cu2O has been observed

to be fairly stable [164].
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Figure 2.8. Picture representing crystal structures phases of (a) Cu' (b) Cu" oxides nanoparticle [165].

2.8.2 Fe based nanoparticles

Among the several polymorphs of iron, the nanoscale zero-valent (nZVI), iron(oxy)
hydroxides (a-FeOOH and B-FeOOH) and iron' oxides (magnetite) nanostructures are discussed

in this section.

2.8.2.1 Nanoscale zero valent iron (nZVI)

It is a widely explored phase among the iron based nanomaterials utilized for arsenic removal
through both ex-situ and in-situ treatment processes. As compared to bulk, its nanosize does not only
enhance the surface area [166], but the high intrinsic activity of these nanoparticles deliver the high
density of reactive sites to the contaminant for electrostatic interactions [167], [168]. These
nanoparticles are composed of Fe® atoms as a nucleus and outer layer of mixed phase of iron oxide(s)
[169]. Various environmental factors such as oxygen content, pH, pE and concentration of trace
elements present in natural water have been reported to affect the structural configuration and
variations in the outer layer thickness of these nanoparticles [169], [170]. Such a core-shell
formation delivers a series of removal mechanisms by forming outer and inner sphere complexes,
after the significant interactions between arsenic species and outer surface functional moieties.
[170]-[172]. Generally, the arsenic removal mechanism of bare nZVI involves the precipitation, co-
precipitation, oxidation and reduction reactions as have been suggested by a number of authors

earlier [169], [170], [173], and is shown in Figure 2.9.
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Figure 2.9. Schematic showing redox reaction of arsenic on nZVI [173].

2.8.2.2 Di-valent iron nanostructures

The common nanostructured phases of divalent iron such as: FeO (wustite) and FeS
(mackinawite, troilite) are reported in the literature. The wustite have a defect rock salt structure
(Fm3m), ordered iron vacancies and nonstoichiometric phase (as shown in Figure 2.10 a), which
exhibit the substantial stability above 560 “C [174][175][176]. Below temperature 560 °C, it is
unstable and prone to decompose into hematite (a-Fe>O3) and magnetite (Fe3O4) after oxidation
[176][177][178][179]. It has been revealed that the phase transformation occurs due to the chelation
of iron with oxygen atoms to satisfy the octahedral coordination (crystal field stabilization). But, its
nanohybrid structures have been found to be stable under ambient conditions, unlike their bulk
counterpart [174], [180]. Moreover, due to unstable structure of bare wustite, it has not been

explored widely, specifically, for the removal of arsenic from the natural water.
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Figure 2.10. Crystal structure of divalent iron" compounds a. Wustite b. Mackinawite [181].
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The polymorphs of iron" sulphide such as troilite, mackinawite and metastable iron sulphide
have been reported in the literature. Their crystallites have hexagonal (P6 2c), tetragonal (P4_nmm)
and cubic (F4_3m) structures, respectively. The nanostructured troilite has been considered to be
stable in comparison to mackinawite, which transforms into greigite after oxidation under natural
environmental conditions. Few authors have explored the mackinawite phase by incorporation it
into the sand for arsenic removal. These phases have been found effective in the removal of As'™

under anoxic conditions. However, nanostructured divalent iron polymorphs have not been widely

reviewed for the removal of arsenic due to their unstable nature.

2.8.2.3 Iron' " oxides nanostructured phases
Magnetite is a predominant constituent of the subsurface environment [182]. Its crystal

Il cations and 32

structure exhibits an inverse spinel structure with a unit cell of 8 Fe!! cations, 16 Fe
O anions. The unit cell [(Fes®") et (Fes® Fes?) oct O32] contains half of the Fe' ions coordinated
tetrahedrally, the remaining half and Fe' ions are octahedrally coordinated. (Figure 2.11). It is
unstable in aerobic environment due to the presence of reduced form of iron and oxidizes to
maghemite [183]. This phase has been found to be more efficient for the arsenic removal as

compared to extensively explored bare zero valent iron nanoparticles [184].
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Figure 2.11. Crystal structure of magnetite nanoparticles [185].
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Its nanoparticles are reported to have fairly high magnetization value of 30-50 emu g™ [186].
This characteristic makes it easy to harvest and separate by applying low intensity magnetic field
after the completion of adsorption process, as is also desirable for large scale water decontamination
treatment processes [187][188]. An illustration explaining the mechanism of arsenic removal under
aerobic and anaerobic conditions are shown in Figure 2.12. The literature has been reported with
different polymorphs of iron oxy (hydroxides) having different types of properties. Its
nanostructured phases have been reported to have affinity for the removal of contaminants such as
cations (heavy metals), anions, oxyanions and organic [189]. But, the phases such as goethite (a-
FeOOH) [190][191], akaganeite (B-FeOOH) [192], lepidocrocite (Y-FeOOH) [193] and 6-FeOOH
[194] have been explored for the remediation of arsenic. These may bind anions through both
covalent and hydrogen bond [195][196]. Since, iron oxides phases have hydroxyl group through

which remediation has been explored.
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Figure 2.12. Schematic showing the proposed redox reactions on the surface of magnetite nanoparticles
during adsorption under (a) anoxic (b) oxic environment [197], [198].
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2.8.2.4 Tron(oxy)hydroxides nanostructured phases

Y-FeOOH is a predominant and highly reactive phase which occurs as ore deposits,
sediments and terrestrial soil [199][200]. It has hexagonal closed-packed structure with Fe!'D in the
octahedral interstices and surrounded by O* along with formation of zig-zag chains of OH- between
the oxygen planes [201]. However, its orthorhombic structure (space group, Pn/ma) has been
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reported to have the edge sharing linkage between double chain octahedra in which three OH™ and
three O* are present across each Fe ion. The vacant sites are located between the Fe occupied double
chain rows, and considered as false tunnel like structures [202].

B-FeOOH is known as akaganeite and occurs in the soil as natural component, geothermal
brines and as a corrosion product of steel and iron bearing meteorites [202]. It has been found
isostructural with hollandite Ba(Mn*'s Mn>*2)O16 and its unit cell has been reported with monoclinic
(space group, /2m) [203]. This phase is less dense due to the body-centred array arrangement of
anions in comparison to the Acp (hexagonal close packing) or (ccp) cubic close packing structures
of iron oxides/hydroxides. However, disparity of the agreement related to its space group among
scientific communities has been discussed by Gracia [204]. Its basic structure has double chains of
Fe™[0,0H] (edge-shared) octahedra [205], and the compensation of charge occurs through the
substitution of cations into octahedral sites.

The nanostructured f-FeOOH has been considered as having a true tunnel like structure along
with the single row of anions missing in the unit cell [206]. The presence of tunnels like formation
has been considered to be responsible for its efficient adsorption capabilities, providing large surface
area and reactive sites. It is reported that these nanostructures have not been extensively employed
as an adsorbent for arsenic removal under varied experimental conditions of pH and real water
conditions; and need systematic investigations. Further the Y-FeOOH and 6-FeOOH have not been

reportedly investigated for arsenic removal.

2.8.2.5 Iron'" oxides nanostructured phases

The nanostructured iron oxides containing iron in trivalent state such as: hematite (a-Fe203),
beta phase (B-Fe203), maghemite (Y-Fe;Os3) have been investigated for various environmental
applications [207][208][209][210]. The adsorption data recorded on these polymorphs used for the
removal of As™ and AsY have been summarised in Table 2.1, and each individual phase is discussed

below in brief.

Hematite (a-Fe2O3) is a common, thermodynamically stable and reactive environmental sorbent
which plays an important role in contaminant removal from groundwater aquifers and soils [211]. It
has a distorted hexagonal closest packed structure (space group R3c) with iron occupying 2/3™ of
octahedral holes. The nanoparticulate structure has been found thermodynamically metastable under

ambient environment due to its high surface energy or surface enthalpy [212]. It has been revealed
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that the anion substituted protohematite phase is formed when O is partly replaced by OH", which

is accompanied by the creation of Fel!l!

vacancies to provide charge balance. Furthermore, it has been
demonstrated that the disparity in the hydroxylated surfaces of metal oxides are likely to be a crucial
factor for influencing the different environmental reactivity [213][214]. The two hydroxyl moieties
such as: singly [(OH)3-Fe-Fe-R] and doubly [(OH)s3-Fe-H303-R] coordinated hydroxyls with iron
have been reported for a-Fe2O3 [215]. However, the double coordinated surface hydroxyls has been
reported to be particularly stable and unreactive [216]. Further, Trainor et al. [215] has demonstrated
that the singly and triple coordinated hydroxyls are more reactive towards cationic species due to
their efficient proton lability.

Beta phase (B-Fe20s) is rare with scarce abundance in nature and only stable at nanoscale
dimension [217][218]. It shows bixbyite type body-centered, cubic crystal structure (space group
Ia3), two non-equivalent sites occupied by Fe!' ions with no vacant position remaining
[217][219][220]. The preparation of its monophasic phase is quite difficult [218] and might be a
responsible factor, due to which it has not been investigated for the removal of arsenic.

Maghemite (Y-Fe2O3) is the second most stable polymorph of iron oxides. In bulk, it is metastable
relative to a-Fe>Os, but the nanostructured y-Fe>Os has been found to be more stable than hematite,
peculiarly under dry environment [221]. It exhibits the cubic crystal structure (space group Fd3m)
with each cell contains 32 O* ions, 210»Fe"ions and 20 vacancies. Crespo et al. [222] has reported
that the cationic vacancies are located in the octahedral sites, however, their degree of ordering is a
concern of investigation from past few decades. Somogyvari ef al. [223] and Jorgensen et al. [224]
have reported its transformation from cubic crystal structure into spinel tetragonal structure which

results in complete ordered arrangements of iron atoms.

2.9 Maghemite nanoparticles

2.9.1 Bare and functionalized nanostructures

Different methods have been used for its synthesis such as physical and sol-gel [225],
chemical [226][227][228][229][230], DF and IDF [231], and hydrothermal [232][233]. Some of the
important studies are tabulated in Table 2.1. Yang et al. [233] have demonstrated the impregnation
of non-aggregated y-Fe>O3 nanoparticles using hydrothermal method into the pores of macroporous
siliceous foam (MOSF) of large dimension (~100 nm) and high volume. The porous foam was

synthesized using supra-assembly approach which involved the utilization of non-ionic block
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polymers. The implantation of non-aggregated nanoparticles has been attributed to the homogenous
distribution of trinuclear iron! complex as a precursor material on the walls of MOSF.

Recently, the synthesis of bichar impregnated maghemite nanoparticles using corn straw
employing thermal pyrolysis method has been reported by He [234]. But, these nanostructures
exhibited poor adsorption capacity 6.8 for As". It has been considered that this may be due to the
inappropriate dispersion of precursor material (FeCls. 6H20) into fine pore structures of corn straw.

Among discussed methods, the surface area of these nanoparticles are observed to follow the
order: IDF > mechanochemical > chemical > sol-gel > DF. The y-FeoO3@MOSF (macroporous
siliceous foam) nanocomposites have been synthesized by loading different percent amount of y-
Fe,0s. A significant reduction in the pore volume (1.57 to 0.49 cm? g!) and surface area (250 - 155
m? g'!) has been observed by the incorporation of y-Fe>Os3 nanoparticles from 11.8 to 34.8 wt % in
the MOSF. This nanocomposite has been observed to have the maximum adsorption capacity (mg
g1) 320 and 248 for As'" and AsV respectively, achieved within a short contact time (10 min). These
data revealed that the adsorption capacity is largely contributed by the effective dispersion of
nanoparticles in the macropores without blocking the open pore network of the silica matrix.
However, the adsorption capacity () of its monodispersed bare y-Fe2O3; nanostructures has been
observed as 108 mg g 'for the removal of AsY by Martina [227]. For the concentration ratio of Fe/As
(20:1), the removal efficiency of 100 % has been observed for both As'™ and AsV. The possible
mechanisms of arsenic removal in engineered magnetite are shown in Figure 2.13. Tuttijarvi et al.
[225] have examined the adsorption capacity (mg g') of AsY using various samples of y-Fe>O3,
synthesized mechno-chemically from the bulk samples and by sol-gel methods. Further, these have
been compared with the commercial available samples having particle size of 3.8, 12.1 and 18.4 nm,
respectively. For these samples, they have observed the adsorption capacity (mg g') as 50, 25 and
16.7, which showed a direct correlation with the particle size. The highest adsorption capacity has
been demonstrated by the smallest size particles obtained by mechno-chemical method.

Recently, a bifunctional nanocomposites demonstrating the photocatalytic ability of anatase

M and their utilization for adsorption characteristic has been examined by Yu et

for oxidation of As
al. [229]. The anatase phase was found not to be incorporated into the crystal structure of maghemite

nanoparticles.
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Figure 2.13. The schematic represents the occurrence of possible electronic interactions and type of
adsorption on the surface of engineered nanoadsorbents [235].

2.9.2 Scope of development

The stable characteristics of maghemite nanoparticles in a wide range of environmental
conditions is expected to be extremely helpful during field scale applications. Also, this phase has
not been reported to be widely explored for arsenic removal till date. The presence of cationic
vacancies in their crystal structure helps in providing efficient interactions between the nanoparticles
and arsenic species. This phase is considered as an efficient adsorbent due to its large surface area
and rapid separation after adsorption from the aqueous solution under an external magnetic field.
Therefore, further studies might be conducted for synthesizing its nanohybrids using bio-templates
and organics to support them on the different matrices so as to overcome its limitation of dispersion
and stability in the aqueous medium.
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In this regard, a novel and techno-economic approach is being explored for the synthesis of
maghemite nanohybrids by the incorporation of raw distillery waste as one of a precursor material,
as, over the decades, the cost-effective generation of nanoadsorbents on one hand as well as
management of distillery waste on the other have been a concern among the scientific communities.
Employing distillery waste also takes care of the issue of stable and bulk production of nanoparticles
for their usage in pilot scale remediation applications, considering distillery as one of the most
widespread industries in India and in many other countries.

The raw waste of distillery industries is rich in organic components such as: oligosaccharides
and polysaccharides (starch, cellulose, hemicellulose and lignin). Under strong alkaline conditions,
these have capabilities to form reducing sugars with different compositions. The utilization of
industrial waste as a precursor material for the synthesis of nanohybrids led to the encapsulation of

functional groups on the iron nanoparticles surface having different characteristics.
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Table 2.1. Comparison of experimental protocols and arsenic remediation attributes of maghemite nanoadsorbents.

Nanopowder Primary Synthesis Removal  Temp. / Particle Size Reaction Removal Initial Dose Adsorp. Adsorp./ Reference
Composition Materials Method Species pH (nm) / Kinetics, Method conc./ (g/L) Capacity Desorp.
Surface Area  Adsorption Range (mg g™) Effi. (%)
(m*gt) Isotherm (ppm)
(+3) 0.1- (+3)88
v-Fe203/ Fe(NO3)3.9 . Pseudo 2" (+3) 320
o Chemical +5,+3 25/6-10 2-12/155 Batch 560, (+5) 1 (+5)98 [233]
Silica H.0,TMOS order, 0.1-600 (+5) 248 ND
Pseudo 2"¢
Ultrafine FeClz2 and Solvo- (+3) 127
Mg 27Fe2 504 MeCls Thermal +5,43 25177 3.7/438.2 order, ' Batch 0.1 0.02 (+5) 83 100/90  [236]
Langmuir
Ultrafine FeClo 4H.Q Chemical +5 25/5-7.6  4/100 Freundlich Batch 100 | =g 64-108 33-100/ [227]
y-Fe20;3 FeCl3.6H20 i 2.15 ND
a-Fex0s/ Fe(NO:3)s.
Rutile@ 9H20 Chemical +5,+3 RT/ 6-7 3(7)754% Langmuir Batch 3-80 0.2 ggg?g ND/~89  [237]
Graphene C12H2804Ti : :
Pseudo 2"¢
FeCl2.4H2O0, . 7-12/ (+3) 67
Y-Fe203 FeCls.6Ha0 Chemical +5,+3 30/3-11 168.73 order, ' Batch 100 ND (+5) 95 ND /40 [226]
Langmuir
Ultrafine FeCli6H,0  SoVO- +3 25/7 4-5/162 Langmuir, S 0.115 004 95 98.3/85  [238]
a-FexO3 M thermal Freundlich x | ’ ’
Mesoporous FeS0s Hydro-
_Fe 8 PFR thz:]rmal +5 RT 35.7/3.6 Langmuir Batch 1-80 0.1 732 ND [232]
yrens HMTA
7-Fe205-TiOy/ géoéand Chemical 4543 RU7TE  23mm/  Pseudo2  Langmuir . ] (+3)67.02 90/ 2301
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2.10 Gaps pertaining to laboratory scale studies

2.10.1 Fabrication of columns

The adsorption data employing laboratory columns have provided a base for the application
of nanoadsorbents at pilot and full scale remediation projects [241], [242]. In most of the studies,
the laboratory columns have been reported to be conventionally designed which are unambiguously
based on the batch removal experiments [243]. In the reviewed literature, the ratio of dcotumn/ dparticles
(d-diameter) has been used for the laboratory scale column experiments, which depends on the
ignorance of wall effect on the mass transfer [244].

Further, suitable binder is necessary, when the nanoadsorbents have to be used as packing
materials because the loss of particles might occurs under the non-uniformity of flow [245]. At the
pilot scale in the household treatment units of arsenic, the nanoadsorbents have been allowed to mix
with easily available porous materials like soil particles. However, the pursuance of an absolute
methodology for the development of laboratory columns is a need among the research community
for the better comparability and interpretation of arsenic removal data at a common platform.
Therefore, for designing of laboratory columns, the factors which need to be considered are height
of reactive zone and column with constant porosity and their correlation with the required mass of
adsorbents as established by Noubactep [246]. The mathematical equation to calculate the height of

reactive zone is shown below:

P Wrz _ sotia (2.3)
2 mD? CrD?

Where, D, C, hy, V- and Vioiia represents internal diameter of the column, packing density of the
nanoadsorbents, height of reactive zone, volume of reactive zone and volume of solids (for the usage
of two types of nanoadsorbents), respectively. The hy; is the fraction of L (length of column) and

length of column should be more than the magnitude of height of reactive zone (L > h,).

2.10.2 Studies representing real world conditions

Generally, the water resources are sensitive to physical, chemical and thermal variations.
There are several ions in groundwater which might affect arsenic removal during adsorption

processes. The batch experiments are not feasible using actual groundwater at laboratory scale due
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to a large volume requirement of samples and fluctuating water quality issues. In order to evaluate
the arsenic removal potential of different nanoadsorbents, using the groundwater concentration
representing the real world conditions is the most appropriate approach. Therefore, proper
calculation of the required quantity of ingredients for the synthesis of artificial water is a necessity
[209]. Lin ef al. [226] have investigated the effects of Cl-, SO4*, NO3 and PO4*- ions on arsenic
removal using y-Fe2O3 nanoparticles. To the best of my knowledge, studies evaluating the adsorption
capacity of y-Fe2O3 nanoparticles for the AsV in the groundwater compositions representing the real

world are still not reported in the literature.

2.10.3 Cost evaluation of nanomaterials production

In developing a cost-effective arsenic treatment system, it is required to examine the
production cost of different nanoadsorbents during laboratory scale studies. Needless to say, the
chemical (co-precipitation) approach of synthesis has been reported to be a common mode of
generation of nanoadsorbents at laboratory scale. In the absence of a clear cut methodology
demonstrating the cost based evaluation of nanoadsorbents, an approach for calculating the
production cost of nanoadsorbents using chemical approach of synthesis has been discussed in this

study.

2.11 Summary and scope of research

The literature reveals that the continuous efforts are being made by scientific communities
for providing the safe drinking water to the people from arsenic contaminated groundwater. Its
removal through adsorption has been considered as a reliable and convenient technology. Around
the world, most of the people are receiving the arsenic free water for drinking and cooking purposes
using the household treatment set-up and centralized treatment systems based on the adsorption
technology. In the beginning of 215 century, several conventional adsorbents (sand, ZVI, alumina,
iron chips etc.) have been reported to be utilized for its remediation which were subsequently
improved employing different types of nanoadsorbents. Recently, the nanotechnology based
remediation systems employing nanoadsorbents have proved to be significant in terms of resource
recovery and efficiency.

Among developed nanoadsorbents, iron based nanoparticles have been investigated widely

due to their easy availability, bio-friendly characteristics, intrinsic affinity and selectivity towards
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arsenic. But, the nanoscale zero-valent iron (nZVI) has been studied extensively both at laboratory
and pilot scale level. However, these nanoparticles are thermodynamically unstable and prone to
oxidize under natural environment conditions into iron (II)/(IIl) oxides, which increases the
possibilities of its recontamination. Its unstable nature thus limits the applicability of their
nanoparticles at large scale effectively. The maghemite (y-Fe;Os3) nanoparticles have not been
extensively explored for arsenic removal, which is considered as the foremost stable phase (at
nanoscale) among the different polymorphs of iron oxide(s). Further, performing the experiments in
the appropriately designed columns to evaluate the removal efficacy for representative ground water

samples is necessary before attempting the field scale applications of developed nanoparticles.
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Chapter 3

Maghemite nanoparticles and their
engineered nanostructures: Synthesis and
characterization

3.1 Chapter abstract

Among different iron""" oxide based nanosystems, y-Fe>O3 (maghemite) NPs have not been
investigated extensively for arsenic removal. It is the second most stable (in bulk) and foremost
stable (at nanoscale) phase among the polymorphs of iron oxide(s). Its cubic crystal structure in each
cell exhibits 32 O ions, 210 Fellions and 20 vacancies.

In the present work, engineered nanostructures of iron'! oxide have been synthesized by using
the industry waste as a precursor material for coating of y-Fe.O3 NPs (BIO), which produced v-
Fe;O3 nanohybrids (BIO-DW). The phase identification in as-synthesized nanostructures is
evidently revealed by XRD, Raman and XPS techniques. The modified nanostructures have been
observed with the charateristcis of enhanced surface area and increased stability in collodial solution.
The variation in surface morphologies has been investigated through FESEM and TEM analysis.
VSM and SQUID techniques have been explored to examine the magnetic characteristics. TGA
analysis has revealed the presence of organics onto the surface of nanostructured BIO-DW. Further,
the possible interactions among y-FeO3; NPs and different organic moieties in the BIO-DW
nanohybrids have been demonstrated by FTIR.

The average particle sizes (nm) of iron oxide NPs in BIO and BIO-DW have been estimated to
be 19.3+3.0 and 16.7 £ 4.1, respectively. The decrease in the particle size for BIO-DW nanohybrids
is also associated with an increase in its surface area (97.39 m? g!) as compared to BIO (59.80 m?
g!) NPs. FESEM and HRTEM analysis has demonstrated the formation of agglomerates in BIO
NPs. However, their dispersion gets significantly increased in BIO-DW nanohybrids. The BIO-DW
indicates a superparamagnetic behavior with a insignificant decrease in saturation magnetization
(emu g) of 66.9 in comparison to those observed for BIO (72.1). at room temperature. At near

neutral pH condition, an increase in the zeta (g) potential value for BIO-DW (-34.8 mV) has been
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observed as compared to that of BIO (-24.9 mV), clearly indicating an increased stability for
nanohybrids.

3.2 Materials and reagents

The salts of ferric chloride hexahydrate (FeCls.6H.0, M.W. = 270.3 g mol!) and ferrous
sulphate heptahydrate (FeSO4.7H20, M.W.= 278.01 g mol!) of analytical reagent grade have been
procured from Thermo Fisher Scientific enterprises (Waltham, Massachusetts, USA). Their aqueous
solutions at different molar concentrations have been used as a source of Fe** and Fe?* ions for the
synthesis of NPs. Ammonium hydroxide (NH4OH, 28 % w/w), perchloric acid (HCIO4, 37 % w/w),
hydrochloric acid (HCL, 37 % w/w) and sodium hydroxide (NaOH, > 97 %) pellets of analytical
reagent (AR) grade have been purchased from the Sigma-Aldrich enterprises (Missouri, USA). The
required solutions of desired normality/concentration have been prepared using deionized water

(Millipore, electrical conductivity, 18.2 mQ-cm at room temperature).

3.3 Instrumentation

The concentration of iron in NPs has been determined on Inductively Coupled Plasma
Spectrometry ELAN DRC-e (ICP-MS; ELAN DRC-e) purchased from Perkin Elmer. The UV-
spectra(s) have been examined by using double beam UV-visible spectrophotometer(s) (Agilent,
Cary 100, Monochromator: Czerny-Turner 0.278 m; and Shimadzu 1601BC) equipped with the set-
up for temperature control. Bruker X-ray diffractometer is used to record the diffraction patterns in
powered samples (Model: D8-Advance, Source: 2.2 kW Cu anode). Raman spectra(s) have been
measured on an inVia Renishaw spectrometer (Laser: Argon ion; Resolution: =1 cm™'; Wavelength:
514 nm). It is equipped with a confocal microscope having a resolution of 2.5 pm which is coupled
with CCD detector. The XPS surveys have been put through on a PHI 5000 Vary Probe II, which is
equipped with a monochromatic radiation source of Al Ka 945. (Model: ULVAC PHI Inc., Japan).
The Brunauer-Emmett-Teller (BET) surface area is measured using Autosorb-iQ and High Speed
Automated Surface Area Analyzer (NOVA 2200e) procured from Quantachrome Instruments, USA.
The morphological measurements have been explored using FESEM (Model: Carl Zeiss Ultra Plus)
equipped with In-Lens Detector for surface structure analysis and HR-TEM (Model: FEI Tecnai
G220 S-Twin, Electron source: LaBsor W emitter) purchased from FEI Electron Optics
International BV enterprises, Netherlands. Thermo-gravimetric (TG) and Differential Thermal
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Analysis (DTA) have been performed on a SII TG/DTA 6300 (EXSTAR, Seiko). It has a
temperature control ranging from ambient to 1500 °C with heating rates ranging from 0.01-100 °C
min"!. VSM and SQUID analyses have been carried on VSM, PAR 155 and MPMS XL Evercool
SQUID, obtained from Quantum design Inc. (San Diego, USA) respectively. Infrared (IR) spectra
have been recorded using an Agilent Cary 630 FTIR equipped with a sample interface of Diamond
ATR. The surface charge of these NPs (¢-potential) has been measured on a Malvern Zetasizer Nano
7590 (Light source: He—Ne laser 633 nm, Measurement range: 0.3 nm — 100 p). The as-synthesized
samples of NPs have been dried in a vacuum oven (Model: LVO 2030) purchased from Daihan Lab.
Tech. India Pvt. Ltd. (Gurugram, New Delhi), equipped with the temperature and vacuum control

in the range of 5 - 250 +1 °C and 10 - 760 mm Hg, respectively.

3.4 Methodology and operating conditions

3.4.1 Chemical co-precipitation mode of NPs synthesis

This is a widely employed mode of generation of NPs due to its easy operation and less
complexities. Generally, the synthesis of metal oxide NPs involves the mixing of relevant metal salts
solution(s) further followed up to the addition of precipitating reagent in aqueous medium. It
requires metal cations as soluble salts (e.g. chlorides, sulphates and nitrates), which are co-
precipitated from an aqueous medium, generally by using oxalates, citrates, carbonates and
hydroxides. In the present study, an industry waste has been utilized for the functiolization of NPs.
This raw waste from the distillery industry is rich in organic components, such as oligosaccharides
and polysaccharides (starch, cellulose, hemicellulose and lignin) [247] leading to the encapsulation

of organic moieties containing different functionalities onto the surface of iron oxide NPs [248].

3.4.2 Analysis employing Inductively coupled plasma-mass spectrometry (ICP-MS)
ICP-MS is equipped with quadrupole mass spectrometry Q-MS, which allow the instrument
to analyze the samples with high accuracy. The samples have been digested in HCI (2 mg/100ml)
and, thereafter, filtered through Whatman TM#*? cellulose filter prior to the analysis of iron ions using
ICP-MS. The standards solutions of iron in the range of 0.5-3.0 have been used for the calibration

purposes. The minimum detection limit of the instrument is 0.01 ug L.
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3.4.3 Evaluation for the cost of nanomaterials production
The chemical (co-precipitation) approach of synthesis has been reported to be a popular mode
of nanoadsorbents generation at laboratory scale [235], [248]. A functional equation covering the

maximum possible steps involving in nanoadsorbents production is presented below in equation 3.1:

e=n
P, RM =n e=n e=n
F=LF. Z SNPS +ZHNPS +ZHE +ZCOI_E (31)
P, RM =1 e=1 e=1
e=1

Where, F is total cost involved in nanomaterial production ($), Swps is cost for the synthesis of
nanoparticles ($), Lr - representing the loss-coefficient occur at different steps involving from
extraction to storage of nanoparticles precipitates, Hyps is handling cost for produced nanoparticles
($), He is equipment handling cost ($), Cons is cost related to occupational health and safety
measures ($), P is total amount of nanoparticles precipitates, e and Ry are representing cost of
electricity and manpower, respectively ($).

Further, the development of nanoparticles requires several kind of precursor materials which
has been classified as primary and secondary materials in present methodology. The capital and

facility cost involved in synthesis process is presented in equation 3.2 below:

Pi=n

P=n
Snps = Z Pygs +ZPSS+TC
Pi=1 P=1 (3.2)

Where, Pus and Pss are cost representing for the primary and secondary precursor materials,
respectively (§). P; is a variable highlighting material generation from unit mass to variable n. Tc is
representing the facility cost for tableware’s and storage of nanomaterial ($).

After the production of nanoadsorbents, adoption of significant handling procedures and
storage are also crucial steps to conserve the stability material which also involves the capital and
facility cost. Therefore, it is advantageous to develop the nanoadsorbents which are stable in wide
range of environmental variables. This in further light led to decrease in the production cost of
nanomaterial. The cost related to handling, storage and occupational health for nanomaterials

production is present below as equation 3.3 below:
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e=n Pi=n

HNPS :ZCS+SR and COHS = Z TW+ES
e=1 pi=1 (3.3)

Where, Cs is representing capital cost of equipment handling for produced nanoadsorbents, SR is
representing the facility cost of storage for produced nanoadsorbents, 7w is cost of treatment for
secondary pollution generated during synthesis process ($) and Es is the facility cost ($) to meet the
standards for precautions involved in MSDS (Material safety Data Sheet). The equation can be

customized in several ways to get the optimized values of cost during the technology transfer.

3.4.4 Analysis employing UV-visible spectrophotometer

It deals in the measurement of absorbed photons corresponding to different transitions which
is a characteristic feature of specific molecule [249]. A well dispersed solution of NPs has been
prepared through sonication (0.10 g L!) to record the absorption spectra. The spectrophotometer
consists of two lamps as a light source: tungsten filament-halogen lamp (350-900 nm) and deuterium
arc lamp (185-350 nm). It is equipped with R928 photomultiplier tube (185-900 nm) and silicon
photodiode used as a detector, respectively. the photometric and wavelength accuracy of the systems

are 1; £0.5 nm and £0.008; £0.004 absorbance, respectively.

3.4.5 Analysis employing X-ray diffractometer (XRD)

A fine powder of sample has been prepared using agate pestle and mortar, for performing
XRD measurement [250] and thereafter compacted in aluminium rack (hollowed) to record the
diffraction patterns at 40 kV and 40 mA flux. The angular range and scanning speed has been kept
at of 5°-90° (20) and 0.01° min’!, respectively. Further, the XRD data has been smoothened with the
subtraction of Kax stripping followed by the background corrections. The observed XRD data has
been compared with the joint committee for powder diffraction standards (JCPDS) database for the
identification of the phase using PAN analytical X pert high score software procured from PAN
analytical B.V. Almelo, Netherlands. Using Scherrer’s formula, the average particle size of as-

synthesized nanostructures has been calculated by applying equation as shown below:
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" BCosh

L (3.4)

Where, L is demonstrating the size of crystallite (A), A denotes the Cu Ka wavelength (0.15418 nm),
K is a dimensionless factor indicating the crystallite shape factor (0.9), B is the full width at half
maxima (FWHM) obtained after correcting band broadening and 6 is Bragg’s diffraction angle.

3.4.6 Analysis employing Raman spectrometer

Raman measurements have been performed on a Renishaw inVia Raman spectrometer
equipped with an argon ion 514 nm laser as an excitation source. It has a resolution of 1 ecm™'. It is
equipped with Leica confocal microscope having computer controlled XYZ meter stage; objective
lenses of 5x, 10x, 50x, 100x magnification; a resolution of 2.5 um. During analysis, the solid samples
have been applied on the glass. The spectra have been recorded in the wave number range of 100-
1200 cm™ at 0.5 mW laser power with 30 s exposer time in order to avoid any kind of damage to

sample(s).

3.4.7 Analysis employing X-ray photoelectron microscopy (XPS)

It deals in the analysis of chemical composition of the materials surfaces upto certain depth
in nanometer scale range [251]. During measurements, the surface of nanomaterial has been
irradiated with a source of X-ray under high vacuum conditions. Afterwards, the characteristics of
the emitted electrons (with respect to kinetic energy) has been detected by an electrostatic analyzer.
The emitted electrons in this technique are mentioned as photoelectrons. To irradiate the sample(s)
of nanomaterials, a monochromatic source of X-ray (Al Ka: 8.34 A) has been utilized. The spectra(s)
have been recorded at an electron take-off angle of 90°. The sample(s) been employed onto the
carbon tape during analyses. Further, the values of binding energy (eV) and orbital splitting have
been matched with database as suggested by the NIST (National Institute of Standards and

Technology).

3.4.8 Analysis employing Field emission scanning electron microscopy (FE-SEM)

This technique is used for the evaluation of surface morphologies [252]. It offers a wide depth

of field analysis; i.e. relatively large portion of the specimen can be kept in focus at the same time.
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The electron beam interacts with the near surface region of the sample. As the electrons penetrate
the specimen surface, they are scattered from a range of depths, some of which escape from the
surface. Electrons which escape from near the surface are known as secondary electrons, and are
created through inelastic collisions whereas electrons scattered back from deeper levels are known
as backscattered electrons, which are generated through multiple elastic collisions.

During measurements for 3-D imaging, a gold sputtering of powdered sample is performed
under vacuum condition, primarily to increase the conductivity of sample. Using the voltage of 15
kV, the images have been recorded by In-Lens detector at a magnification of 110 and 200 K along

with resolution of 7.6, 7.9 mm, respectively.

3.4.9 Analysis employing Transmission electron microscopy (TEM)

TEM imaging is examined by depositing the sample on carbon coated copper TEM grid
having the mesh size of 200 um. Firstly, a known amount (10 mg/100 ml) of sample is sonicated in
water for 5 min at room temperature. The sample loaded on the grid is applied by dipping it into the
dilute colloidal solution of NPs and is dried at room temperature for further analysis. The high

resolution 3-D images are recorded by applying accelerating voltage of 200 keV and beam current

of 1 nA.

3.4.10 Brunauer, Emmett and Teller (BET) surface area

BET is an extensively employed method for the determination of surface area of
nanomaterials. It utilizes low temperature sorption of inert gas(es) onto the surface of particles [253].
It accounts microscopic irregularities of the external surface, including internal porosity of NPs
unlike other geometrical surface area measurements. Nitrogen is commonly used for samples
exhibiting surface areas > 2 m? g'!. During analysis, ~ 200 mg of powered sample is degassed under
high vacuum in order to remove all the possible contaminants. The BET data has been analyzed

using NovaWin software.

3.4.11 Thermo-gravimetric analysis (TGA/DTA)

This technique measures the variation in mass of a sample with respect to temperature under
the controlled atmosphere [254], [255]. This variation occurs after the loss of water and vapour

emission of the material. Further, the differential thermal analysis measures the difference in
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temperature between a sample and a reference as a function of time/temperature, when allowed to
undergo temperature scanning under controlled atmosphere. For this, the samples have been applied
to undergo the temperature scanning under the controlled atmosphere. In this study, TG/TGA
analysis of the powdered samples of as-synthesized nanomaterials have been carried out in the
temperature range of 25-1400 °C and at a heating rate of 10 °C min™! in the nitrogen atmosphere.
Similar, this analysis has also been performed in the temperature range of 25-600 °C for industry

waste and at a heating rate of 5 °C min™! in the nitrogen atmosphere.

3.4.12 Analysis employing Vibrating sample magnetometer (VSM)

Magnetic behaviour of the as-synthesized nanomaterials has been recorded on VSM, PAR
155 at 300 K. The applied external magnetic field has been varied upto 1 Tesla. The sensitivity range
of the instrument is 0.00001-10000 e.m.u for 10 mg of sample. These measurements have been
performed mCFMS-3 cryogenic free mini VSM systems with a pulse cryocooler from 4-300 K upto

3T with a ramp rate of 1 T min-'. Afterward, the data has been analyzed in origin Pro 8 software.

3.4.13 Analysis employing Superconducting quantum interface device (SQUID)

The magnetic measurements for all samples are carried out on MPMS XL supercool SQUID,
obtained from Quantum design, Inc. The sensitivity of SQUID is 10-9 e.m.u and has temperature
range and maximum field of 1.9 - 400 K and +7 T, respectively. Further, the M-H loops have also
been recorded at 5, 100 and 300 K and the magnetic field increased gradually in steps upto £0.5 T
(0.05 T min') in gradient mode, +0.5 T upto 1.5 T (0.01 T min'). The data have been processed
using MPMS multiVu Window based software.

3.4.14 Analysis employing Fourier transform infrared (FTIR) spectrophotometer

The IR spectra(s) have been recorded on a FTIR spectrophotometer in the mid IR range
(4000-400 ¢cm™) in KBr medium having resolution of 0.1 cm™'. The appropriate amounts of the
prepared sample(s) are being inserted into the sample chamber, thereafter, the FTIR peaks have been
recorded using transmission mode of the instrument. A total of 64 scans have been collected for a

single sample run at a resolution of 1 cm™.
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3.4.15 Analysis employing Zetasizer

The electrophoretic measurements are performed by dispersing the NPs in the water through
sonication at room temperature. For this, several sets of colloidal solutions have been prepared in
the pH range of 2 to 10. The pH has been adjusted using dilute solutions of perchloric acid and liquid
ammonia. Then, the zeta potential of these solutions have been measured using folded type capillary

cell (disposable) at a measurement position of 2 mm by average runs of 20 for each sample.

3.5 Synthesis of maghemite nanostructures and their nanohybrids

The y-Fe>O3; NPs have been synthesized using a previously reported co-precipitation method
[209] with a slight modification. For this, the solution(s) containing Fe*" (ferrous) and Fe** (ferric)
salts have been allowed to reflux above the room temperature. For the synthesis of bare
nanostructures, the salts of FeSO4.7H20 and FeCl; (anhydrous) with an amount of 4.2 gand 3.7 g
have been dissolved in ultra-pure water (100 mL), respectively. Then 10 mL of NH4OH added to
the solution. The produced magnetic precipitates have been isolated from the alkaline solution using
laboratory magnets followed by washing several times with distilled water to remove all the non-
magnetic and soluble products. The collected powder thus obtained has been dried in anaerobic
environment (vacuum oven). Further, the powder sample(s) has been subjected to characterization

and adsorption experiments.

3.6 Results and discussion

3.6.1 Determination of iron content in as-synthesized nanomaterials

The percentage of iron content has been determined in the both as-synthesized BIO NPs and
BIO-DW nanohybrids, after digesting 2 mg of nanopowder in hydrochloric acid. Its percentage in
these nanosystems has been calculated to be 68.2 % and 38.7 %, respectively. In this study, the
removal capacity of arsenic has been presented as mg g™ of iron content for both of BIO NPs and

BIO-DW nanohybrids.

3.6.2 Cost estimation of as-synthesized nanomaterials

The cost of development of as-synthesized BIO and BIO-DW nanosystems has been
evaluated by using the previously mentioned Equation 3.1. Although, the production of
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nanomaterials includes both capital and consumables cost, but, in the present study, their cost of
synthesis has been calculated by considering the consumable cost only. However, this methodology
can be extrapolated in calculating the synthesis cost by maximizing the production amount of
nanomaterials as well as optimum utilization of the non-consumable facilities. At lab scale, the
maximum possible process parameters utilized for the synthesis of BIO and BIO-DW nanomaterials

are mentioned in the Table 3.1 below:

Table 3.1. Analysis of cost in the production of as-synthesized BIO NPs and BIO-DW nanohybrids.

Consumable for  Actual cost:  Cost per unit Utilized resources Total cost of the

synthesis ©) ©) during synthesis utilized resources
&)

(Sigma Aldrich)

FeCl3.8H20 45.7 0.091 37¢ 0.34

F-2877- 500g

(Sigma Aldrich)

FeSO4.7H20 102.9 0.103 42 ¢ 0.43

215422- 1000g

(Sigma Aldrich)
NH.OH 62.1 0.025 10 ml 0.25

221228-2.5 L-A

Electricity 0.2 0.03 0.15 unit 0.03
Manpower 357.2 1.49 1 nos. 1.49
Total cost 2.54
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In regard to the lab scale cost analysis considering the consumables of precursor materials,
the Equation 3.1 is reduced to following equation 3.5:

e=n
P, RM =n

F =Lp. Z Snps (3-5)

P, RM =1
e=1

For unit production, the above relation is further modified to equation 3.6 as mentioned below: -
F=1Lp. Z SNps (3-6)

P, TIRr=1
e=1

where, Lk is the coefficient related to loss function for the produced nanopowder. This factor mainly
leads to determine the loss of nanopowder in the process of collection of material after vacuum
drying during scratching from the petri-dish. Its value has been calculated by dividing the weight of
nanopowder produced after drying to that of actual weight of nanopowder collected after scratching
process (Lr = wt. of nanopowder produced after drying/ actual wt. of nanopowder collected). Its
value has been determined to be 1.27 and 0.86 for BIO NPs and BIO-DW nanohybrids, respectively.
The factors P, Rm and e are representing the weight of the nanopowder, manpower and electricity,
respectively. The details of all the components along with the unit cost are presented in Table 1.
By using the above-mentioned amount of precursor materials, the 2.96 £0.16 g and 3.87 +£0.11
g of nanopowder has been obtained for BIO NPs and BIO-DW nanohybrids, respectively. Thus, the
cost ($) for unit mass production of these as-synthesized nanomaterials has been calculated to be
0.86 and 0.66, respectively. However, the cost of commercial available bare nanopowder has been
reported to be $7.75 (Sigma-Aldrich: 544884), which is overmuch as compared to those examined

in present study.

3.6.3 UV-Vis spectra
Figure 3.1, is displaying the electronic absorption spectra of as-synthesized BIO and BIO-

DW nanosystems. It has been recorded in the wavelength range of 200-800 nm. The spectrum due
to BIO NPs exhibits an outset of absorption above ~650 nm and depicts the two broad band(s)
peaking at 364 nm and 383 nm along with a shoulder at 485 nm. Whereas, BIO-DW nanohybrids
displays two broad peak(s) at 364 nm and 372 nm along with a shoulder at 476 nm. A well-defined
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band in the range of 360—390 nm with maxima near around 372 nm for the y-Fe2O3 NPs has been

also suggested by Maiti [256].
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Figure 3.1. UV-visible absorption spectra of as-synthesized (a) BIO NPs and (b) BIO-DW nanohybrids. Inset:
depicting the absorption spectrum in larger wavelength.

A comprison of the absorption spectra indicates that BIO-DW exhibit a decrease in its
absorbace associated with a slight blue shift of absoprtion peak from 383 nm to 372 nm in the
presence of distillery waste. Beside, the absorption observed around 485 nm for bare y-FeoO3 NPs
[210], also shows a blue shift to 476 nm. The coating of organics from distillery waste onto the y-
Fe>O3 NPs has exhibited the hypsochromic shift associated with a small increase in the intensity of
absorbance for the entire wavelength range under investigation. Thus, it is suggesting to cause a

decrease in the size of iron oxide cluster(s) in BIO-DW nanohybrids.

3.6.4 XRD diffraction patterns

Figure 3.2 describes the XRD patterns of the as-synthesized nanostructures of BIO and BIO-
DW NPs. The diffraction patterns for BIO NPs have been found to match with the reflections due
to planes (111), (220), (311), (400), (422), (511) and (440) [210]. These diiffration patterens are

compareable to the cubic structure of y-Fe2O3 NPs as suggested by Joint Committee on Powder
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Diffraction Standards (JCPDS file no. 39-1346). The addition of distillery waste during the synthesis
of BIO-DW nanohybrids results in the disapperence of two peak(s) corresponding to the plane (111)
and (422) as compared to that of BIO NPs. These observations are depicting that the crystallinity of

v-Fe20s3 phase remains conserved even after the functionlization of BIO NPs.

6001 (a) = —BIO
9

500

N
<)
Q

Counts/Sec

(b)

(311)

950

760

570

20 30 40 50 60 70
2-Theta (Cu K alpha)

Figure 3.2. XRD diffraction patterns of as-synthesized (a) BIO NPs and (b) BIO-DW nanohybrids.

Further, the patterns of X-ray diffraction alone cannot be used to evaluate the phase
determination of y-Fe;O3; NPs, as the diffraction patterns from XRD for maghemite (y-Fe2Os) and
magnetite (Fe3Os) are virtually identical [257]. Therefore, the exact phase for concerned iron'"! oxide
has been further confimed through Raman and XPS analyses.

Using Scherrer’s formula, the average particle sizes of iron oxide in as-synthesized BIO NPs
and BIO-DW nanohybrids have been calculated to be 19.3 £3.0 nm and 16.7 +4.1 nm, respectively.
These values are presented in Table 3.2 and 3.3. This partial decrease in the average particle size

has been found in line with observation revealed from the electronic absoprtion data (Figure 3.1).

3.6.5 Raman spectroscopy
The Raman spectra of BIO and BIO-DW nanosystems have been recorded to confirm the -
Fe»O; phase (Figure 3.3). The Raman bands (cm™) for both of these samples have been observed at
366, 499, 676, 706 (for BIO) and 366, 492, 665, 718 (for BIO-DW). A slight shift of bands in BIO-
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DW nanohybrids indicates that the coating of organics has possibly influenced the absorption. But
in both the cases, these bands are fairly different than those matched with previously recorded bands
due to maghemite phase [210][258]. In a comparison of spectra of BIO and BIO-DW nanosystems,

a considerable decrease in the intensity of bands is observed which might have occured due to the

coating of organics onto BIO NPs.
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Figure. 3.3. Raman spectra of as-synthesized (a) BIO NPs and (b) BIO-DW nanohybrids.
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Table 3.2. Crystallite size obtained from Scherrer’s formula for BIO NPs.

Peak Peak )1 Peak Peak
Peak intensity intensity @2 — 1) 20 High/ 20 Low/ FWHM maxima maxima  d value/ A C.rystalllte
(hk1) minima maxima Vgt NS4 degree degree (20)/ . size (nm)
2 (0)/ radian
(yD) (¥2) degree
111 373.75 410.55 392.15 18.43 18.01 0.00733 18.24 0.159174  191.7128 19.17
220 368.02 436.72 402.37 30.45 29.98 0.008203 30.153 0.263134  175.1856 17.52
311 355.92 559.57 457.75 35.8 353 0.008727 35.567 0.31038 166.9919 16.70
400 356.41 401.6 379.01 434 42.99 0.007156 43.127 0.376354  208.5099 20.85
422 345.12 380.94 363.03 53.92 53.52 0.006981 53.589 0.467652  222.5779 22.26
511 352.64 411.53 382.09 57.46 56.95 0.008901 57.206 0.499216  177.5533 17.76
440 359.35 426.25 392.8 63.06 62.61 0.007854 62.804 0.548068  207.0034 20.70
Table 3.3. Crystallite size obtained from Scherrer’s formula for BIO-DW nanohybrids.
Peak Peak y1 Peak Peak
Peak intensity intensity (VI 513 20 High/ 20 Low/ FWHM Maxima maxima  d value/ A Crystalhte
(hkl) minima maxima 4 el e degree degree (20)/ . size (nm)
2 (0)/ radian
(yD) (¥2) degree
220 670.46 749.99 710.23 30.46 29.95 0.008901 30.24 0.263911 161.495 16.15
311 675.75 927.69 801.72 35.85 35.19 0.011519 35.511 0.309892 126.482 12.65
400 352.48 400.57 376.53 43.35 42.94 0.007156 4321 0.377078 208.555 20.87
511 682.70 760.28 721.49 57.45 56.91 0.009425 57.29 0.499949 167.766 16.78
440 694.38 778.91 736.65 63.13 62.59 0.009425 62.86 0.548557 172.543 17.25
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3.6.6 XPS spectroscopy

In order to further confirm the y-FeoO3 phase in the as-synthesized samples (BIO and BIO-
DW), surface analysis of these nanosystems has been performed using XPS analysis (Figure 3.4 and
3.5). The survey scans for the spectrum have been recorded in the binding energy range of 0—-800
eV. Both BIO and BIO-DW nanosystems exhibit the peak(s) due to elements such as Fe, O and C
(Figure 3.4). The scan due to each of these elements have also been recorded and is subjected to

baseline correction. The deconvolution of peak(s) due to Fe (2p) and O (1s) has been executed using

Gaussian software (Figure 3.5).
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Figure 3.4. Spectra of XPS representing survey scan for (a) BIO NPs and (b) BIO-DW nanohybrids.

In BIO and BIO-DW nanosystems, the panels exhibit a peak doublet with the binding energy
(eV) of 710.5, 724.2 eV and 710.43 and 723.9, respectively. These are known to occur due to
elemental spins of Fe 2p*?and Fe 2p2[210][259]. Also, a peculiar spin-orbit separation of 13.7 eV
and 13.5 eV along with satellite peak(s) at 718.4 and 718.6 eV has been observed for BIO and BIO-
DW nanosystems, respectively. The appearance of these charge transfer satellite peaks indicates that
the iron is present as +3 oxidation state in both the samples [260]. This interpretation also
differentiates the y-Fe;Os3 phase to that of FesO4 phase. The absence of this characteristic peak is
due to the presence of mixed oxidation state (+2 and +3) of iron in magnetite phase

The spectrum due to Ols show the two bands centered at 529.5, 530.7 and 529.33, 530.53
eV for BIO and BIO-DW nanosystems respectively [261]-[263]. These intense bands at 529.5 and
529.33 eV have been attributed to lattice oxygen, whereas, the shoulder bands at 530.7 and 530.53

eV are assigned to anionic species in y-Fe2Os phase. A shift in the binding energy and peak(s)
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intensities in comparison to that of BIO NPs might have arisen due to the attachment of organic

moieties during the functiolization in BIO-DW nanohybrids.
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Figure 3.5. XPS spectra of BIO NPs (a-b) and BIO-DW nanohybrids (a’-b’): narrow scan of Fe2p (a and
a’); Ols (b and b’).

3.6.7 Field Emission Scanning Electron Microscopy (FESEM)

FE-SEM images of BIO NPs and BIO-DW nanohybrids are presented in Figure 3.6. Both the

images are showing the clusters consisting of NPs. However, the average size of the NPs is reduced
significantly and determined to be about 52 nm and 19 nm, respectively. It is indicated that the
coating of organic moieties onto these BIO NPs results in the reduction of size of NPs clusters.
Moreover, this analysis demonstrates that the formation of agglomerates in these samples occurs

due to the strong magnetic interactions among NPs [264].
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Figure 3.6. FE-SEM images of BIO NPs and BIO-DW nanohybrids (100 nm scale).

3.6.8 Transmission Electron Microscopy (TEM)

The TEM micrographs of BIO NPs and BIO-DW nanohybrids are shown in Figure 3.7. A
close examination of these images clearly depict a decrease in particles size in BIO-DW nanohybrids
as compared to those of BIO NPs. The average particle sizes using different HRTEM images have
been determined to be 18.1 £ 0.27 and 15.8 + 0.19 for BIO and BIO-DW nanosystems, respectively.

These observations show fairly good agreement with the analyzed particle size using XRD data.

£
%

Figure 3.7. TEM images of (a) BIO NPs and (a’) BIO-DW nanohybrids (100 nm scale).
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3.6.9 Brunauer—Emmett-Teller (BET) surface area

The surface area of as-synthesized nanomaterials is determined by performing BET
measurements. It has been found to be 59.80 m? ¢! and 97.39 m? g'! for BIO NPs and BIO-DW
nanohybrids, respectively. The utilization of distillery waste as one of the precursor material results
in an increase in the surface area indicating that the size of NPs gets decreased in BIO-DW

nanohybrids. This reduction in the particle size has also been confirmed using XRD, FESEM and

HRTEM analyses.

3.6.10 Thermo-gravimetric (TG) analysis

The thermo-gravimetric (TG) experiments have been performed in order to analyse the
thermal stability of as-synthesized nanomaterials (BIO and BIO-DW) and distillery waste. These
are examined in the temperature range of 25-1350 °C and 25-600 °C, respectively (Figure 3.8 and
3.9). For both BIO and BIO-DW nanosystems, the TGA curves vary significantly in a similar

manner upto about of 100 °C. This loss is possibly attributed due to the adsorbed water/moisture in

this temperature range.
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Figure 3.8. Thermo-gravimetric plots in Panel I. BIO NPs (a) BIO-DW nanohybrids; Panel II. TGA plots of
Distillery waste depicting in the entire recorded temperature range.

In BIO-DW nanohybrids, a weight loss % of 5.18 has been observed beyond the temperature
range of >100 °C [210]. It has apparently occurred due to degradation of organic functionalities

attached to these nanostructures [254]. A comparison of their TGA curves clearly indicate that the
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thermal stability of BIO-DW nanohybrids is lower as compared to those of BIO NPs. Further, this
study has also confirmed the attachment of organics onto the surface of functionalized

nanostructures.
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Figure 3.9. DTA curves of as-synthesized nanomaterials (a) BIO NPs and (b) BIO-DW nanohybrids.

3.6.11 Vibrating sample magnetometer (VSM) analysis

The hysteresis loops of BIO NPs and BIO-DW nanohybrids at room temperature are shown
in Figure 3.10 (a-b), along with their magnified image Figure 3.10 (a'-b’), respectively. The
saturation magnetization of BIO NPs and BIO-DW nanohybrids have been depicted to be 72.1 and
66.9 emu g'!, respectively. Both of these nanosystems are having significant value of magnetic
moment which make their extraction from the treatment systems easy even by applying simple
magnets. These observations are found to be matched significantly with those observed by several

authors previously [209][265].
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Figure 3.10. M-H curves of BIO NPs and BIO-DW nanohybrids recorded in the different magnetic field
range A. -10 to +10 kO, (a and b) B. -2 to +2 kO, (a’ and b’) at ambient temperature.

3.6.12 SQUID analysis (M-H curve)

The magnetic behaviour of as-synthesized BIO NPs and BIO-DW nanohybrids has been
examined by recording their M-H curves at three different temperatures (K): 300, 150 and 5 at an
interval of 0.02 T of applied field (Figure 3.11 and 3.12). The M-H curves at 300 K for both BIO
and BIO-DW nanosystems exhibit reversible hysteresis loop with a fairly high magnetization value
and very low value of magnetic remanence and coercivity. A very similar magnetic behaviour for
both of these nanosystems has been observed at 150 K (Table 3.4). Generally, the magnetic materials
in nanometer size range show superparamagnetic behaviour having coercivity value below 150 O.
[266]. It suggests that both of these samples have high magnetization and exhibit superparamagnetic
behaviour. A slight lower value (Table 3.4) of BIO-DW is understood to have arisen due to the

coating of organics from the industry waste.
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Figure 3.11. M-H curves of BIO NPs at 5K, 150 K and 300 K.
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Figure 3.12. M-H curves of BIO-DW nanohybrids at 5K, 150 K and 300 K.

The M-H curves at 5 K for both BIO and BIO-DW nanosystems exhibit irreversible
hysteresis loop with a fairly high magnetization having relatively higher M; (20.9; 22.9) and H.
(305.1; 164.2) compared to those recorded at 300 and 150 K. It indicates that at 5 K, these samples
have ferromagnetic nature. It may be attributed to the surface anisotropy of these samples at low

temperature.
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Table 3.4. Details of M-H curve for BIO NPs and BIO-DW nanohybrids at temperature (K) 300, 150 and 5.

Saturation magnetization Remanence (M) Coercivity
Sample M 4
(M) (e £7) (emu g") (Ho) (09)

300K

BIO 63.8 0.34 8.5

BIO-DW 67.4 0.99 9.5
150 K

BIO 69.5 7.0 126.4

BIO-DW 1% 24 19.8

5K
BIO 74.4 20.9 305.1
BIO-DW 77.9 22.9 164.2
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3.6.13 Zero-field-cooled (ZFC) and Field-cooled (FC) measurements

Figure 3.13 shows the temperature dependence of magnetization under FC (field-cooled)
and ZFC (zero-field-cooled) conditions. It has been recorded at an external field of 800 O.under the
varied temperature range from 5-300 K for both of the as-synthesized BIO and BIO-DW

nanosystems.
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Figure 3.13. Temperature dependence of the magnetization for ZFC (zero-field-cooled) and FC (field-cooled)
for (a) BIO NPs and (b) BIO-DW nanohybrids in a range of 5 to 300 K at applied field H= 800 O..

3.6.14 FTIR spectra

The FTIR spectra of industry waste, bare maghemite NPs and their functionalized
nanostructures have been recorded in the wavenumber range of 400-4000 ¢m™'. The details of their
vibrational bands have been presented in Table 3.5. Whereas, the respective spectra(s) are shown in
Figure 3.14.

The vibrational bands (cm™) for assigned functional groups(s) observed for distillery waste
include: [861 (C-O-C), 928 (Symm. SO4>), 1039 (C=S and CC alicyclic, aliphatic chain vibrations),
1119 and 1196 (C=S, CC alicyclic, aliphatic chain vibrations and SO4* (asym.), 1271, 1315 and
1400 (CHz and CH3 (asym.), 1570 (C=C, C-NOz (asym.), N=N aliphatic), 1766 (C=C and C=0),
2976 (CH stretch) and 3194 (OH stretch)]. Whereas, the vibrational bands for BIO NPs include:
[430, 532, 622, 687 (Fe-O stretch), 807 (SO4>), 891, 977 (Symm. SO4*), 1050, 1109 (=S, CC
alicyclic, aliphatic chain vibrations and SO4> (asym.), 1622 (NH stretch), 3275 (OH stretch)].
Further, the vibrational bands for BIO-DW nanohybrids are including groups such as: [431, 532,
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690 (Fe-O stretch), 818 (C-O-C,) 974 (Symm. SO4*), 1039 (C=S and CC alicyclic, aliphatic chain
vibrations), 1119 (C=S, CC alicyclic, aliphatic chain vibrations and SO4> (asym.), 1413 (CH> and
CHs (asym.), 1590 (C=C, C-NO; (asym.), 1840, 3283 (OH stretch)]. For BIO and BIO-DW
nanosystems, these bands are fairly matched with those reported for bare y-Fe;O3 NPs in the

literature. The presence of these functional groups suggest the possible organics as observed earlier
[209], [210].
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Figure 3.14. FTIR spectra of as-synthesized NPs (a) BIO (b) BIO-DW (c) DW (distillery waste).

An examination of IR-spectra in Figure 3.14 shows that the functiolization of BIO NPs using
industry waste results in a change in the vibrational frequencies due to -OH, C=C/ C=0, CH»/ CH3
(asym.), C=S/ CC alicyclic/ aliphatic chain vibrations/ SO4* (asym.), symm. SO4>- and C-O-C upon
reacting with the different molecules present in waste, and get shifted from 3194, 1766, 1400, 1119,
928, 861 to 3283, 1840, 1413, 1113, 974 and 818 cm’!, respectively. Moreover, the skeletal
vibration(s) 2976, 1570, 1315, 1271, 1196 cm’! have completely vanished. The results depict that
distillery waste interacts with BIO NPs not only through organic groups such as amines (-NH>) and

hydroxyls (—OH), but also some other groups such as carbonyl (—C=0) and azo (N=N) along with

alkene and alkynes to a certain extent.
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Table 3.5. FTIR data (cm™) of BIO NPs, BIO-DW nanohybrids and distillery waste.

Vibrational frequency (cm™)

Distillery Waste

Group/Moiety BIO (viscous pH-12.5) BIO-DW
OH stretch 3275 - 3283
- 3194 -
CH stretch - 2976 -
NH stretch 1622 - Disappeared
C=C and C=0 - 1766 1840
C=C, C-NO; (asym.) - - 1590
C=C, C-NOz (asym.), N=N aliphatic - 1570 -
CH: and CH3 (asym.) - 1400 1413
- 1315 -
- 1271 -
C=S, CC alicyclic, aliphatic chain
vibrations and SO4> (asym.) 1 b g
- 1119 1113
1050 - -
QZS apd CC alicyclic, aliphatic chain E 1039 1039
vibrations
Symm. SO4* 977 928 974
891 - :
SO4* 807 - Disappeared
C-0-C - 861 818
FeO peaks 687 - 691
622 - -
532 - 532
430 - 431
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3.6.15 Zeta-potential measurements
The surface modification and stability behaviour of the as-synthesized BIO NPs and BIO-
DW nanohybrids have been confirmed through zeta () potential measurements (Figure 3.15). These

calculations are measured in the colloidal aqueous solution for both of NPs in a wide pH range of

(2.0 - 10.0), adjusted using acetic acid and/or NaOH.
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Figure 3.15. Zeta (g) potential measurements of as-synthesized (a) BIO NPs and (b) BIO-DW nanohybrids.

The values of zeta-potential have got transformed from 9.5 mV to -29.6 mV and 24.9 mV to
-34.8 mV with an increase in pH 2 to 10, respectively. The data reveal that colloidal stability of
functionalized nanostructures (BIO-DW) increases as compared to those of BIO NPs. The pHp,c of
the bare y-FeoO3 NPs has been determined to be about 2.8, which are different from the values of
5.7, 6.1 and 7.5 as reported previously [225], [267]. After the binding of functional moieties in BIO-
DW nanohybrids, the pHpzc has been found shifted to 3.7. This satisfies the binding of organic
functionalties and also reveals that the BIO-DW nanohybrids are positively charged at pH < 3.7.
However, both of these nanosystems are prone to have negatively charged surfaces in the pH range

set for drinking water by WHO.
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Chapter 4

Batch experiments for arsenic removal
and modelling of kinetics and
adsorption 1sotherms

4.1 Chapter abstract

The literature reveals that the majority of metal oxide(s) based nanoadsorbents exhibit
significant interactions with the oxyanions of As" as compared to those of As!l. Therefore,
investigations have been undertaken the to explore the AsY removal utilizing BIO NPs and BIO-
DW nanohybrids. Their adsorption potential has been evaluated in aqueous solution by designing
various batch experiments.

The capabilities and behaviour of As¥ removal have been evaluated through fractional factorial
design of experiments, kinetic and isotherm models by utilizing both the as-synthesized NPs. Firstly,
an optimized value of contact time has been calculated along with simultaneously maximizing the
adsorption capacity and minimizing the dose amount under near neutral pH conditions at 15 °C by
employing Response Surface Methodology (RSM). For this purpose, variation of the following
parameters in the stated ranges have been taken into consideration keeping a fixed concentration of
AsY at 4.0 mg L': pH (7-9), temperature (10-30 °C), adsorbent dose (0.25-0.45 g L) and contact
time (2-314 min). Then, the appropriate kinetic and isotherm models have been investigated for
analysing the nature of the adsorption process. These include Pseudo-first-order, pseudo-second-
order, intra-particle diffusion, Elovich and Freundlich, Langmuir, Tempkin and Dubinin models
respectively. Further, the possibilities of secondary pollution have also been examined by analysing
the concentration of iron and organics in the supernatant.

Lesser contact time to achieve an optimum value of removal has been observed by BIO-DW
(151 min) nanohybrids as compared by BIO (272 min) NPs suggesting a relatively faster adsorption
of AsY onto BIO-DW nanohybrids. A good correlation coefficient (R?) of > 0.99 for pseudo-second-
order kinetics has indicated that the removal occurred largely through chemisorption. Fitting of
adsorption data in Webber and Mortris equation has indicated removal process to be complex

involving both boundary layer and intra-particle-diffusion mechanisms.
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A fairly good fit of adsorption data in Elovich model has demonstrated the involvement of
heterogeneous surfaces during the interactions of AsY oxyanions and surface moieties. In order to
examine the possibility of adsorption of AsY on the used NPs, the kinetic data have also been
analyzed by employing Tempkin model, which displayed a moderately good association at low dose
concentration of 0.30 g L' of adsorbent suggesting partial involvement of physisorption in the
removal process. Further, the Langmuir capacity (mg g'-Fe) for As" removal has been calculated
to be 129.86 and 166.67 for BIO NPs and BIO-DW nanohybrids respectively. Both the nanosystems
have not shown any signs of secondary pollution due to iron after removal of AsY in the near neutral

pH conditions.

4.2 Materials and instrumentation

Arsenic working solution(s) have been prepared using sodium arsenate, dibasic heptahydrate
(Na;HAsO4.7H,0, M.W. = 312.01 g mol™') salt, purchased from Merck enterprises. The [CP-MS
grade (Merck) standard solution of AsY has been used for the calibration. All other required salts
and reagents have been procured/prepared as mentioned in the chapter 3 (Section 3.2).

The arsenic concentration in all the samples has been measured using Microwave-Plasma
Atomic Emission Spectroscopy 4100 (MP-AES) of Agilent Technologies (California, USA). The
orbital shaking incubator (Model: CIS - 24 Plus from M/S REMI laboratories, India) has been used
to carry out the batch experiments in the temperature and shaking speed range of 5 - 60 0.5 °C and

20 - 250 RPM, respectively.

4.3 Methodology

4.3.1 Experimental design, model fitting and statistical analysis
In the present work, we have optimized the contact time required for AsY removal using BIO
and BIO-DW nanosystems along with simultaneously maximizing the adsorption capacity and
minimizing the amount of dose under near neutral pH conditions. Generally, the response surface
methodology (RSM) is a widely used statistical approach for the design of experiments among the
research communities [268], [269]. This methodology greatly helps in reducing the number of
experiments, thus minimizing the experimental cost and consumption of time [270].
This study utilizes the CCD (central composite design) to use RSM for optimization procedure.

To validate the results of removal capacity, adsorption experiments have been conducted employing
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the optimized process variables values derived from RSM prediction. Further, the removal kinetics
and adsorption isotherm experiments have also been carried out using the optimized conditions

obtained from RSM.

4.3.2 Predictive Modeling Using Response Surface Methodology

In the determination of linear and quadratic models, a statistical experimental approach based
on central composite design (CCD) has been utilized. This design includes a combination of cubic,
star and centre which represent a set of two level full factorial design, additional axial points and
centre points for the experimental region respectively [120][271]. The repetition of center points is
indicated as the step of improvement for experimental precision.

The reproducibility and experimental error of data have been used in determination through
the center points, represented with code (0). The codes (-1, +1) have been used for independent
variables. Among these, low level values have been coded as -1, and +1 for high level values. The
relationship between the five independent variables of four process variables have been
approximated by mathematical empirical (2"¢ order polynomial multiple regression) equations, as

shown below in 4.1:
n n g n
y=Bo+ Z Bix; + Z Bixi + Z Pijxix; + € (4.1)
=1 =1 i<j

Where, the predicted response (y) of the experimental design is correlated to the set of regression
coefficient (J3), the intercept (constant, o), linear coefficient (Bi — Bn), interaction coefficient (Bii —
Bon) and quadratic coefficient (B — Pin); n is denoting the variables number; ¢ refers to the
experimental error which has been assumed to be randomly distributed about the mean value near
to zero. The Design-Expert software, (Stat-Ease Inc., 7.0) has been used for regression, ANOVA,
desirability coefficient and for the graphical analyses of corresponding data.

This study has investigated the interactive effects and relative significance of input process
variables such as pH, temperature, adsorbent dose and contact time on the removal capabilities of
as-synthesized nanomaterials employing RSM with CCD. A set of 30 experimental runs have been

performed as indicated by design expert software, comprising 16 (factorial), 8 (axial) and 6
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(replicate) experiments at the central (0) point. Equation 4.2 has been employed for arriving at this

design of experiments:

N=2"+2n+n, =2+ (2x4) + 6 = 30 (4.2)

Where, N and n are referring to the total number of required experiments and numeric factors,
respectively, n. denotes the number of replicates at the central point. These experiments have been
performed for the different range values of pH, temperature (°C), adsorbent dose (g L) and contact
time (min) for both BIO NPs and BIO-DW nanohybrids at the AsY concentration of 4.0 mg L' and

shaking speed of 250 rpm. The details of process parameters are mentioned in Table 4.1.

Table 4.1. Range of experimental input variables for As" (initial concentration- 4 mg L) removal using BIO
NPs and BIO-DW nanohybrids at shaking speed of 250 rpm.

Parameters Levels Star point
a=2.0
Low (-1) Central (0) High (+1) -ol +a
(A1) pH 5.5 7.0 8.5 4 10
(A2) Temperature ("C) 15 20 25 10 30
(As) Dose (gL 0.30 0.35 0.40 0.25 0.45
(A4) Shaking Time (min) 80 158 236 2 314

4.3.3 Desirability Function

The CCD, utilizes the Derringer's desirability function in determining the optimal conditions
by describing the desirability function (Dr). For each response (d;), this methodology develops a
function (D) after the transformation of experimental response (U;) and predicted response (U;). This
function creates an optimum value by maximizing the selection of effective variables by considering
the interaction among them [272]. In the first step, a desirability function (df;) between the range of
0 to 1 is formed after the conversion of response (U). Its value equal to zero represents that the
response is undesirable or having minimum applicability [273], whereas, its unit value indicates the

desirable or absolute response. In second step, each desirability value is then combined using
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geometrical mean, which gives the overall desirability D for an experimental run. Its equation can

be described as mentioned below:

Dp={dy x d? x df .....d]"}1/m; 0<v;<1(1=1,2,3....n) (4.3)
Where, df; to df, are demonstrating the desirability of the response (i =1,2,3, ...., n) and Vi is

highlighting the importance of responses. It can be presented as below:

vi=1 4.4)

n
i=1

The desirability function for each characteristic involves the computation utilizing the following

equations:
dry= V=% _g|wis asus<g (4.5)
df; =1, Uu>p (4.6)
df; =0, U<a 4.7)

Where, a and B indicate the low and high values for the experimental response; and W; denotes the

weight value.

4.3.4 Determination of arsenic concentration

To prepare the samples for arsenic determination using Inductively Coupled Plasma
Spectrometry (ICP-MS), the samples were treated with potassium iodide (KI, 1.5 g/ 100 ml) and
hydrochloric acid (HCI, 1 ml / 100 ml) at least one hour prior to the analysis. For calibration, the
arsenate stock standard solution was diluted with a solution containing KI and HCI having the
percentage ratio of 15:10 to prepare the concentrations. The reaction between potassium iodide and

hydrochloric acid generates iodine gas which reduces As" to As'!l. The reaction is mentioned below:

Ro T t , 1ight
4K + 4 HC — B L(li berabtes 4 KCl + 2 H,0 (4.8)
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The vapour generation apparatus was used to aspirate the sample through a standard nebulizer to
microwave magnetically excited nitrogen plasma at flow uptake of 1.4 ml min''. The emission lines
were recorded at two identical wavelengths of 193.695 nm and 234.984 nm during the
measurements.

The acid digested samples were filtered through Whatman™ 42 cellulose, before the analysis
of heavy metals using ICP-MS equipped with quadrupole mass spectrometry Q-MS technique,
which allowed the instrument to analyse the samples with high accuracy [274]. The detection limit

for all heavy metals were in ug L' range.

4.3.5 Calculation of arsenic removal capacity

The adsorption capabilities of BIO NPs and BIO-DW nanohybrids have been determined by
using the material balance in an adsorption system. It mainly measures the adsorbate which gets
disappeared from the solution. The As¥ removal capacity (mg g of Fe) values have been calculated

using the following equation:

Co—CpV

= (4.9)

Renoval capaci t(g.) =

Where Cpand Crare demonstrating the initial and final concentration (mg L™!) of AsY in the aqueous
solution, respectively; W refers to the nanoadsorbent mass in grams; ¥ is denoting the volume of the

solution in litres.

4.3.6 Kinetic models

In literature, different mathematical models have been proposed by several authors to examine
the removal kinetics of adsorption data. Generally, these adsorption models are classified on the
basis of chemical reactivity and diffusion mechanisms which have been explored for analysing the
kinetics of the adsorption process(s) for contaminant removal. Among different kinetic models, the
mechanism of adsorption process can be explained using first-order-kinetics, second-order-kinetics,
intra-particle diffusion and Elovich models. These experiments have been performed for a varied

adsorbent dose ranging from 0.15-0.45 g L' and AsY concentration of 4 mg L' at the optimized
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contact time, as calculated by RSM for both BIO and BIO-BW NPs. The details of the explored

models have been discussed further.

4.3.6.1 Pseudo-first-order model

It has been considered as the foremost model which explained the relation between rate of
adsorption and adsorption capability of an adsorbent [275]. Lagergren (1898) has described the
kinetics of liquid-solid phase adsorption in the form of first-order rate equation. It has been presented

in equation form as follows:

dq
¢ = ki(@e — a0 (4.10)

Where, ¢: demonstrates the adsorption capacity (mg g'!) at time #; k; denotes the pseudo-first-order
rate constant (time™) and g. indicates the adsorption capacity (mg g!) at equilibrium. The equation
has been transformed after integrating [276] the above equation by applying the boundary conditions

(i.e. t=t; ge = q:), and the resulting equation is presented below:

log(qe —qr) =1 o0gqge — kit (4.11)

The linearized form of the above equation is given as below:

Qe = qe(1 — e7XY) (4.12)

The linear plot between log(q.-q:) vs. t give the value of k;, which can be determined from the slope
of the plot. The Lagergren’s first-order rate equation has also been considered as pseudo-first-order

because of its demonstration to calculate the adsorption capacity from solution concentration.

4.3.6.2 Pseudo-second-order model
It is based on the characteristic that the removal of contaminants from aqueous solution

involves the interactions through sharing or the exchange of electrons among the adsorbate and
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functionalities of the adsorbent [276]. It has been described by Ho and McKay (1995), who assumed
that the removal capabilities are directly related to available number active sites onto the adsorbent
surface [277]. The expression for pseudo-second-order rate is given as below:

dq
o = ke(@e — a0’ (4.13)

Where, ¢: demonstrates the adsorption capacity (mg g') at time t; k> denotes the pseudo-second-
order rate constant for sorption (g mg'min™') and q. indicates the adsorption capacity (mg g') at
equilibrium. The equation has been transformed after integrating the above equation by applying the

boundary conditions (i.e. t = t; ge = qt), and the equation is presented below:

1 1
— = — 4kt 4.14
(qe_qt) Je ¥ ( )

This reaction represents the integrated rate law for pseudo-second-order kinetics. The linearized

form of the above equation is given as below:

t 1 1 (4.15)
=——+—t
qt kzqe qe

The rate constant (k2) can be obtained from a plot of #/g; against ¢.

4.3.6.3 Intra-particle diffusion

Generally, the adsorbate species are transported onto the solid phase from bulk solution via
an intra-particle diffusion process. It has been related with the rate-limiting steps in most of the
adsorption processes. Weber and Morris have described that the adsorption process occurs through
different steps as the adsorbate approaches the adsorbent in aqueous solution [278]. The process has

been explained by the following equation:

qe = kpi t'/% + C (4.16)
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Where, C indicates the intercept; kdir (g mg' min'/?) represents the intra-particle diffusion rate

constant which can be calculated from the slope of the regression line.

4.3.6.4 Elovich kinetic model
This model is useful in describing the adsorption of contaminant ions onto highly

heterogeneous adsorbents [279]. It is represented by the following equation:

qe =%logl((x[3)+%10g,t (4.17)

Where, ¢; is a linear function of /og,(?); f and o demonstrate the Elovich constants and their values

can be obtained from the slope and intercept, respectively.

4.3.7 Isotherm models

Adsorption isotherms are valuable tools for the evaluation and explanation of experimental
adsorption data. The maximal adsorption capacity can be derived from the adsorption isotherm, and
has also been used to compare the efficiency of different adsorbents. Adsorption can be divided into
two main groups: physisorption and chemisorption.

Physisorption occurs due to the interaction of adsorbate through the residual forces onto the
surface of adsorbent. These are known as van der Wall forces, dipole and induced dipole
interactions. These attractions are long-range and weak, and the adsorbate retains its identity during
the adsorption. Typical values of the enthalpy are about 20 kJ mol-!. Because of the involvement of
low energy, these types of interactions are not led to the formation of a chemical bond. Further, the
interaction between ligands and a metal ion is also considered as physisorption. A ligand is described
as a molecule (a functional group) or an ion that forms a complex with a metal ion. Chelating ligands
are formed symmetrically around the metal ion via multiply bound ligands, such that the metal ion
occupies the central position.

Chemisorption generally involves covalent bonding. It is much stronger than that of the Van

der Waal interactions. The enthalpy of chemisorption is thus much higher as compared to those of
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physical adsorption. It has been reported to be in the range of 20-200 kJ mol!. In evaluating the

adsorption data in the present study, following adsorption models have been explored.

4.3.7.1 Freundlich adsorption isotherm
It is a common and widely explored isotherm model which describes the adsorption

characteristics of the heterogeneous surface [280]. It is represented as:

Q. = K.C2/" (4.18)

Where K;denotes the Freundlich isotherm constant (mg g!); n refers to intensity of adsorption; Ce
demonstrates the concentration (mg L") of adsorbate at equilibrium; Q. indicates the adsorbed (mg

g'!) amount of adsorbate at equilibrium. The linearized form of the above equation is given below:

1
1 0gQ, =log(f+H10gCe (4.19)

The Kris a constant and indicates the adsorption capabilities; //n refers to a function which
demonstrates the strength of adsorption process. It represents the adsorption process to be normal
and cooperative for values of < 1 and >1, respectively. Whereas, value of n equal to 1 indicates that

the partition between the two phases is concentration independent.

4.3.7.2 Langmuir adsorption isotherm

This model represents the equilibrium distribution of contaminant ions between the solid
and liquid phases. During the adsorption process, it quantitatively describes the formation of
monolayer onto the surface of adsorbent which is having finite number of adsorption sites [279].
Thereafter, no adsorption takes place. It also assumes a uniform distribution of energies during
adsorption and an absence of migration of adsorbate into the surface planes. It is represented by the

following equation:

QoKi.Ce

Qe = T+ K.Co (4.20)
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Further, Langmuir adsorption parameters are calculated by transforming the above equation into

linear form, as mentioned below:

! = ! + ! (4.21)
de Qo QoK.Ce '

Where, C. demonstrates the concentration (mg L!) of adsorbate at equilibrium; ge denotes the
amount of contaminant adsorbed (mg g!) onto the adsorbent at equilibrium; Q, refers to the
maximum monolayer capacity or Langmuir capacity (mg g'); Kr (L mg™) indicates the Langmuir
isotherm constant. After the Langmuir plot between 1/qe vs. 1/Ce, the values of gma and K are
determined from the slope and intercept. The dimensionless constant, which is a necessary
characteristic of the Langmuir isotherm and expressed as equilibrium parameter (Ryr), is calculated

from the following equation:

1
1+ (1+KLCp)

R, (4.22)

Where, Co indicates the adsorbate initial concentration; K; represents the constant highlighting the
energy of adsorption. The value of R. explains the nature of adsorption. Its value > 1 and 0 <Rr<1
demonstrate the adsorption process to be unfavourable and favourable, respectively. However, the

Rr value equal to 1 represents the adsorption process as irreversible [281].

4.3.7.3 Tempkin adsorption isotherm

In this model, it has been assumed that a linear decrease in the heat of adsorption occurs as
the adsorbate occupies the surface of adsorbent [282]. It is applicable to all the molecules present in
aqueous solution. Further, this adsorption of molecules has been characterized through uniform

distribution of binding energy. This isotherm is described by the following equation:

RT

RT
qe: bloglKT+_

- 10gC, (4.23)

77



Where, K7 denotes the equilibrium binding constant (L mol!), which corresponds to the maximum
binding energy; R represents the gas constant (8.314 J K''mol™); b denotes the heat of adsorption
and T is the temperature (K). The straight line plot between g. vs. loga(C.) gives slope and intercept
as RT/b and (RT In KT)/b respectively.

4.3.7.4 Dubinin-Radushkevich adsorption isotherm

Generally, this model is applicable in exploring the adsorption mechanism onto the
heterogeneous surface of adsorbents [283]. It describes the Gaussian energy distribution of adsorbate
in adsorption process. However, this model has been reported to fit often for high solute as well as

intermediate range of concentrations. This isotherm is described by the equation mentioned below:

qe = (q5) exp(—Kqq €%) (4.24)

The linearized form of the above equation is given as:

logqe =10g,(qs) — (Kaq €%) (4.25)

Where, g. demonstrates the amount (mg g!) of contaminant onto adsorbent; gs refers to the
theoretical value of saturation capacity of contaminant; K.q¢ demonstrates the isotherm constant of
the model (Dubinin-Radushkevich); “e” indicates the polyani potential. This approach usually
distinguishes the adsorption behaviour as physisorption and chemisorption. Therefore, the apparent

energy (E) for the adsorption process is calculated as mentioned in the equation below:

1
E= 4.26
l B (4.26)

The value of polyani potential has been calculated by applying the following equation:
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1
e =RT Ln [1 + —] (4.27)
Ce

Where, R is representing the gas constant (8.314 J K! mol™); T is the temperature (K) and C.
demonstrates the concentration (mg L!) of adsorbate at equilibrium. The slope and intercept of the

linear plot between log ge vs 2 (polyani potential) determine the value of Bpr and K4, respectively.

4.4 Results and discussion

4.4.1 Response surface modelling and ANOVA analysis

A number of experiments have been performed to evaluate the removal capacity under the
effect of various variables in specific operational ranges viz. pH (4-10), temperature (10-30 “C),
dose concentration (0.25-0.45 g L") and contact time (2-314 min). The details of these experiments
have been summarized in Table 4.2.

Linear, interactive and quadratic models have further been fitted to the experimental data and
ANOVA (Analysis of variance)used to analyse the outcomes from RSM and experimental response

models [284] in order to arrive at the optimal values of operating variables.

4.4.2 Optimization of arsenic removal

In order to optimize the operational variables (pH, temperature and time of mixing),
experiments had been designed by varying these parameters for both BIO and BIO-DW
nanosystems. The graphical representation of the data and analysis from RSM have been compared
in the form of RS plots to understand the effects of different process parameters on As¥ removal.
The comparative RSM plots as a function of different variables for both BIO NPs and BIO-DW

nanohybrids are shown in Figures (a-f) and Figures (a’-f").
4.4.2.1 Effect of process variables

The effects of variables have been discussed below on the basis of interpreting the response

surface plots:
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BIO nanoparticles

An examination of Figure a shows that a variation in pH from 5.5 to 8.5 by keeping rest of
the conditions identical, i.e. dose (0.35 g L") and contact time (158 min), results in a decrease in the
extend of adsorption of AsV. This trend is observed for the examined temperature range (10-30 °C).
However, this decrease in the removal capacity is slightly higher at 25 °C. In the graph shown in
Fig. b, a variation in the dose from 0.25-0.45 g L' exhibits the maximum adsorption for the
adsorbent amount of 0.36 g L'! at a temperature of 20 °C and contact time of 158 min. Further, a
variation in the contact time from 2-314 min at a temperature of 20 °C and dose 0f 0.35 g L-! indicates
the minimum and maximum removal capacity at about 80 min and 238 min, respectively (Fig. c¢).

In Fig. d, it is observed that a decrease in dose concentration (g L) from 0.40 to 0.30
enhances the removal capacity in the whole range of studied temperature (10-30 °C). However, the
removal capacity is found to be slightly higher at a lower dose of 0.30 g L"!. In another plot (Fig. €),
the simultaneous variation of time and temperature at a pH 7 and adsorbent dose 0f0.35 g L', shows
less adsorption capability at a lower temperature and high contact time. The highest capacity is
obtained at a temperature and time 25 °C and 236 min, respectively. Similar patterns i.e. the
maximum adsorption for low adsorbent dose and time of mixing at 236 min have been observed by
simultaneously varying time and dose while keeping pH and temperature constant to those

concluded other observations (Fig. f).

BIO-DW nanoparticles

All the observations are quite similar to those analyzed for BIO NPs except for the variation
in pH and time in BIO-DW nanohybrids. The removal capacity at pH increases from 5.5-8.5 at 25
°C. High removal capacity is observed at the lower temperatures as compared to BIO NPs, whereas,
at higher temperatures, the trend is quite similar to that BIO NPs. Moreover, these variations are
sharper as compared to those observed for BIO NPs.

These observations clearly suggest that BIO NPs provide additional adsorption sites, which
enhance the adsorption capacity at high temperature and pH conditions. Apparently, the functional
groups available on the surface undergo increase in covalent interactions with the AsV oxyanions
involving groups such as -NHz, -OH, —C=0 and N=N, alkene and alkynes to a certain extent
[285][286], [287].
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4.4.2.2 Statistical analysis and fitting of second-order polynomial equation

ANOVA results of As¥ removal for BIO NPs and BIO-DW nanohybrids are given in Table
4.3 and 4.4 respectively. Based on ANOVA, all the variables appear to demonstrate second-order
effects, yielding a quadratic model for AsY removal for both BIO and BIO-DW nanosystems. Values
of “Prob > F” less than 0.0001 indicated the model display high statistical significance. The large P-
value (> 0.05) suggests lack of fit indicating that the F-statistics was insignificant for both the
nanoparticles. These observations imply that there is a significant model correlation between
experimental variables and response.

For BIO nanoparticles, ANOVA response for As¥ removal obtained from response surface
quadratic model (Table 4.3) shows that model term A, C and D are highly significant, whereas, BC
and BD are significant terms. A high value of R? of 0.9800 (98 %) confirms a satisfactory fit of the
quadratic model to experimental data. The quadratic equation in terms of the coded factors for

response on AsY removal of BIO NPs is as follows:

AsY Rempval g
=12.13 — 1.09(A,) + 0.09(A;) — 0.96(A3) + 0.44(A,)
+0. (&) 40. 2 (B) + 0.3230A+0. 18(3) — 0. 2(A4A,) (4.28)

+0. B(AAs) +0. @(AA,) — 0. B(AA;) +0. 12 (M,)
— 0.11(A3A,)

For BIO-DW nanohybrids, the model terms A, C, D and B? are highly significant, whereas,
B, AB, CD, A? and C? are significant terms (Table 4.4). A value of R? of 0.9715 (97.15 %), being
close to unity, represents excellent fit. The quadratic equation in terms of the coded factors for

response on AsY removal of BIO-DW nanoparticles is given below:

ASV Renoval BI O-DW
= 18.55 — 1.14(A;) + 0.40(A5) — 1.93(A3) + 0.75(A,)

+0. D(A) 40. 6(A8) + 0.5(A&) —0.17(A +0. 76(M,) (4.29)
— 0. B(AA;) — 0. 07(AA,) +0. 0B(AA;) +0. 08(AA,)

— 0.11(A5A,)

Where, A, B, C and D are representing the process variables such as pH, temperature (“C),

nanoadsorbent dose (g L") and contact time (min), respectively.
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Table 4.2. Experimental inputs and response of BIO NPs and BIO-DW nanohybrids at As" concentration 4
mg L' and 250 rpm.

Factor Removal capacity (mg g !-Fe)
Runs Al A As As BIO BIO-DW
1. 5.5 25 0.40 236 13.95 19.57
2. 10.0 20 0.35 158 11.39 17.01
3. 5.5 15 0.40 236 13.11 20.22
4. 8.5 25 0.40 236 11.43 18.34
5. 7.0 20 0.35 158 11.98 18.67
6. 8.5 15 0.30 80 12.84 19.31
7. 5.5 25 0.30 80 15.05 21.80
8. 5.5 15 0.40 80 12.62 19.33
9. 7.0 10 0.35 158 13.98 19.93
10. 5.5 25 0.40 80 13.28 18.65
11. 7.0 20 0.35 314 12.56 19.12
12. 8.5 25 0.40 80 10.87 18.11
13. 5.5 25 0.30 236 16.02 23.14
14. 8.5 15 0.40 80 11.51 15.82
15. 4.0 20 0.35 158 16.50 23.41
16. 7.0 20 0.35 158 11.88 18.64
17. 7.0 20 0.35 2 10.16 15.93
18. 7.0 20 0.35 158 12.65 17.91
19. 7.0 20 0.35 158 12.13 18.62
20. 7.0 20 0.35 158 12.21 18.93
21. 8.5 25 0.30 236 13.91 24.14
22. 7.0 20 0.45 158 11.32 16.85
23. 7.0 20 0.35 158 11.92 18.53
24. 8.5 15 0.30 236 13.47 21.55
25. 7.0 20 0.25 158 15.39 24.17
26. 5.5 15 0.30 236 15.25 24.73
27. 5.5 15 0.30 80 14.74 21.98
28. 8.5 25 0.30 80 12.24 21.38
29. 7.0 30 0.35 158 14.37 21.74
30. 8.5 15 0.40 236 11.86 16.21
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Figure 4.1. Response surface plots showing the effect of different input variables on removal capabilities of As" using BIO NPs (a-c) and BIO-DW

(a’-c’) nanohybrids.
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Figure 4.2. Response surface plots showing the effect of different input variables on removal capabilities of As" using BIO NPs (a-c) and BIO-DW
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Table 4.3. ANOVA for Response surface quadratic model for As" removal using BIO NPs.

ielfi(;nse Sscllllrlzr(; Sl\c/f 3:?6 F-value P>F Remark
Model 72.66 14 5.19 52.38 <0.0001 Highly significant
A-pH 28.41 1 28.41 286.68 <0.0001 Highly significant
B- Temperature 0.19 1 0.19 1.91 0.1336

C- Dose 22.10 1 22.10 223.03 < 0.0001 Highly significant
D- Contact time 4.73 1 4.73 47.70 < 0.0001 -do-

AB 0.91 1 0.91 9.16 <0.0001 -do-

AC 0.11 1 0.11 1.08 < 0.0001 -do-

AD 0.020 1 0.020 0.20 <0.0001 -do-

BC 0.015 1 0.015 0.15 0.0118 Significant
BD 0.22 1 0.22 2.25 0.0034 Significant
CD 0.18 1 0.18 1.84 0.2508

A? 5.87 1 5.87 59.24 0.6108

B? 7.42 | 7.42 74.88 0.6614

Cc? 2.72 1 2.72 27.49 0.1053

D? 0.93 1 0.93 9.34 0.1397

Residual 1.49 15 0.099

Lack of fit 1.08 10 0.11 1.33 0.3963 Not Significant
Pure error 0.41 5 0.081

Cor. total 74.15 29
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Table 4.4. ANOVA for Response surface quadratic model for As" removal using BIO-DW nanohybrids.

i{()eusrrz: (;nse zlcllﬁla:ef Sl\é[ SZ?C F-value P>F Remarks
Model 176.68 14 12.62 37.75 <0.0001 Highly significant
A-pH 31.19 1 31.19 85.89 <0.0001  Highly significant
B- Temperature 3.84 1 3.84 10.57 0.0054 Significant

C- Dose 89.78 1 89.78 247.24 <0.0001 Highly significant
D- Contact time 13.35 1 13.35 36.76 <0.0001 Highly significant
AB 9.27 1 9.27 25.53 0.0001 Significant
AC 1.01 1 1.01 2.78 0.1161

AD 0.005 1 0.005 0.013 0.9091

BC 0.003 1 0.003 0.007 0.9350

BD 0.065 1 0.065 0.18 0.6782

CD 2.77 1 2.77 7.63 0.0145 Significant

A? 6.80 1 6.80 18.73 0.0006 Significant

B? 11.74 1 11.74 32.32 <0.0001  Highly significant
C? 9.0 1 9.0 24.79 0.0002 Significant

D? 0.82 1 0.82 2.27 0.1527

Residual 5.45 15 0.36

Lack of fit 4.87 10 0.49 4.18 0.0639 Not Significant
Pure error 0.58 5 0.12

Cor. total 182.13 29
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Figure 4.3. Correlation of actual and predicted values of As" removal capacity for BIO NPs (R 0.9800) and
BIO-DW nanohybrids (R 0.9701).
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4.4.2.3 Multiple response optimization

In the numerical optimization, a desired value of experimental inputs has been provided for
each variable. The experimental variables have been optimized for the contact time by maximizing
the removal capacity of As" for the groundwater conditions representing the real world (i.e. pH 7.0
and Temperature 15 °C) and minimizing the requirement of dose concentration (0.25 g L") for both
BIO NPs and BIO-DW nanohybrids. The results in Figure 4.4 and 4.5 illustrate the ranges of the
variables obtained from the model (their exact values are shown by the circles) for both BIO NPs
and BIO-DW nanohybrids, respectively. The lower horizontal lines depict the optimized values for
contact time and their respective removal capacity.

At desirability 0.983, the optimized value of contact time has been predicted to be 272 min
to achieve the maximum removal capacity (16.1 mg g' —Fe) of AsY using BIO NPs. Similarly, at
desirability 0.983, the optimized value of contact time has been predicted to be 151 min to achieve
the maximum removal capacity (24.83 mg g!' —Fe) of AsY using BIO-DW nanohybrids. Thus, for
BIO-DW nanohybrids, an increase in the extend of AsY removal efficiency together with a decrease
in the contact time depicts their strong and quick affinity towards the arsenic oxyanions as compared

to those of BIO NPs.

7.00 15.00

7 0.2
/// ‘“\,\‘\\‘ ‘R“ﬁxq“ﬂ\\x T\_EE 0 45
~ ~ - T

5.50 8.50 15.00 25.00 0.30 0.40
A=pH-7 B =Temperature — 15 °C C=Dose—-0.25g L!
Desirability= 0.983 Desirability= 0.983 Desirability= 0.983
2.00 14.0 i

i A ’//f"

80.00 236.00 10.2 16.5
D = Contact time — 272 min. Removal capacity (mg g '-Fe) — 16.1
Desirability= 0.983 Desirability= 0.983

Figure 4.4. Optimization process representing the predicted values and desirability function for the removal
capacity of As" using BIO NPs.
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Figure 4.5. Optimization process representing the predicted values and desirability function for the removal
capacity of As" using BIO-DW nanohybrids.

Further, the model prediction has been validated by conducting the confirmation experiments
and demonstrating the results at desired optimal conditions for both BIO NPs and BIO-DW
nanohybrids. Three runs have been performed for each of optimal conditions using as-synthesized
nanoparticles. In these experiments, the average value of the As¥ removal capacity (mg g'-Fe) has
been determined to be 15.2 = 0.35 and 22.9 £ 1.04 for BIO NPs and BIO-DW nanohybrids,
respectively. The outcomes are in significant agreement with the predicted response. Less than 7 %

error for each response demonstrates the reliability of the optimization process using CCD.

4.4.3 Analysis of As¥ removal employing different kinetic models

The behaviour of AsY removal for both of as-synthesized nanomaterials have been explored
by fitting the adsorption data into different kinetic models. For this, AsV (4 mg L") removal has
been studied by varying the amount of adsorbent dose ranging from 0.15 — 0.45 g L' at the shaking
speed of 250 rpm. For the optimized contact time for BIO NPs and BIO-DW nanohybrids, the kinetic
data for the removal of AsY has been recorded at various time intervals (Figure 4.6 to 4.8). These

data have been fitted in different kinetic models and are discussed below:
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First-order-kinetic model

For first-order-kinetics, the results have indicated that the g (calculated) values are not in
good agreement with the g (experimental) values for all the dose concentrations of BIO NPs and
BIO-DW nanohybrids (Table 4.5), and exhibited poor correlation at lower dose values (< 0.40 g L-
1. Relatively better correlation (> 0.95) has been observed at higher dose concentrations (0.40 and
0.45 g L") for BIO NPs only. It indicates that the adsorption on BIO NPs follows first-order-kinetic
model for the dose beyond 0.35 g L', which would have occurred due the greater degree of freedom
(DoF) for AsV distribution onto. the surface of adsorbent [288][289]. However, no such trend is
observed for BIO-DW nanohybrids which might be due the presence of different types of surface

functionalities available on their surface. The graphical representation is showed in the Figure 4.6

below:
—— Dose-0.15gL" 1 —— Dose-0.15g L"
—®— Dose-0.20 gL —@— Dose-020g L"
0.8+ —A— Dose- 0.25g L 0.8 —&— Dose-0.25g L"
—¥— Dose-0.30 gL —¥— Dose-0.30 g L"
—<— Dose-0.35gL" —<4— Dose-0.35g "
0.4 ~—» Dose- 040 g L 0.4 ~—»— Dose-0.40g L
—<— Dose-0.45g L —4@— Dose-0.45g "
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$ o
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Figure 4.6. Graphical representation of First-order kinetic for As" adsorption onto (a) BIO NPs. and (b) BIO-
DW nanohybrids.

Second-order-kinetic-model

The results obtained after fitting the second-order Lagergren’s model to the adsorption data
are presented in Figure 4.6 and 4.7, and the different kinetic parameters obtained are summarized in
Table 4.5. The theoretical value of removal capacity q. (calculated) matches fairly well with the qe
(experimental) values for both BIO NPs and BIO-DW nanohybrids, suggesting that the second order
Lagergren’s model is significantly followed. It shows a very good correlation (> 0.99) for AsY

adsorption in the entire range of the adsorbent dose investigated. This analysis reveals that the As¥
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removal depends on the number of active sites present on these nanosystems, which primarily occurs

through chemisorption [104], [290], [291].

——Dose-0.15g L | —®—Dose-0.15g L"
25-] —®—Dose-0.20gL" 9.0 { —@—Dose-0.20g L
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—¥—Dose-030g L —¥— Dose-0.30 g L
20| —4 Dose-035gL" - 751 4 Dose-035gL"

—»— Dose-0.40g L g 4P Dose-0.40 g L"
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Figure 4.7. Graphical representation of Pseudo-second-order kinetic for As" adsorption onto (a) BIO NPs.
and (b) BIO-DW nanohybrids.

Intra-particle-diffusion model

The fitting of the above model on the adsorption data has exhibited fairly good correlation
for both BIO NPs and BIO-DW nanohybrids (Figure 4.8 and Table 4.5). The applicability of the
intra-particle diffusion model implies that the adsorption process of the AsY onto both BIO NPs and
BIO-DW nanohybrids follows a complex process involving both boundary layer and intra-particle
diffusion [292][293]. The graphical representation is showed in the Figure 4.8.

For BIO NPs, the constant C is found to increase from 17.667 to 32.434 with an increase in
the adsorbent dose from 0.15-0.45 g L', Similarly, the value of C is found to increase from 15.412
to 34.403 for BIO-DW nanohybrids. A change in C value has been attributed to an increase in the
thickness of the boundary layer which decreases the possibility of external mass transfer and
subsequently prominently increases the amount of internal mass transfer. Whereas, relatively larger
C values for both of these nanosystems indicate the greater effect of the boundary layer. Fairly high
values of R? may confirm that the rate-limiting step is the intra-particle diffusion process for both of

as-synthesized nanosystems [294].
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Figure 4.8. Graphical representation of Intra-particle-diffusion kinetic for As" adsorption onto (a) BIO NPs.
and (b) BIO-DW nanohybrids.

Elovich-kinetic-model

A fairly good correlation of this model has been observed for both as-synthesized
nanosystems (Figure 4.8). However, the fit is found to be a little better for BIO NPs (R?- 0.88 to
0.99) as compared to BIO-DW nanohybrids (R?- 0.89 to 0.96). The adsorption data following
Elovich equation with a fairly high value of R? suggests heterogeneity in both the systems [292],
which possibly arises due to the singlet (= FeOH) and triplet (= Fe30) coordinated sites [274],
[295]. The presence of organic moieties in BIO-DW nanohybrids could also have contributed to the
heterogeneous adsorption of AsY for this nanosystem. This aspect has been further explored in the

next chapter.
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Figure 4.9. Graphical representation of Elovich model for As" adsorption onto (a) BIO NPs. and (b) BIO-
DW nanohybrids.
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Table 4.5. Kinetic parameters obtained during the removal of As" by as-synthesized BIO NPs and BIO-DW nanohybrids under different experimental
conditions.

Model 1¥-Order-kinetics 2"d_Order-kinetics Intraparticle diffusion Elovich

Parameter (Ig)(])j_?) K (CZI‘:) R? K (L:];) R K aigr C R B a R? e exp.)
0.15 0.0051 10.60  0.80 0.0017 2294 099 1.933 24713 095 2573 6.436 0.88 21.35
0.20 0.0042  8.39 0.92 0.0023  19.31 1.00 2.029 21333 099 2,613  3.672 0.95 18.75
0.25 0.0055 10.70  0.81 0.0017 18.69  0.99 1993 17.667 0.97 2.626  2.066 0.95 17.08

BIO 0.30 0.0063 ~ 9.36 0.93 0.0027 17.18 1.00 2409 22335 099 2246  3.282 0.99 15.88
0.35 0.0076  10.74  0.88 0.0026 15.36 1.00 2.579 20.798 0.98 2.086  2.523 0.99 14.14
0.40 0.0051  5.36 0.96 0.0035 13.72 1.00 3.285 26455 0.99 1.536  4.160 0.97 12.88
0.45 0.0069  5.68 0.95 0.0048 11.95 1.00 4277 32434 0098 1.260  4.259 0.99 11.25
0.15 0.0099 13.51 0.85 0.0028  32.89 1.00 1.179 24398 0.98 3.280 14.190 0.93 31.05
0.20 0.0103  9.94 0.78 0.0053 28.74 1.00 1.653 34403 0.98 2342 16.174 0.94 28.18
0.25 0.0110 1096 0091 0.0038  27.47 1.00 1.470 26328 0.95 2.568 12975 0.91 25.99

BIO-DW 0.30 0.0114 13.87 0.88 0.0056 2280  0.99 1.942 15412 0.93 3.110  7.095 0.89 24.81
0.35 0.0073  6.32 0.88 0.0038  21.19 1.00 1.520 18224 097 2.585  6.778 0.97 19.54
0.40 0.0126  9.78 0.87 0.0051  19.37 1.00 1.940 23777 0.99 1.906  8.621 0.95 18.26
0.45 0.0060  5.86 0.92 0.0042  18.05 0.99 7.878 19.462  0.96 2.023 6.4413 0.92 17.10
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4.44 Isotherm modeling using Langmuir, Freundlich, Tempkin and Dubinin-
Radushkevich adsorption models

In the present work, the As" adsorption has been studied in the concentration range of 5-125
mg L! employing both the BIO NPs and BIO-DW nanohybrids in the dose range of 0.30 and 0.40
g L. These experiments have been performed at temperature and shaking speed of 15 °C and 250
rpm, respectively. All the samples have been allowed to react for 272 min and 151 min for BIO and
BIO-DW nanohybrids, respectively. The observed adsorption isotherm and their respective data are
presented in Table 4.6 to 4.8. The graphical representation of these isotherm models are shown in
Figures 4.10 to 4.18. The obtained value of removal capacity (mg g'-Fe) against the different

concentration of AsY for both of these nanosystems are plotted and shown in Figure 4.10.
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Figure 4.10. Plots of adsorption isotherms; (I) BIO NPs and (II) BIO-DW nanohybrids at dose concentration
0f 0.30 g L' (a-a’) and 0.40 g L' (b-b").

Freundlich

Figure 4.11 and 4.12 show the plots obtained after fitting the Freundlich model to the
adsorption data. The poor correlation coefficient has been observed for both of BIO and BIO-DW
nanosystems, indicating the lower efficiency of model in explaining the adsorption behaviour. A
fairly good correlation for BIO-DW nanohybrids is demonstrating that the adsorption process
involves the heterogeneous surface. This statement has also justified the outcomes which are
observed previously. The value of constant 1/n has been found less than 1 for both of these
nanosystems, indicating the uniform adsorption behaviour onto their surfaces. However, this

adsorption data is fitted to Langmuir model further.
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Figure 4.11. Graphical representation of Freundlich adsorption isotherms of As" removal onto (a) BIO and
(a’) BIO-DW nanoparticles (Adsorbent dose- 0.30 g L™).
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Figure 4.12. Graphical representation of Freundlich adsorption isotherms of As" removal onto (a) BIO NPs
and (a’) BIO-DW nanohybrids (Adsorbent dose- 0.40 g L™).

Langmuir
Figure 4.13 and 4.14 show the graphical representation of Langmuir model fitted to the

adsorption data. A significant correlation with coefficient values in the range of 0.9972-0.9984 and
0.9922-0.9927 has been observed for both BIO and BIO-DW nanosystems, respectively. The value
of Rr has been found to vary from 0.034 to 0.371 for BIO NPs and 0.054 to 0.393 for BIO

nanohybrids. It implies the adsorption process to be favourable for both of these nanosystems. The
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Figure 4.3. Graphical representation of Langmuir adsorption isotherms of As" removal onto (a) BIO and (a’)
BIO-DW nanoparticles (Adsorbent dose- 0.30 g L™).
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Figure 4.4. Graphical representation of Langmuir adsorption isotherms of As" removal onto (b) BIO and (b’)
BIO-DW nanoparticles (Adsorbent dose- 0.40 g L™).

The results show the applicability of Langmuir model for interpreting the experimental data

over all the concentration range investigated. The obtained Ry values for AsY removal, which are

observed between 0.052 and 0.393, suggest favourable adsorption of the target contaminant onto the

as-synthesized BIO and BIO-DW nanosystems.
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Tempkin

The values of correlation coefficients (R?) obtained from the model are comparable to those
obtained from the Langmuir and Freundlich isotherm equations. It explains the applicability of the
Temkin model to the adsorption of As" onto the BIO and BIO-DW nanoparticles (Figure 4.15 and
4.16). The R? values with the range of 0.9660-0.9881 and 0.9732-0.9896 have been observed for
BIO and BIO-DW nanoparticles, respectively.
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Figure 4.5. Graphical representation of Tempkin adsorption isotherms of As" removal onto (a) BIO and (a’)
BIO-DW nanoparticles (Adsorbent dose- 0.30 g L™).
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Figure 4.6. Graphical representation of Tempkin adsorption isotherms of As" removal onto (a) BIO and (a’)
BIO-DW nanoparticles (Adsorbent dose- 0.40 g L™).
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The values of constant B (heat of sorption) in the range of 18.036-23.972 KJ mol! and
25.544-30.775 for BIO and BIO-DW nanoparticles respectively indicates the potential of physical
adsorption process. An increase (%) in the heat of sorption in the range 0f 29.39-22.11 for BIO-DW
nanoparticles has been observed, indicating that the developed functionalized nanostructures of
maghemite strongly favour the physical adsorption in comparison to that of BIO NPs.

The values of the Temkin constants (B, J mol™) and correlation coefficients (R?) are lower
than the Langmuir values. The Temkin isotherm represents a significant fit than the Freundlich
isotherm to the experimental data. However, the Langmuir isotherm provides the best fit with the
experimental data for both BIO and BIO-DW nanosystems. Therefore, it appears justified that the
occurrence of more abundant adsorption of the AsY onto developed nanoparticles takes place

through a monolayer sorption on a surface which is homogenous in sorption affinity.

Dubinin-Radushkevich

To calculate the mean free energy values of sorption, Dubinin-Radushkevich (D-R) isotherm
model has been applied on the adsorption data. The lower R? values of 0.8549-0.8890 and 0.7910-
0.8698 have been observed over the whole range of adsorbent dose (0.30-0.40 g L) for BIO and
BI-DW nanoparticles respectively. It indicates the non-suitability of the model.

Further, the values of free energy E (KJ mol™!) of sorption estimates the behaviour of
adsorption process for AsY onto the nanoparticles. Its value >400 KJ mol! for both of as-synthesized
BIO NPs and BIO-DW nanohybrids indicates that the adsorption is probably chemically controlled

onto their surfaces.
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Figure 4.17. Graphical representation of Dubinin-Radushkevich adsorption isotherms of As" removal onto
(a) BIO and (a") BIO-DW nanoparticles (Adsorbent dose- 0.30 g L™).

98



+—BI0 y=-5.0 E-7x +4.4619 |——BIO-DW y=-6.374 E-7 x +4.567
5.0 R-Square = 0.8549 5.0+ R-Square = 0.8658
4.5
4.5
| 2 4.0 |
<4
& 4.0+ =
= e
g =
3 3.5
3.5
1 3.0
3.0
] 2.5
b
2.5 T T T T (P) T T - T T T T T T ( T ) T T T T T
0.0 750.0k 1L5M 23M 3.0M 0.0 700.0k 1.4M 2.1IM 2.8M 3.5M
Epsilon Epsilon

Figure 4.18. Graphical representation of Dubinin-Radushkevich adsorption isotherms of As¥ removal onto
(a) BIO and (a’) BIO-DW nanoparticles (Adsorbent dose- 0.40 g L™).
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Table 4.6. Parameters for plotting Langmuir, Freundlich, Tempkin and Dubinin-Radushkevich adsorption isotherms of As removal onto BIO
nanoparticles (Dose- 0.30 g L") and (Dose- 0.40 g L™).

Sl. No. Co Ce 1/ Ce. Log C.  Logu Ce Qe 1/Qe  LogQe LognQ.  Ce/Qe &
1. 5 1.7 0.889 0.051 0.118 18.1 0.055 1.257 2.894 0.062 1.90 x 10°
2. 10 2.1 0.482 0.317 0.730 37.2 0.027 1.570 3.616 0.056 9.49 x 10°
3. 15 4.0 0.252 0.599 1.380 51.7 0.019 1.714 3.946 0.077 3.01x10°
4, 25 9.9 0.101 0.995 2.290 73.0 0.014 1.863 4.289 0.135 5.71 x 10*
5. 55 34.7 0.029 1.540 3.545 98.5 0.010 1.993 4.589 0.352 497 x 10°
6. 75 49.7 0.020 1.696 3.906 117.5  0.009 2.070 4.766 0.423 244 x 103
7. 100 73.4 0.014 1.865 4.295 119.2  0.008 2.076 4.781 0.615 1.13x 10°
8. 125 99.1 0.010 1.996 4.596 121.6  0.008 2.085 4.801 0.815 6.19 x 10?

Table 4.7. Parameters for plotting Langmuir, Freundlich, Tempkin and Dubinin-Radushkevich adsorption isotherms of As" removal onto BIO
nanoparticles (Dose- 0.40 g L™).

Sl. No. Co Ce 1/ Ce Log C.  Logn Ce Qe 1/Q. LogQe LognQe  Ce/Qe &
1. 5 1.7 0.989 0.005 0.011 13.7 0.073 1.136 2.615 0.074 2.90 x 10°
2. 10 1.1 0.939 0.027 0.063 32.5 0.031 1.511 3.479 0.033 2.69 x 10°
3. 15 2.5 0.404 0.394 0.906 45.2 0.022 1.655 3.811 0.055 7.10 x 10°
4, 25 7.4 0.136 0.868 1.998 61.4 0.016 1.788 4,118 0.120 9.93 x 10*
5. 55 29.7 0.034 1.473 3.391 88.4 0.011 1.947 4.482 0.336 6.73 x 103
6. 75 46.3 0.022 1.665 3.834 98.3 0.010 1.993 4.588 0.470 2.81x10°
7. 100 71.6 0.014 1.855 4.270 100.8  0.010 2.003 4.613 0.710 1.18x 10°
8. 125 96.6 0.010 1.985 4.571 101.5 ~ 0.010 2.007 4.620 0.951 6.52 x 107
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Table 4.8. Parameters for plotting Langmuir, Freundlich, Tempkin and Dubinin-Radushkevich adsorption isotherms of As" removal onto BIO-DW
nanoparticles (Dose- 0.30 g L") and (Dose- 0.40 g L™).

SI. No. Co Ce 1/ Ce Log C.  Log, C. O 1/Qe  LogQ. LognQ.  Ce/Qe &
1. 5 1.3 0.994 0.003 0.006 18.621  0.054 1.270 2.924 0.054 2.92x 108
2. 10 1.9 0.535 0.272 0.626 38.147  0.026 1.581 3.641 0.049 1.23 x 106
3. 15 3.6 0.275 0.561 1.291 53.326  0.019 1.727 3.976 0.068 3.63x 10°
4. 25 9.3 0.108 0.967 2.227 75.821  0.013 1.880 4.328 0.122 6.44 x 10*
5. 55 30.6 0.033 1.486 3.421 118.037 0.008 2.072 4.771 0.259 6.35x 10°
6. 75 46.6 0.021 1.668 3.842 131.904 0.008 2.120 4.882 0.353 2.77x 103
7. 100 65.8 0.015 1.818 4.187 153.026  0.007 2.185 5.031 0.430 1.40 x 103
8. 125 92.1 0.011 1.964 4.522 154.406  0.006 2.189 5.040 0.596 7.17 x 10?

Table 4.9. Parameters for plotting Langmuir, Freundlich, Tempkin and Dubinin-Radushkevich adsorption isotherms of As" removal onto BIO-DW
nanohybrids (Dose- 0.40 g L™).

SI. No. Co Ce 1/C. Log C.  Logu Ce Q. 1/Q. LogQ. LognQ.  Ce/Qe &
1. 5 1.1 1.073 0.042 0.095 14.359  0.070 1.157 2.664 0.065 3.26 x 10°
2. 10 1.6 0.623 0.205 0.473 30.681 0.033 1.487 3.424 0.052 1.44 x 10°
3. 15 2.5 0.404 0.394 0.906 45.301 0.022 1.656 3.813 0.055 7.07 x 10°
4, 25 7.4 0.136 0.868 1.998 62.863  0.016 1.798 4.141 0.117 9.93 x 10*
5. 55 28.6 0.035 1.456 3.352 92.671 0.011 1.967 4.529 0.308 7.28 x 103
6. 75 41.1 0.024 1.613 3.715 118.977 0.008 2.075 4.779 0.345 3.56x 103
7. 100 65.1 0.015 1.813 4.175 124.991 = 0.008 2.097 4.828 0.520 1.43x 103
8. 125 89.6 0.011 1.952 4.495 126.687 0.008 2.103 4.842 0.707 7.57 x 10?
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Table 4.10. Isotherm constant parameters and correlation coefficients calculated for the adsorption of As¥
onto BIO and BIO-DW nanoparticles.

BIO NPs BIO-DW nanohybrids
Isotherms Parameters 0.30 gL' 0.40 gL' 0.30 g L! 0.40 g L!
Freundlich n 2.59 2.89 2.32 2.92
1/n 0.387 0.346 0.431 0.343
Kr(mg g'-Fe) 24.37 24.96 25.53 30.00
R’ 0.89 0.83 0.95 0.97
Langmuir Omax. (mg g 129.87 106.38 166.67 136.99
Ki (L mg') 0.139 0.216 0.109 0.132
Rt 0.052-0.371 0.034-0.325 0.064-0.393 0.054-0.376
R’ 1.00 1.00 0.99 0.99
Tempkin B (Jmol”) 23.972 18.036 30.775 24.544
br 99.88 132.76 77.80 97.56
Kr (L mg') 1.994 3.96 1.662 2.169
R’ 0.99 0.97 0.99 0.97
DR-Model Qs (mg g'!'-Fe) 98.79 86.66 109.54 96.25
Kaa (mol’ KJ?) 1.0x 10 5x 107 7 x 107 6x 107
E (KJ mol) 7.0 x 10? 1.0x 103 8.4 x 10? 9.1 x 10?
R’ 0.89 0.86 0.79 0.87

4.5 Leaching test for the determination of secondary pollution

Figure 4.19 demonstrates the possibility of leaching of iron into the treated aqueous solution
during the removal process of AsY. For both BIO NPs and BIO-DW nanohybrids, several
experiments have been performed for the pH and As" concentration range of 7-9 and 5-125 mg L,
respectively. All the samples were filtered through Whatman™ 42 cellulose, prior to the analysis of
iron. Increase in the concentration of arsenic leads to an increase in the addition of iron in the
aqueous solution. This can understand by an interaction of the organic functionalities bound to iron
start interacting with As¥. Thereby, causing the leaching of iron'! from BIO-DW nanohybrids.

At high concentration of AsV, it possibly starts interacting with the ligand/template through its
functionalities, removing iron from the functional groups attached from the industry waste.

Moreover, these examinations reveal that both the as-synthesized nanosystems have significant
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potential in AsY removal for the groundwater representing real world conditions without causing

any appreciable leaching of iron.
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Figure 4.19. Graphical representation showing the possibility of secondary pollution occurring at higher pH
through leaching of Fe*"ions during As" removal (a) BIO NPs and (b) BIO-DW nanohybrids.
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Chapter 5

Multi-variate statistical design for arsenic
removal: Taguchi’s design of experimental
methodology

5.1 Chapter abstract

The present chapter investigates the AsY removal capabilities of as-synthesized BIO NPs and
BIO-DW nanohybrids under the conditions representing the real world. Artificial water has been
formulated representing the elemental concentrations equivalent to that of groundwater samples
collected from the district Ballia, Uttar-Pradesh, India. The arsenic concentration in the samples has
been found to be beyond the standard limit of drinking water as suggested WHO (> 10 ug L1).

This study utilizes a computational analysis involving the formulation array and square matrix
for the synthesis of artificial water for batch studies. A Taguchi’s L»7 (3'3) orthogonal array has been
used for the design of experiments. For the optimisation of removal capacity, the following range of
parameters have been explored: AsY concentration (55 - 200 pg L), TDS (436 - 1591 mg L),
shaking speed (100 - 240 rpm), temperature (10 - 30 °C), pH (7 - 9), dose (0.05 - 0.15 g L") and
contact time (2 - 104 min). A geochemical code using Visual MINTEQ has been employed to
examine the behaviour of AsY removal as a function pH using charge distribution multisite
complexation (CD-MUSIC) and 2pK-Three plane model (TPM) models. Then, the ANN model has
been trained to evaluate the Taguchi’s response using MATLAB neural network tool.

A significant agreement between the actual groundwater and artificial formulated water (AFW)
with the correlation coefficient (R%) > 0.99 has been observed. At the optimized conditions, the
adsorption capacity (ug g'-Fe) has been found to be 4.8 and 7.0, respectively. This low value of
adsorption capacity reveals the significant effects of competing ions on the As" removal using for
both of as-synthesized nanomaterials. An analysis through surface complexation models (SCMs)
suggested that the singlet (FeOH™ ) and triplet (Fe3O?) specie(s) contribute larger to the AsY
absorption by forming different complexes. Additionally, the FeO species has also been observed
to influence the adsorption behaviour in case of BIO-DW nanohybrids under near neutral pH

conditions. A significant agreement between the outcomes of Taguchi’s model and ANN predicted
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values has been observed with the mean square error (MSE) 0.0174 and 0.0126, respectively. It

indicates the significance of both of these tools in explaining the adsorption behaviour.

5.2 Materials and instrumentation

The standard solution for Na®, K*, F-, Cl;, NOs", Ca**, Mg?*, Mn?*, Cu?*, Pb%*, Cd**, Zn?>*, SO4*
, PO4*, Fe**, and SiO4* ions are procured from Merk manufactures (Massachusetts, USA) and
utilized for the calibration purposes. Their salts (Table 5.3) of analytical grade (ACS) containing
these ions has been purchased and used for the formulation of artificial water. Besides these, the
chemical and regents mentioned in Chapter 3 and Chapter 4 have been used for the same.

The physical characterization such as pH, electrical conductivity (EC) and total dissolved solids
(TDS) are performed using HACH (Model: HQ40D Multi/2 channels) portable multi-meter
purchased from Colorado, USA. The concentration of cations (Ca?", Mg?", Na*, K*) and anions (F-
, CI, SO4*, NO3") have been analysed using Ion chromatogram (Metrohm, 819-IC-Detector) by
employing ion-exchange columns Metrosep-C2-250 and Metrosep-A-Supp-5, respectively. The
determination of sulphate and phosphate ions concentration are analysed colorimetric technique.
The concentrations of heavy metals and metalloid arsenic have been determined using ICEP-MS

and MP-AES instruments, and their details are mentioned in previous chapters.

5.3 Methodology

5.3.1 Study area, sample collection and their preparation

The arsenic removal characteristics of as-synthesized BIO NPs and BIO-DW nanohybrids are
evaluated for real world water. For this, two groundwater samples (Near Lohapatti and Kanspur
road) have been collected from arsenic affected area(s) of district Ballia, Uttra-Pradesh, India
(shown in Figure 5.1) and designated as location I and location II in the present study. These are
representing as shallow (Mark II hand-pumps, depth 30 - 33 m) and deep (Bore-well, depth 66 - 75
m) aquifer systems, respectively.

The trapped water in the shaft of hand-pump and bore-well has been driven out by pumping
for 10-15 minutes prior to samples collection. Three set of samples from each location were collected
in pre-washed polyethylene bottles of 500 ml capacity. One set of the collected is utilized for the
determination of cations and anions, containing no preservatives. The remaining two samples have

been preserved (1 ml in 500 ml) with nitric acid and hydrochloric acid for the determination of heavy
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metals like iron, manganese, copper, lead, cadmium, zinc and metalloid (arsenic), respectively. All
the samples were stored at the temperature of <4 °C using ice/cold packs or refrigerator [296]. The
parameters such as pH, electrical conductivity and total dissolved solids have been examined on the

sampling sites.
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Y § =
vk | :
Y. £ ) f ' Ballia
A% {' |
\Y L 7l
i 7
o
® Samgpling Point % . o ] L

Figure. 5.1. Map showing location of the groundwater sampling points.

5.3.2 Artificial water formulation (AWF)

The batch experiments are not feasible using actual groundwater at laboratory scale due to
the large volume of sample requirement and fluctuating water quality issues [297]. The literature
requires to investigate a methodology deals in the formulation of water at workplace accurately and
conveniently. The utilization of synthetic water for batch studies having the concentrations actual
representing the real world conditions is an innovative perspective. In this study, the artificial water
containing majority of the ionic elements equivalent to those present in the collected groundwater
samples (location I and 1) have been formulated [297], [298]. These are further used for performing

batch adsorption experiments for As" removal. The details are given below in Tables 5.1 and 5.2.
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Table 5.1. Elements contributed in the formulation of artificial water.

Concentration Molarity . S - < - S o
Elements 3 _ ] ) &) O (@) 3 o I = e
Atomic wt. _ Location I Location II Location ] Location II 2 2% % I % 5 2 2 % 5 %5
omic wt. ocation ocation ocation ocation ;N:‘ 2 S 2 2 2 2 2 M(‘\l 2 & 2 6
Chloride 3545 132 435 3.72x 103 1.23x 10? 0 1 2 2 0 0 0 0 0 0 0 0 -1
Sodium 22.98 33 169 1.44 x 107 7.35x 103 0 1 0 0 1 2 1 0 0 3 0 2 1
Bicarbonate 61.02 27 115 443 x 10* 1.88x 103 0 0 0 0 1 0 0 0 0 0 0 0 -1
Potassium 39.10 15 95 3.84x 10 2.43x103 0 0 0 0 0 0 0 0 2 0 1 0 1
Fluoride 18.99 1.5 3 7.90 x 10° 1.58 x 10 0 0 0 0 0 0 1 0 0 0 0 0 -1
Nitrate 62.00 20 140 3.22x 10 226x 103 0 0 0 0 0 0 0 0 0 0 1 0 -1
Calcium 40.08 29 185 7.24 x 10 4.62x 107 0 0 1 0 0 0 0 0 0 0 0 0 2
Zinc 65.38 2 4 3.06 x 10° 6.12x 107 1 0 0 0 0 0 0 0 0 0 0 0 2
Magnesium 2431 27 33 1.11x 103 1.36x 103 0 0 0 1 0 0 0 0 0 0 0 0 2
Sulphate 96.06 30 220 3.12x 10* 2.29x 10% 1 0 0 0 0 1 0 1 1 0 0 0 -2
Silicates 96.03 18 42 1.87 x 10* 437x 10" 0 0 0 0 0 0 0 0 0 0 0 1 -2
Manganese 54.94 2 3 3.64 x 107 5.46 x 107 0 0 0 0 0 0 0 1 0 0 0 0 2
Phosphates 3545 0.91 2 9.59 x 10 2.11x10° 0 0 0 0 0 0 0 0 0 1 0 0 -3
Table 5.2. Comparison of ionic concentration between actual groundwater and artificial formulated water.
Location I Location II
Element Actual groundwater ~ Calculated values  Artificial water conc.  Diff. Actual groundwater  Calculated values  Artificial water conc. Diff.
conc. (mg L) from matrix (mg L) (%) conc. (mg L) from matrix (mg L) (%)
TDS (gravimetric) 4359 - 411.5 5.6 1590.6 - 1405.7 11.6
TDS (calculated by ions) 337.4 261.4 310.6 7.9 1446 1171.1 1321.5 8.6
Chloride 132 67.1 112.0 15.2 435 222.7 346 20.5
Sodium 33 23.1 28.0 15.2 169 111.2 141 16.6
Bicarbonate 27 27.0 28.0 -3.7 115 114.8 113 1.7
Potassium 15 13.8 133 11.3 95 91.6 93 2.1
Fluoride 1.5 1| e5] 1.5 13 3 2.94 3.16 -5.3
Nitrate 20 20.0 212 -6.0 140 139.8 139 0.7
Calcium 29 28.9 26.4 9.0 185 185.3 181.5 1.9
Zinc 2 1.9 1.9 5.0 4 4.43 4.1 -2.5
Magnesium 27 27.0 245 9.3 33 332 32.4 1.8
Sulphate 30 30.1 324 -8.0 220 219.4 221.1 -0.5
Silicates 18 18.1 18.6 3.3 42 41.4 423 -0.7
Manganese 2 1.9 1.9 755 3 34 32 -6.7
Phosphates 0.91 1.1 1.0 -6.6 5 1.06 1.75 12.5
Arsenate* 55 - 57.0 -3.6 200 - 201 -0.5

*The arsenate concentration representing the unit of (ug L!). The large difference (%) for calcium and magnesium ions concentration is contribute to high hygroscopic nature of
their salts. Similar, the higher variation for sodium ions is due to ignorance of sodium arsenate salts during matrix calculations.
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This study is utilized a computational analysis for calculating the required quantity of
available salt compounds for the synthesis of artificial water [209]. During the first step of
formulation array, a square matrix has been designed between the different elemental atoms and
the charge associated with these ion(s) contributing to groundwater composition, shown in Table
5.1. Then, a multiplication of inverse matrix with the targeted values of concentration(s) has been
applied for calculating the amount of required compounds, in achieving the desired concentration
of ion(s). element. This formulation array is customized by varying the types of compounds
containing common ions and arrangement of array in order to obtain the appropriate results.
Further, the compound containing As" specie has been ignored during matrix array calculations
due to its large concentration difference as compared to other ion(s). Additionally, an inorganic

salt (sodium arsenate) is added prior to the adsorption studies in the synthetic water.

Table 5.3. Final amount of salts taken for artificial water formulation.

% contribution of each salt Amount required (mg)
Compounds Molecular weight Location I Location 11 Location I Location 11
ZnSO4. TH,O 287.54 1.64 1.06 8.4094 19.4786
NaCl (anhy.) 58.45 0.70 0.94 3.5765 17.2316
CaCl,. 2H,O 147 20.74 37.13 106.1647 679.4825
MgCl,. 6H20 203.3 44.05 15.15 225.5227 277.3068
NaHCO:s. (anhy.) 84.01 7.27 8.64 37.2290 158.0520
Na»SO4 (anhy.) 142.04 6.09 16.03 31.1764 293.4096
NaF (anhy.) 41.99 0.65 0.35 3.3450 6.4957
MnSO4. 6H,O 169.06 1.16 0.57 5.9271 10.3408
K>SO4 (anhy.) 174.26 1.02 0.85 5.2023 15.5235
Na3PO4. 12H,0 380.12 0.86 0.23 4.4103 4.2673
KNO:; (anhy.) 101.1 6.38 12.46 32.6809 227.9586
Na,Si0Os. 9H,0 284.2 10.48 6.69 53.6529 122.4339

5.3.3 Analysis for different elemental ions

The methods related to water samples collection, mode of their preservation and sample
preparation for different analysis have been carried out through standards procedure(s) [299],
[300]. The analysis for the total hardness, total alkalinity and bicarbonate ions are performed using

the titrimetric methods, followed by standard operating procedures of APHA (American Protection
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Health Agency). For the determination of phosphate and silicate ions, the filtered sample(s) are
analysed through spectrophotometric techniques. Stannous chloride method is used to determine
the concentration of phosphate ions, and the developed colour measured in a path length of 1 cm
at wavelength of 690 nm. It determines the reactive phosphorous in the sample which largely
involves the orthophosphates. The minimum detection limit of the method is 0.01 PO4*-P mg L.
The common aqueous phases of silica present in groundwater are H4SiO4 and H3SiO4". Their
concentration(s) are measured using molybdosilicate method, involving the colorimetric detection
at 410 nm for light path length of 1 cm. The minimum detection limit is 0.04 SiO, mg L!. The
concentration(s) of remaining the cations and anions are determined by employing ion
chromatography technique.

Further, for the analysis of heavy metal(s) and arsenic, the samples have been digested with
nitric acid and further allowed to filtered through Whatman™ 42 cellulose filter prior to the
analysis on ICEP-MS and MP-AES, respectively. The detection limit for these ions are in pg L!

range.

5.3.4 Taguchi’s design of experimental methodology

It is an effective statistical tool in developing a suitable experimental approach for
laboratory investigations at optimized parametric levels by selecting minimum number of
experiments [301]. It depends on modeling of experiments classifying the engineering aspects for
cost-effectiveness of process along with to overcome drawbacks related to conventional removal
techniques [302], [303]. It helps to identify the different levels of design and process parameters
that exhibiting better performance for the removal of contaminant. The orthogonal arrays (OA’s),
S: N analysis and variance were expressed as significant tools to analyse the outcomes of parameter
design [304]. To prevent the effect of uncontrollable components (noise factors), the levels that
causes minimum variations to system performance were selected as optimized conditions for the
process parameters. The Taguchi’s approach, as adopted in present study, comprises four phases
such as planning of parameters, experimental investigations, analyses and validation along with
various steps.

Each phase includes individual objectives which are associated sequentially to establish an

optimization process. In this method, the design of experiments (DoE’s) involves the organization
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of several number of experimental variables as suggested by orthogonal array so that to reduce the

experimental errors by enhancing the efficiency and reproducibility of laboratory experiments.

Design of experiment (Step 1)

The first step in Stage I includes the selection of different factors to be optimized through
laboratory scale batch experiments which affect the removal of AsY from aqueous solution using
BIO NPs and BIO-DW nanohybrids. The literature is widely reviewed in explaining the role of
experimental variables affecting removal capabilities of AsY onto the surface of iron metallic
oxides nanoadsorbents [236], [305], [306]. It is therefore, the primary factors such as temperature,
pH, dose and contact time have considered for parametric design in the present investigation. The
studies evaluating removal capacity of arsenic for real world water conditions using
nanoadsorbents is a prerequisite of literature [233]. During preliminary experiments, factors such
as total dissolved solids (TDS) and shaking speed are found to be crucial, affecting the removal
capabilities of as-synthesized nanomaterials. For systematic approach, these parameters have also
explored for the evaluation of removal characteristics. Goswami ef al. [112] have examined the
effect of shaking speed in removal of arsenic using copper oxide nanoparticles. Based on the
several analyses, seven process parameters are selected for the present experimental design. The
details of these parameters along with their designation and assigned levels are given in Table 5.4.
Although, AsY removal is analysed to be simultaneously affected by all the mentioned variables.
Therefore, three two-parameter interactions (A. B, A. C, B. C) have also been examined for the

inter-parametric investigations.

Table 5.4. Process parameters for As' adsorption study in a multicomponent system onto BIO NPs and
BIO-DW nanohybrids using Taguchi’s design of orthogonal array (OAs).

Parameters level 1 level 2 level 3

A Arsenate concentration (ug L) 55 128 200
B TDS (mg L) 436 1014 1591
C Shaking speed (rpm) 100 170 240
D Temperature (°C) 10 20 30

E pH (pH unit) 7 8 9

F Dose (g L) 0.05 0.10 0.15
G Contact time (min) 2 53 104
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Orthogonal array (OA) and assignment of parameters

The second approach of stage I includes to design the matrix of experiments which define
the procedure for data analysis. An appropriate orthogonal array was selected for the controlling
parameters suitable for present study. Several orthogonal arrays have been proposed by Taguchi
in selecting the experimental design based on number of parameters and for the interaction to be
explored. In selecting a suitable OA, the design must satisfy the following pre-requisite:

total DOF required for experiment < total DOF of OA

where OA and DOF represent orthogonal array and degree of freedom. The selected parameters
have significant effects on the removal of AsY which are crucial and need to be investigated at
different level along with their inter-parametric interaction. Therefore, the process parameters were
categorised into a three levels which were explained the high order of polynomial behaviour.

In this study, the calculated degree of freedom is 26 [= no. of parameters (7) X {no. of levels
(3) — 1} + {no. of two-PI (3) x no. of PI (2) x no. of columns assigned for each PI (2)}]. Hence, a
standard three level OA of La7 (3'%) was selected for further studies. The details of Ly7 array
highlighting parameters and interactions for both of BIO NPs and BIO-DW nanohybrids are shown
in Table 5.5 and 5.6.

Batch removal experiments (Step 2)

Batch adsorption studies have been explored for the removal of AsY using BIO NPs and
BIO-DW nanohybrids for the selected 27 experimental trails, having seven process factors with
three levels (Table 5.4). The obtained results from individual set in terms of total amount of As"
adsorbed (ge, pg g") onto the surface of BIO NPs and BIO-DW nanohybrids, shown in Table 5.5
and 5.6. For reproducible results, each set of experimental trails are performed in the replicates of
three times, designated as R1, R> and Ra.

In each experimental trail, 100 mL of aqueous solution containing different AsY
concentration (levels) are taken in 200 mL glass stoppered conical flask containing specific dose
(mg/100 mL) of BIO NPs and BIO-DW nanohybrids. The formulated water for representing the
ionic concentration to those for location I and II have been divided into three sets of solutions
having pH 7, 8 and 9. The pH has been adjusted using NaOH (0.001 N) and per-chloric acid (0.001
N) without any adjustment of pH during the sorption process. Then, the batch experiments are

performed for different process parameters as suggested Taguchi’s orthogonal array. Finally, the
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samples are filtered after the appropriate contact time of sorption process and filtrate(s) have been
analysed for the determination of residual concentration of As" ions.
The removal capacity (ug mg™') of AsV from the aqueous solution is calculated by using the

following equation 5.1:
(G =GV

= (5.1)

Removal capacity (Q,) =

where Cpand Cy, are the initial and final concentration (ug L) of AsV, respectively, ¥ is the volume
(in litre) of solution under investigation and W is the adsorbent dose (mg). The sum of removal

capacity for different replication (i.e. Ri - R3) is represented by ge.

Evaluation of outputs and performance assessment (Step 3)

The explored experimental data is organized with higher-is-better quality characteristics (i)
to identify the optimum removal conditions (ii) along with the potential of individual factor
affecting the adsorption process and (iii) the estimation of performance (Q.) under optimized
conditions. This methodology defines the loss - function as quantity which is directly related to the
deviation from the attributes of nominal quality. Taguchi identified a quadratic relationship to be
practical viable function which depend on the Taylor Expansion Series as expressed below in

equation 5.2:

Lyy = k (y —mg)? (5.2)

Where L, k, y and m are denoting the loss in removal capacity, proportionality constant (depend on
the magnitude of characteristic and removal capacity unit), experimental value calculated for
individual trial and target value, respectively. However, Taguchi modify the loss function into a

statistical tool known as signal-to-noise (S: N) ratio which is discussed further.

Signal to noise ratio (S: N ratio)
This attribute of the methodology combines the two characteristics of a distribution into a
single metric. It unites the average levels of the quality characteristics along with the variance to

around of average. The large value of S: N ratio signify that the signal is higher as compared to
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random effects of noise component. This depicts the optimum value of removal characteristics for
BIO NPs and BIO-DW nanohybrids. Among three types of S: N ratio responses (smaller-is-better,
nominal-the-best, larger-is-better), larger-is-better characteristic is used in this study [307] which
integrate various repetition (minimum two are required) into one value and its equation is given
below as 5.3:

n 1

=/ (9:)? (5.3)

(5:N)ip = ~101 0g—r=

where ‘g;’ is the value of experimental outcome (adsorption capacity) in an observation 7’ and ‘N’
represents the replication number of experiments. However, Taguchi had suggested several
number of methods for the analysis of S: N data [308]. Among those, plotting of response curves
(average value), ANOVA for raw and S: N data have been examined in the present investigation.
In these factors, the curve plot at individual level indicates a trend which is a pictorial
representation showing the effect of process parameter(s) on response. The S: N ratio is considered
as an experimental response and generally used to measure the variations among a trail. Further,
the ANOVA test has been conducted for the calculated values of adsorption capacity (g.) and S: N

ratio. It identifies the significant parameters such as mean and variance.

Prediction of mean

After the optimization of experimental conditions, the average value of response (1) at the
optimized conditions have been predicted for AsY removal using both BIO NPs and BIO-DW
nanohybrids. This has been calculated by considering significant parameters, identified during
ANOVA analysis. For example, the parameters total dissolved solids (B) and shaking speed (C)
were found to be significant at the levels of Bz and C; respectively, thereafter, the mean of response

can be estimated as suggested by Taguchi’s, using the following equation 5.4:

Weroandsio-ow = (T +(Bs—T)+(C,—T)=B;3+C,—T (5.4)

where T is representing the overall mean of identified response; B; and C, are indicating the
response mean value at third and second level for parameter B and C, respectively; p is the only

value which estimate the average of the results derived from the experiments.
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Table 5.5. Taguchi’s orthogonal array (OA) Ly (3') for experimental runs assignment along with three interactions levels (2™ order) and calculation
of adsorption capacity (Q.) values for As" in multicomponent ionic systems using BIO nanoparticles.

Runs Trials Calculated Q. (ug mg'-Fe) S: N ratio
LA 2,B 3,AB 4,A.B 5,C 6,A.C 7,A.C  8,B.C 9,D 10,E 11,B.C 12,F 13,G R, R, R3 @
1. 1 1 1 1 1 1 1 1 1 1 1 1 1 1.21 1.22 1.23 1.75
2. 1 1 1 1 2 2 2 2 2 2 2 2 2 0.45 0.46 0.45 -6.89
3. 1 1 1 1 3 2] 3 3 3 3 3 3 3 0.38 0.35 0.44 -8.31
4. 1 2 2 2 1 1 1 2 2 2 3 3 3 0.18 0.17 0.19 -14.89
5. 1 2 2! 2 2 2 2 3 B 3 1 1 1 0.74 0.79 0.85 -2.03
6. 1 2 2 A 3 3 3 1 1 1 2 2 2 0.69 0.63 0.69 -3.49
7. 1 3 3 3 1 1 1 3 3 3 2 2 2 0.28 0.26 0.29 -11.09
8. 1 3 3 3 2 2 2 1 1 1 3 3 3 0.38 0.38 0.40 -8.26
9. 1 3 3] 3 3 3] 3 2 2 2 1 1 1 0.59 0.57 0.59 -4.71
10. 2 1 2 3 1 2 3 1 2 3 1 2 3 1.07 1.04 1.11 0.62
11. 2 1 2 3 2 3 1 2 3 1 2 B 1 0.62 0.58 0.64 -4.25
12. 2 1 2 3 3 1 2 3 1 2 3 1 2 4.01 3.79 4.00 11.88
13. 2 2 3 1 1 2 3 2 B 1 3 1 2 0.59 0.55 0.57 -4.86
14. 2 2 3 1 2 3 1 3 1 2 1 2 3 2.03 2.01 2.05 6.15
15. 2 2 3 1 3 1 2 1 2 3 2 3 1 0.61 0.64 0.63 -4.04
16. 2 3 1 2 1 2 3 3 1 2 2 3 1 0.52 0.40 0.49 -6.70
17. 2 3 1 2 2 3 1 1 2 3 3 1 2 1.12 1.13 1.15 1.09
18. 2 3 1 2 3 1 2 2 3 1 1 2 3 0.84 0.93 0.80 -1.40
19. 3 1 3 2 1 3 2 1 3 2 1 3 2 1.38 1.40 1.43 2.94
20. 3 1 3 2 2 1 3 2 1 3 2 1 3 593 5.52 6.12 15.33
21. 3 1 3 2 3 2 1 3 2 1 3 2 1 1.38 1.36 1.41 2.83
22. 3 2 1 3 1 3 2 2 1 3 3 2 1 3.08 2.93 3.03 9.57
23. 3 2 1 3 2 1 3 3 2 1 1 3 2 0.99 1.06 0.96 0.02
24. 3 2 1 3 3 2 1 1 3 2 2 1 3 0.37 0.30 0.33 -9.70
25. 3 3 2 1 1 3 2 3 2 1 2 1 3 1.46 1.74 1.52 3.87
26. 3 3 2 1 2 1 3 1 3 2 3 2 1 1.61 1.36 1.48 3.38
27. 3 3 2 1 3 2 1 2 1 3 1 3 2 2.10 2.03 2.33 6.62
Total 34.64 33.62 35.20
Mean 1.28
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Table 5.6. Taguchi’s orthogonal array (OA) Ly7 (3') for experimental runs assignment along with three interactions levels (2™ order) and calculation
of adsorption capacity (Q.) values for As" in multicomponent ionic systems using BIO-DW nanoparticles.

Runs Trials Calculated Q. (ug mg'-Fe) S: N ratio
LA 2,B 3,AB 4,A.B 5,C 6,A.C 7,A.C  8,B.C 9,D 10,E 11,B.C 12,F 13,G R, R, R3 @
1. 1 1 1 1 1 1 1 1 1 1 1 1 1 2.53 2.52 2.52 8.05
2. 1 1 1 1 2 2 2 2 2 2 2 2 2 0.80 0.79 0.79 -2.03
3. 1 1 1 1 3 2] 3 3 3 3 3 3 3 0.70 0.71 0.72 -2.99
4. 1 2 2 2 1 1 1 2 2 2 3 3 3 0.45 0.46 0.46 -6.81
5. 1 2 2! 2 2 2 2 3 B 3 1 1 1 1.60 1.60 1.61 4.09
6. 1 2 2 A 3 3 3 1 1 1 2 2 2 1.15 1.16 1.15 1.22
7. 1 3 3 3 1 1 1 3 3 3 2 2 2 0.43 0.42 0.42 -7.53
8. 1 3 3 3 2 2 2 1 1 1 3 3 3 0.92 0.91 0.91 -0.78
9. 1 3 3] 3 3 3] 3 2 2 2 1 1 1 1.22 1.22 1.21 1.72
10. 2 1 2 3 1 2 3 1 2 3 1 2 3 1.06 1.05 1.05 0.43
11. 2 1 2 3 2 3 1 2 3 1 2 B 1 1.13 1.13 1.14 1.10
12. 2 1 2 3 3 1 2 3 1 2 3 1 2 6.33 6.33 6.32 16.02
13. 2 2 3 1 1 2 3 2 B 1 3 1 2 8.82 8.82 8.81 18.91
14. 2 2 3 1 2 3 1 3 1 2 1 2 3 3.53 3.52 3.53 10.95
15. 2 2 3 1 3 1 2 1 2 3 2 3 1 0.82 0.83 0.83 -1.65
16. 2 3 1 2 1 2 3 3 1 2 2 3 1 1.29 1.30 1.30 2.24
17. 2 3 1 2 2 3 1 1 2 3 3 1 2 1.65 1.66 1.65 4.36
18. 2 3 1 2 3 1 2 2 3 1 1 2 3 0.43 0.41 0.41 -7.58
19. 3 1 3 2 1 3 2 1 3 2 1 3 2 0.14 0.16 0.14 -16.66
20. 3 1 3 2 2 1 3 2 1 3 2 1 3 12.08 12.06 12.05 21.63
21. 3 1 3 2 3 2 1 3 2 1 3 2 1 2.62 2.62 2.63 8.37
22. 3 2 1 3 1 3 2 2 1 3 3 2 1 5.07 5.08 5.08 14.11
23. 3 2 1 3 2 1 3 3 2 1 1 3 2 2.18 2.19 2.19 6.79
24. 3 2 1 3 3 2 1 1 3 2 2 1 3 2.64 2.63 2.63 8.41
25. 3 3 2 1 1 3 2 3 2 1 2 1 3 2.95 2.97 2.97 9.43
26. 3 3 2 1 2 1 3 1 3 2 3 2 1 2.16 2.15 2.15 6.66
27. 3 3 2 1 3 2 1 2 1 3 1 3 2 3.80 3.79 3.79 11.58
Total 68.47 68.47 68.45
Mean 2.54
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Determination of confidential interval

Taguchi has suggested two different types of confidence intervals (CI) in regard for the
estimation of mean at optimum experimental conditions which are discussed below:

(1). The CI lie across the estimated the average value of a treatment conditions used in a
conformation experiment to verify predictions. It is designated as Cl.g (confidence interval for a
group of sample). It is a representation of small group of samples considered for a specific
condition.

(i1). The CI lie across the estimated average value of a particular treatment condition
predicted from the experimental runs. It is designated as Cjop (confidence interval for whole
experimental outcomes). It is representing the entire population is under specified conditions as
whole.

Due to smaller sample size in Cl;g as compared to Clppp in the conformation experiments,
Cl-r must be moderately larger value. The expression for the calculation of CI are mentioned

below in equations 5.5 and 5.6:

CICE :\]Fa(l!fe)ve [;4'1] (55)

neffective R

F(LEY
Gl /n(ﬁ—@ (5.6)

Where, F, (1, £) is representing the F-ratio at a CI of (1- a) corresponding to the DOF=1 and a
DOF with an error of f,; V, is an error variance calculated in ANOVA and ngffect ipe 1S €xpressed

as equation 5.7:

N
total DOF accounted in the estimation of mean response]

Neffective = 1+] (57)

Where ‘N’ is denoting the total number of experimental outcomes and ‘R’ represents the sample

size included in the conformation experiments.

117



Conformation experiments (Stage 4)

This is a crucial step for the verification of experimental outcomes. It includes an evaluation
of predicted removal capacity at optimized conditions. The assignment of insignificant parameters
can be selected on the basis of economic priorities. The conformation experiments have been
carried out at optimized conditions for AsY removal using both BIO NPs and BIO-DW
nanohybrids. Moreover, the average value of these experimental outcomes have been compared

with those of expected average value, based on the investigation of parameters and levels tested.

5.3.5 Atrtificial neural network (ANN) for predictive modeling

Arsenic removal using nanoparticles require a robust methodology for predictive analysis.
This tool has a capability to explore input and output parameters effectively in complex conditions.
Also, few authors have explored the predictive modeling for the arsenic removal onto different
adsorbents using ANN [309], [310]. The topology netwok architechture for this study is illustarted
in Figure 5.2 below:

As¥ conce. (ug L)

TDS (mg L)

Shaking speed (RPM) o e—
Temperature (°C) etk (ng mg')
pH

Deose (g L)

Contact time (min)

bh{D
HL f 4 OL 4

Hidden Layer Output
Layer

Figure 5.2. Architecture of ANN model for the prediction of removal efficiency of As" using BIO NPs and
BIO-DW nanohybrids.

In present study, the training of ANN model for Taguchi’s data has been evaluated using
MATLAB neural network tool. An approximation algorithm based on feed-forward back

propagation has been applied, which includes the mean square error representing the accuracy
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index. Three layered architecture of back propagation neural network (BPNN) represented as IL-
HL-OL, where, IL is input nodes (equal to number of variables in the model), HL is hidden nodes

(optimized using runs), OL is output nodes (based on numbers).

5.4 Results and Discussion

5.4.1 Physicochemical characterization of collected groundwater samples

The physicochemical characterization of collected groundwater samples has been performed
for the several elements (Table 5.7). Among those, the phosphate, silicates, sodium, potassium,
fluoride, chloride, calcium, magnesium, sulphate, nitrate, iron, manganese, zinc and arsenic ions
have been taken into consideration in the formulation of artificial water.

The arsenic concentration in both of these samples are determined beyond the concentration
limit as suggested by WHO for drinking water (> 10 pg L'). Moreover, the validation of
formulated water in terms of accuracy has also been performed by analysing the concentration of
different ions. A comparison between the concentrations of ions present in actual groundwater and
artificially formulated water along with their percent variations is given in Table 5.2. A significant
agreement between the actual and formulated water with the correlation coefficient (R?) values of

0.99 and 0.97 has been observed for the location I and location II, respectively.
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Table 5.7. Percent distribution inorganic species (free or complex ions) possibly effecting the As"

adsorption.
Parameters Unit Method of test DL* PL* Location I Location II
pH pHunit  pH probe 6.5-8.5 NR 7.45+0.05 7.34 £0..05
Electrical conductivity ~ pScm™?  EC probe - - 341 £6.0 1524 £7.4
Total Dissolved Solids ~ mg L' TDS probe 500 2000 4359+4 1590.6 £ 4.4
Total hardness mg L Titrimetric 300 600 160+ 4 424 +4
Alkalinity mg L! Titrimetric 200 600 86+3 222+3.6
Bicarbonate (as HCOs>* mg L' Titrimetric - - 26+2 1153+1.5
Phosphate (as POs*) mg L' Spectrophotometric 091+£0.04 2.02+0.11
Silicates (as H4SiO4) mg L' Spectrophotometric 194+1.6 424+0.8
Sodium (as Na*) mg L IC - - 32.4+0.9 1694+ 1.0
Potassium (as K*) mg L' IC = - 153+0.2 94.7 £0.97
Fluoride (as F) mg L! IC 1.0 1.5 1.54+£0.05 3.04+0.01
Chloride (as CI) mg L IC 250 1000 1324+£1.0 4352+1.2
Calcium (as Ca*") mg L IC 75 200 289+ 04 185.1+0.6
Magnesium (as Mg?" mg L IC 30 100 268+ 1.0 324+1.0
Sulphate (as SO4*) mg L' IC 200 400 304+12 2204+1.5
Nitrate mg L' IC 45 NR 20.0+0.4 140.0 + 1.1
Iron mg L-! ICP-MS 0.3 1.0 0.53+£0.02 0.37+0.03
Manganese mg L ICP-MS 0.1 0.3 12 £0.07 3.03£0.1
Copper mg L-! ICP-MS 0.05 1.5 ND ND
Lead mg L' ICP-MS 0.01 NR ND ND
Cadmium mg L ICP-MS 0.003 NR ND ND
Zinc mg L ICP-MS 5 15 2+0.07 3.96 +£0.27
Arsenic (as Total) pg L' MP-AES 10 50 54+2 200+ 1

As per IS: 10500, NR, no relaxation; ND, not determined; *DL, desirable limit; *PL, permissible limit; IC, Ion
chromatogram; ICP-MS, Inductively couple plasma mass spectroscopy; MP-AES, Microwave plasma atomic emission

spectroscopy.
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5.4.2 Effects of process parameters on As" removal in multi-ionic system
Experimental runs have been executed for AsY removal using BIO NPs and BIO-DW
nanohybrids under the specified conditions as suggested by Taguchi’s L7 OA (shown in Table 5.5
and 5.6. Three set of experiments are performed for each experimental run indicating different
parametric conditions. The average values of the adsorption capacity (¢.) and S: N ratio have been
calculated for individual parameter and parametric-interactions at three different levels (L1, Lo,
L3), mentioned in Table 5.8 and 5.9. The notable interactions affecting the adsorption capacity are
identified for different conditions at three levels for both of these BIO NPs and BIO-DW

nanohybrids. These interactions are discussed in the following subheads:

5421 Effects of shaking speed (C), temperature (D) and contact time (G)

The average value of Q. and S: N ratio for each parameter for the assigned levels (L1, Lo,
L3) have been determined for as-synthesized nanosystems. The increasing difference between the
values of assigned levels indicate the growing influence of that experimental variable on the
removal capacity. All the above listed parameters at each level have been demonstrated to bring

notable effects on AsY adsorption. These effects have been discussed in details individually below:

BIO nanoparticles (NPs)

The formation of external boundary layer of adsorbing species on adsorbent and the
distribution of remaining solute(s) in bulk are significant factors affecting the adsorption
phenomena [311], [312]. The lower value of Q. (ng mg'-Fe) at level L (1.09) and L3 (1.21) as
compared to that of level L (1.53) indicates that a variation in shaking speed is affecting the AsY
removal significantly (Table 5.8). This decrease in the removal capacity can be attributed to the
desorption of adsorbed As" into the aqueous solution at the high shaking speed of (L3) 240 rpm.
This study revealed that the external diffusion is likely to be the rate limiting step in adsorption
process [112]. Further, the lower value of adsorption capacity ensures that nanoparticles have not
been completely and homogenously suspended in the solution at the shaking speed of < 170 rpm.

An increase in the temperature from 10-30 °C, caused an increase in the adsorption at lower
temperature (10 °C). This is suggested that the physical absorption is predominating. At 10 °C (L),

the maximum value of Q. (1.5 ug mg'-Fe) has been observed (Table 5.8). These observations are
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quite opposite to those observed in previous chapter. It demonstrates that the presence of other ions
(as specified in Table 5.1) influence the behaviour of AsY removal. Therefore, the surface
complexation models have been explored to understand the possible causes of this shift in separate
section (6.4.7). Further, the maximum value (1.41 pg mg'-Fe) of ge is observed for larger contact
time (L3) indicating that As" oxyanions and hydroxyl groups of nanoparticles are interacting with

weak electrostatic interactions.

BIO-DW nanoparticles

For this nanosystem, a similar trend comparable to those of BIO-NPs is observed in As¥
removal for the experimental variable of shaking speed (C). However, a different trend has been
determined for the parameter(s) temperature (D) and contact time (G). The lower value of g. (ng
mg!-Fe) at the shaking speed level of L; (2.53) and L3 (2.19) has been observed as compared to
that of level L2 (2.89).

An increase in the temperature from 10-30 °C, a complex effect of a variation in
temperature has been noted. At (Li) 10 °C, the maximum value of Q. (4.07 pg mg'-Fe) indicates
that removal process is followed the mechanism of primarily physisorption. Then, the removal is
decreases to 1.53 ug mg'-Fe at temperature of 20 °C and further increase to 2.0 ug mg'-Fe. But,
this increase is also observed at higher temperature in a narrow window range, suggesting
chemisorption also to be occurring simultaneously. These observations are the same to those
examined in the previous chapter. Further, the maximum removal capacity (1.41 ug mg'-Fe) is
achieved at the contact time (L) of 53 min indicating that the interactions between the AsY
oxyanions surface functionalities are quicker in BIO-DW nanohybrids as compared to those of

BIO NPs.
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Table 5.8. Average and main effects of q. values for BIO nanoparticles: Raw and S: N data.

Raw data, Average

Main effects,

S: N data, Average

value

Main effects,

value Raw data (S: N data)
Factor L1 Lz L3 Lz- L1 L3-L2 L1 Lz L3 Lz-L] L3-L2
A 0.6 1.3 2.0 0.7 0.8 -6.4 -0.2 3.9 6.3 4.0
B 1.8 1.0 1.0 -0.8 Nil 1.8 -2.6 -1.9 -4.4 0.7
C 1.1 1.5 1.2 0.4 -0.3 -2.1 0.5 -1.2 2.6 -1.7
D 2.2 0.9 0.8 -1.3 -0.2 3.7 -2.5 -3.9 -6.1 -1.5
E 0.9 L2 1.7 0.3 0.5 -1.5 2.1 0.9 -0.5 2.9
F 1.8 1.3 0.8 -0.5 -0.5 14 Nil -4.1 -1.4 -4.1
G 1.1 1.3 1.4 0.2 0.1 -0.5 -0.4 -1.8 0.1 -1.4
A.B 2.2 2.8 D ¥ 0.7 -0.1 -2.5 -0.5 -2.4 2.0 -1.9
A.C 2.8 2.3 2.6 -0.5 0.3 -2.3 -2.5 -0.7 -0.2 1.9
B.C 282 2.8 2.7 0.6 -0.1 -0.6 -3.6 -1.2 -3.0 24

Table 5.9. Average and main effects of g values for BIO-DW nanohybrids: Raw and S: N data.

Raw data, Average

Main effects,

S: N data, Average

Main effects,

value Raw data value (S: N data)
Factor L, L, Ls L>-L, Ls;-L» L, L, Ls L-Li  Ls-L;
A 1.1 2.8 B.7 1.7 1.0 -0.6 5.0 7.8 5.5 2.8
B 3.0 2.9 1.7 -0.1 -1.3 3.8 6.2 2.2 2.5 -4.0
C 2.5 2.9 2.1 0.4 -0.7 2.5 5.9 3.9 34 -2.0
D 4.1 1.5 2.0 -2.5 0.5 9.5 2.3 0.5 -7.2 -1.8
E 2.5 2.1 3.0 -0.5 1.0 5.1 2.3 4.9 -2.8 2.6
F 4.4 1.9 1.3 -2.5 -0.6 10.3 2.7 -0.8 -7.6 -3.5
G 2.1 2.8 2.8 0.8 -0.1 5.0 3.6 3.6 -1.3 Nil
A.B 4.8 4.7 5.7 -0.2 1.1 10.0 6.1 8.4 -4.0 2.3
A.C 5.1 4.7 5.4 -0.4 0.6 8.2 7.4 8.9 -0.9 1.5
B.C 33 6.3 5.6 3.1 -0.7 33 10.0 11.7 6.2 2.2
5.4.2.2  Effects of arsenic initial concentration (A), TDS (B) and pH (E)

BIO nanoparticles (NPs)

An increase in the AsY initial concentration (A) from 55 to 200 ug L', the maximum

adsorption capacity (g.) has been observed at level Ls. From level L; to L3, the increase in

competing ions concentration causes the high adsorption capacity (0.55 to 2.02 pg g!-Fe) which

is due to a decrease in the hindrance for the uptake of AsY ions as mass-transfer operating force

intensified.
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An increase in the TDS (B) from 436 to 1591 mg L', the maximum adsorption capacity
(Qe) has been observed at level Li. A decrease in the value of Q. (1.8 to 1.0) is identified with the
increase in the TDS concentration (L; to L3) and occurred due to the competition among As" and
other ions to occupy the vacant sites of nanoparticle surface. However, an insignificant variation
in adsorption capacity from levels L to L3 is examined which might be due to the dominating
effect of different competing ions leading to negligible adsorption of AsY beyond the TDS
concentration of 1014 mg L-!.

An increase in the pH (E) from 7 to 9, the maximum adsorption capacity (Q.) has been
observed at level L3 (1.7 ug g'!-Fe). It follows increasing trend for AsY removal. From level L; to
L3, the increase in the adsorption capacity from 0.9 to 1.7 ug g™'-Fe is observed which might be
due to the presence of charged species of As¥ beyond the near neutral pH conditions.

As few authors have been reported the increase in removal capacity of nanoparticles in the
presence of ions such as nitrate and bicarbonates [313]. Similar, observation have been observed

for BIO-DW nanohybrids, but, the extend is larger as compared to those of BIO NPs.
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5.4.3 Analysis of inter-parametric interactions

Figure 5.7 (a — c) and Figure 5.8 (a’ — ¢') are present the variations in the adsorption capacity
as a function of initial concentration of AsV at each level of TDS (Li — L3). At each level of TDS,
an increase in the adsorption capacity has been observed to increase with an increase in the AsY
concentration. This trend is similar to those examined earlier in the Figure 5.5 (a) and 5.6 (a’).
However, in case of BIO-DW nanohybrids at high TDS (L3), there is a hindrance in the uptake of
AsVions as compared to those of BIO NPs (Figure 5.8 ¢’). This is possibly because of the saturation
is achieved in this case at relatively lower TDS. Further, a significant increase in the adsorption
capacity has been observed for BIO-DW nanoparticles as compared to BIO NPs with an increase in
TDS from L; to Ls. It might be due to the secondary sites developed for AsY adsorption provided by
the surface complexes produced with other ions.

Figure 5.9 (d — f) and Figure 5.10 (d' — {') are depicting the variations in the adsorption
capacity as a function of initial concentration of As" at each level of shaking speed (L1 — L3). At low
concentration of AsV (55 pg L"), the shaking speed (L; to L3) has not been examined to affect its
removal using both BIO NPs and BIO-DW nanohybrids. Beyond the AsY concentration of 55 pg L
!, an antagonistic behaviour of its removal has been observed for both as-synthesized nanomaterials.
A low removal capacity of AsY has been found at the shaking speed of 170 rpm (L) for BIO NPs
and BIO-DW nanohybrids. This trend is different to that observed in the Figure 5.3 (a) and 5.4 (a’).

In view of the above results, the combined effect of shaking speed along with TDS has been
explored on the removal capacity of AsV for both of these nanomaterials. Figure 5.11 (g — i) and
Figure 5.12 (g’ — 1) are demonstrating the effect of TDS (B) and shaking speed (L; to L3) for BIO
NPs and BIO-DW nanohybrids, as a function of total adsorption capacity. An insignificant variation
in the removal capacity at low shaking speed for the whole range of TDS (436 — 1591 mg L)
ensures that nanoparticles have not been homogenously suspended in the solution at shaking speed
of <170 rpm, and external diffusion is likely to be the rate limiting step in adsorption process. These
observations are similar to those examined previously. However, high removal capacity has been
observed at high TDS and at a shaking speed of 170 rpm. The inter-parametric interactions studies
are revealed that the removal of AsV is largely occurred through the formation of surface complexes

onto both of BIO NPs and BIO-DW nanohybrids.
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Figure 5.7. Interactions between parameters arsenic initial concentration (A) and TDS (B) at three levels on the removal capacity (qe) and S: N ratio
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Figure 5.9. Interactions between parameters arsenic initial concentration (A) and shaking speed (C) at three levels on the removal capacity (qe) and
S: N ratio for multicomponent adsorption of As" onto BIO NPs.
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Figure 5.10. Interactions between parameters arsenic initial concentration (A) and shaking speed (C) at three levels on the removal capacity (qc) and
S: N ratio for multicomponent adsorption of As" onto BIO-DW nanohybrids.
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Figure 5.11. Interactions between parameters arsenic TDS (B) and shaking speed (C) at three levels on the removal capacity (qe) and S: N ratio for
multicomponent adsorption of As" onto BIO NPs.
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Figure 5.12. Interactions between parameters arsenic TDS (B) and shaking speed (C) at three levels on the removal capacity (qe) and S: N ratio for
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Table 5.10. ANOVA of Q. and S: N ratio data for multi-ionic system in the adsorption of As" using BIO-
NPs.

Raw Data S : N Data
Parameter i:g;roef DOF* slflj::rne Valfue Co;/frib. Ssgg;roef DOF* sl\(fz:rrze Fvalue Cor(ﬁ)rib.
A 293 2 146 2927  23.66 48567 2 242.84 93398 397
B 11.7 2 59 1174 941 98.66 2 4933  189.73 8.1
C 2.8 2 1.4 279 2.23 31 2 15.5 59.62 2.5
D 34.3 2 172 3434 2765 29058 2 14509  558.81  23.7
E 8.5 2 43 853 6.90 43.69 2 2185  84.02 3.6
F 12.9 2 64 1285 1032 146.46 2 7323 281.65  12.0
€ 1.0 2 0.5 10.4 0.83 11.77 2 5.89 22.63 1.0
AxB 4.4 4 22 4338 3.48 39.64 4 9.91 38.12 1.6
AxC 12.7 4 64 1274 1025 108.93 4 2723 104.74 4.5
BxC 6.5 4 3.3 65 5.27 85.48 4 2137 8219 35
Residual 0.08 54 0.06 0.52 2 0.26
Model 12410 26 62.09 1341.08 24 61269  2356.5
Cory 12418 80  62.15 134160 26  612.43

Total
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Table 5.11. ANOVA of Q¢ and S: N ratio data for multi-ionic system in the adsorption of As" using BIO-DW

nanohybrids.
Raw Data S : N Data

Parameter Ssgg;roef ' sl\c/lllj:llrle Vafue Corol/:rib. i:umaroef DOF* szfe Fvalue Co;/:rib.
A 97.2 2 486 48605 165 326.68 2 16334  1256.5 16.6
B 322 2 161 1609.5 5.5 72.97 2 36.48  280.6 3.7
C 6.7 2 3.3 1859 1.1 52.38 2 26.19 2015 2.7
D 98.9 2 494 3335 16.8 40395 2 201.97 15536 205
E 12.5 2 62 2342 2.1 4372 3 2186 1682 p) 7}
F 149.6 2 748 48645 254 577.5 2 288.75 22212 293
G 9.6 2 48 4943 1.6 10.68 2 5.34 41.1 0.5
AxB 37.2 4 186 6225 6.3 13927 4 69.63  535.6 7.1
AxC 46.8 4 234 7478 8.0 140.71 4 7036 5412 7.1
BxC 97.3 4 486 480 16.6 20445 4 10222 7863 10.4
Residual 0.03 54 0.01 0.13 2 0.02
Model 587.82 26  293.92 1972.18 24  986.14
%’gl 587.85 80  293.93 197231 26  986.16
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Figure 5.13. Percent contribution of various parameters for q. for As" adsorption in multi ionic system onto
BIO NPs: parameter A, arsenate conc. (ug L™); parameter B, TDS (mg L"); parameter C, shaking speed
(RPM); parameter D, temp. (°C); parameter E, pH; parameter F, dose (g L"')’; parameter E, contact time
(min).
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Figure 5.14. Percent contribution of various parameters for qe for As" adsorption in multi ionic system onto
BIO NPs: parameter A, arsenate conc. (ug L™); parameter B, TDS (mg L™"); parameter C, shaking speed
(RPM); parameter D, temp. (°C); parameter E, pH; parameter F, dose (g L"')’; parameter E, contact time
(min).
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5.4.4 Identification of optimal levels and estimation of optimum response
characteristics

As the response is presented by larger-is-better type for quality characteristics, the maximum
value of g. has been considered optimal. Table 5.8 and 5.9, summarizes the optimal level for
different parameters determined after the examination of response curve (Figure 5.3-5.6) for the
average value of gc and S: N ratio onto BIO NPs and BIO-DW nanohybrids. The intend of this study
to remove the maximum amount of As" in the presence of various ions representing the groundwater
composition of location I and location II. Therefore, the first (L1) and third (L3) level of parameter
A and B are taken into consideration for further calculations, respectively. However, the
optimization for this experimental design has also been evaluated for AsY removal capacity has also
been evaluated utilizing both of BIO NPs and BIO-DW nanohybrids. These studies are discussed

individually for both of as-synthesized nanomaterials below:

BIO nanoparticles

In Table 5.12, the significant process parameters that affecting the AsY removal and their
optimal levels using these NPs are including as: location I (A1, Bi, Cz, D1, Es, Fi, G3), location II
(A3, B3, C2, Dy, Es, Fi, G3) and experimental design (A3, Bi, C2, D1, Es, F1, G3). The average value
of qe for these parameters at optimal level (from Table) are given as:

first level of concentration of AsY ions (4;) = 0.6
third level of concentration of AsY ions (43) =2.0
first level of concentration of TDS (B;) = 1.8
second level of shaking speed (C,) = 1.5

first level of temperature (D;) = 2.2

third level of pH (E3) = 1.7

first level of dose concentration (F;) = 1.8

third level of contact time (G3) = 1.4
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The overall mean for the total removal capacity (Tg; o nps) is 1.28 (from Table 5.5). The predicted
optimum values for removal capacity for location I, location II and experimental design has been

calculated and mentioned as equation 5.8 5.9 and 5.10 below:

Weocations = Terones + (A1 — Terones) + (Br = Tarones) + (Co — Tarones) + (D1 — Torowes)

I Tl e (5.8)
+ (E3 = Tgo wps) + (F1 — Tgio wps) + (G3 — Trro wps) =3. 2 pg gt
Wocationi1 = Tarones + (As — Tgronps) + (Bs — Tarowes) + (€2 — Tarowes) + (D1 — Taronps) (5 9)
+ (E3 B 7_11310 wps) (Fl — 7_11310 wps) (G_s = 7_11310 wes) = 38 ug mg_l
Hemme . = Torones + (A3 = Tgronps) + (Br — Tarowes) + (G2 = Taronps) + (D1 = T o wes) (5.10)

+ (Es — Torones) + (Fr = Tarones) + (Gz — Tgrowps) = 4.6 pgmg ™"

Further, the 95 % confidence interval for the mean of experimental run outcomes and three
conformation experiments (Clcg and Clpop) is calculated by substituting the DOF error [f.= 54 (80-
26)], total number of results [N= 81 (27 x 3)] and the error variance [ V.= 0.06] (recalculated from
Table 5.10) in equations 5.5 to 5.7:

N i (5.11)

n Cop — =
effective ™ 1 4 [total DOF accounted in the estimation of mean response]

Foos (1, 54) =4.03 (representing tabulated F-value)

1] (5.12)

neffective R

Cleg = \]Fa(l'fe)ve[

(5.13)
Cloop = ’% = 403
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The details of the predicted ranges for the maximum removal capacity (qc) of AsY at 95 % confidence

intervals for location I, location II and experimental design onto BIO NPs are given in Table 5.12

below:

Table 5.12. Predicted optimal levels of parameters along with adsorption capacity (Q.) values, confidence
intervals, outcomes of conformation experiments and percent variation for location I, location II and

experimental design (BIO NPs).

Optimal levels of Predicted Confidence intervals Average %
parameters values variation
(95 %) (ng mg''-Fe)

Loc.1 Ay, B, Cs, Dy, Es, Fy, G 32 Clee: 2.7 <Msiowes <37 344004 5.9
Clpor: 2.9 < pgonps < 3.5

Loc. 1l As,Bs, Ca, Dy, Es, Fi, G 3.8 Clee: 4.3 <Wprowes <33 394009 2.6
Clpop: 4.1 < pgronps <3.5

Qe max. As, By, Cy, Dy, B3, Fi, G 4.6 Cle: 5.1 <Mprones <41 4.8 +0.02 4.2
Clpop: 4.9 < Ugronps < 4.3

BIO-DW nanoparticles

In Table 5.13, the significant process parameters that affecting the AsY removal and their

optimal levels using BIO-DW nanohybrids are including as: location I (A1, B1, Cz, D1, Es, Fi, G2),
location II (A3, B3, Ca, D1, E3, Fi, G2) and experimental design (As, Bi, C2, D1, Es, Fi, G2). The

average value of ge for these parameters at optimal level (from Table) are given as:

first level of concentration of As ions (4;) = 1.1

third level of concentration of As" ions (43) = 3.8

first level of concentration of TDS (B;) = 3.0

third level of concentration of TDS (B3) = 1.7

second level of shaking speed (C,) = 2.9

first level of temperature (D;) = 4.1
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third level of pH (E3) = 3.0
first level of dose concentration (F;) = 4.4
third level of contact time (G,) = 2.8
The overall mean for the total removal capacity (Tg; o—pw ) is 1.28 (from Table 5.6 ).

The predicted optimum values for removal capacity for location I, location II and experimental

design has been calculated and mentioned as equation 5.11, 5.12 and 5.13 below:

Weocations = Taro—ow + (A1 = Tero-pw) + By — Taro—pw) + (G — Tor o0-pw)
+ (D, — To10-ow) + (Es — Taio-pw) + (Fl'= T 050w ).+ (Ga =T 51 0—pw) (5.14)
=42ugmgt

Weocationt1 = Taro—ow + (A3 — Taro—pw) + (Bs — Tero—ow) + (C2 — Ta0-pw)
+ (D1 — Ty o0-ow) + (Bs — Ty o—ow) + (Fi —T51 0-pw )+ (Gz — To1 0-ps) (5.15)
=45pgmgt

Haenae . = Toro-ow + (A3 — Tero-pw) + (B1 — Tero-ow) + (G2 — Toyo-pw) + (D1 — Toro-ow) (5.16)
+ (B3 = Toro—ow) + (Fy = T o—pw) + (G3 = T o—pw) = 6.9 pg mg ="

Further, the 95 % confidence interval for the mean of experimental run outcomes and three
conformation experiments (CIcg and Clpop) is calculated by substituting the DOF error and total
number of results (mentioned in previous section). Whereas, the error variance has been observed
to be V.= 0.01 (recalculated from Table 5.11). These are further calculated using equations 5.5 to
5.7:

N

Meffective =77 [total DOF accounted in the estimation of mean response] _ (5.17)
1

Cleg = |[Fa(1, fo)Ve +—[= %02 (5.18)
neffective R
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CIPOP - M == io.l (5.19)
A effective

Foos (1,54) = 4.03 (representing tabulated F-value)

The details of the predicted ranges for the maximum removal capacity (ge) of As¥ at 95 % confidence
intervals for location I, location II and experimental design onto BIO-DW nanohybrids are given in

Table 5.13 below:

Table 5.13. Predicted optimal levels of parameters along with adsorption capacity (Q.) values, confidence
intervals, outcomes of conformation experiments and percent variation for location I, location II and
experimental design (BIO-DW nanohybrids).

Optimal levels of Predicted values Confidence intervals Average %
parameters X variation
(ug mg'-Fe) (95 %) (ng mg-Fe)

Loc.1 Ay Bi, Cs, D, Es Fi, Go 42 Clee: 4.4 <tmps <40 =43, 0,08 2.3
Clpor: 4.3 < uppps < 4.1

Loc.Tl  As, Bs, Cs, D1, Es, Fu, Go 45 Clog: 47 <Hanps <43 461 0.09 22
Clpop: 4.6 < tppps < 4.4

Oemax.  As, Bi, Ca, Dy, Es, Fi, G 6.9 Clee: 7.1 <mwps <67 = 744008 1.4

Clpop: 7.0 < ypps < 6.8

5.4.5 Conformation experiments

The conformation experiments for the locations I, II and Qe, max. (0verall experimental design)
in the removal of AsY onto BIO NPs and BIO-DW nanohybrids have been conducted in triplicate at
selected optimal levels of experimental process parameters. Their average values are compared with
those of predicted values, shown in Table 5.12 and 5.13. The values of g. determined through
conformation experiments are found within the 95 % confidential interval of Clcg for both of as-
synthesized nanomaterials. These optimal values are valid only within the range of designated
process parameters. However, it is proposed to explore the removal capacity through additional

conformation experiments during interpolation/exploitation.
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5.4.6 Understanding of adsorption behaviour using surface complexation models

(SCMs)

Surface complexation models (SCMs) have been explored to understand the result outcomes
of Taguchi’s batch experimental methodology. The geochemical code Visual MINTEQ is used for
the calculation of adsorption equilibrium constant and modeling of AsV adsorption onto BIO NPs
and BIO-DW nanohybrids [314]. As both of these as-synthesized nanomaterials are identified
(Chapter 3) the presence of maghemite phase among the different polymorphs of iron'" oxide(s).
Therefore, some of the characteristics related to this phase have been taken into account as described
by previous authors in the present study. The charge distribution multi-sites complexation (CD-
MUSIC) model [315] and 2pk-Three-Plane-Model (TPM) have been explored as a function of pH
for both BIO NPs and BIO-DW nanohybrids. From the zeta-potential measurements, the surface
moieties of both these nanoadsorbents have been observed to be negatively charged (Figure 3.15) in
the pH range used for the present study. Therefore, the amphoteric ionization reactions for these

nanomaterials possible under the used conditions could be the following:
FeOH - FeO~ + H*
FeOH;%5 —» FeOH %> + H*

Fe;OH'%S — Fe,07%> + HY

For as-synthesized nanomaterials, the behaviour of different complexes formed from the above
possible surface species with various ion(s) and their possible effects on the removal of AsV

oxyanions have been discussed below individually:

BIO nanoparticles (NPs)

Generally, the hydroxyl moieties such as: single [(OH)3-Fe-Fe-R] and double [(OH)3-Fe-
H303-R] coordinated hydroxyls have been reported for iron'! oxide(s) NPs [215] and the double
coordinated surface hydroxyls has been previously demonstrated to be particularly stable and
unreactive [216]. Trainor et al. [215] have shown that the singly and triple coordinated hydroxyls
are more reactive towards cationic species due to their efficient proton lability. Therefore, the CD-

MUSIC model along with 2pk-TPM has been explored for BIO NPs, which involves the reactivity
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of singlet (FeOH?) and triplet (Fe3O°) species of iron. This study provided the following

parameters of surface complexation modelling has been summarized below in Table 5.14:

Table 5.14. Reactions and parameters of surface complexation modeling for BIO nanoparticles.

Surface species =FeOH =Fe;0 Ay, Az Az, LogK Ref.

= FeOH?> 1 0 0 0 0 0 [316]
=Fe;00° 0 1 0 0 0 0 [316]
=FeOH?'3 -Ca’ 1 0 0.32 1.68 0 3.17 [317][318]
= FeOH™3 -CaCOs 1 0 0.6 -1.6 0 15.55 [319]

= FeOH?3-CaHCO; 1 0 0.6 -06 0 24.15 [319]
=FeOH"’ -HNO:; 1 0 1.00 - 0 7.42 [320][318]
= Fe;0%° —HNO; 0 1 1.00 - 0 7.42 [318]
2(= FeOH?%) ~As0,Ca 2 0 0.60 040 0 36.04 [321]
2(= FeOH?3) ~AsO,HCa 2 0 0.60 140 0 43.44 [321]
2(= FeOH?%) —Mg?* 2 0 0.71 129 0 4.89 [295]
2(= FeOH?®) —-PO,Ca 2 0 0.60 040 0 38.57 [322]
2(= FeOH?3) -PO,HCa 2 0 0.60 140 O 46.02 [322]
2(= FeOH?%) —POy 2 0 0.46 - 0 27.59 [321]
2(= FeOH??) ~POOH 2 0 0.63 - 0 32.89 [321]
2(= FeOH? ) —Si(OH), 2 0 -0.29 - 0 5.85 [317][323]
2(= FeOH? %) —SiOHOSi303(OH)y 2 0 -0.29 - 0 13.98 [323]
2(= FeOH?%) —Si0,HSi303+1(OH)s.1 2 0 -0.29 - 0 7.47 [323]
2(=FeOH?3) -ZnOH 2 0 0.50 050 0 -1.43 [324]
Modeling parameters

Model Type CD-MUSIC and 2-pk TPM

Number of site types 2

BIO NPs concentration (g L) 0.3

Specific surface area (m? g'!) 59.80 This study
Surface site density (sites nm2) 51.13 This study
Inner capacitance (F m?) 1.0 [315]
Outer capacitance (F m?) 0.2 [315]
pH range 7-9
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The total (Ni) surface site concentrations (sites nm-2) has been obtained from the
adsorption isotherm data (Chapter 4) explored for AsY removal onto these nanoparticles. The

equation for the calculation of surface sites is given as [325]:

N C (5.20)
S Caa.

N,(sites nm™2) =

Where, N, (sites nm?) denotes the concentration of sites; N and Cs (mol L) are the Avogadro
number and concentration of AsY adsorbed at saturation point, respectively; S (m? g'!) represents
the surface area of nanoparticles and Cya. (g L) the dose of nanoparticles utilized.

Earlier in Figure 5.5 (f) the response curves depicted that an increase in the pH causes an
increase in the removal capacity of AsY adsorption onto BIO NPs. Using geochemical code Visual
MINTEQ, this trend is validated by the CD-MUSIC model along with to that of 2pK-TPM model
(for both locations I and I1) (Figure 5.13 a, b). It, therefore, evidently explains the involvement of

singlet and triplet species of iron during the adsorption process. However, a reverse trend has been

examined using 2pK-TPM model.
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Figure 5.15. Representation of As" adsorption behaviour onto BIO NPs using surface complexation models
(a) location I and (b) location II.

BIO-DW nanohybrids
Earlier in Figure 5.5 (f) the response curve depicted an increase in the pH causes to decrease
in the AsY adsorption onto these nanohybrids upto pH 8. A further increase in the pH causes to

increase the adsorption capacity at pH 9. This behaviour of removal could be explained by 2pK-
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TPM model till the pH 7, which involves deprotonated specie FeO~ in the removal process. The
dominant complex between surface moiety and arsenic specie has been determined to be =
FeOHAsO3 ™ in the near neutral pH conditions. Above pH 7, the CD-MUSIC model along with to
that of 2pK-TPM has explained the removal behaviour for these nanohybrids, as also observed for
BIO NPs. However, due to presence of several organic moieties onto the surface of these

nanohybrids, it requires detailed investigations.

5.4.7 Predictive modeling of arsenic removal using multilayer concept of artificial

neural network

Artificial neural network tool has been reported to be an appropiate tool for the prediction
and estimation of adsoption properties due to its complex non-linear characteristics [309], [310],
[326]. Neural network toolbox of MATLAB (version 2013a) is used to predict the adsorption
behaviour of BIO NPs and BIO-DW NPs nanohybrids under batch study. A feed-forward back
propagation neural network is explored to validiate all the experimental results and the architecture
contains one input layer (seven neurons), output layer (having one neuron) and hidden layer
(including eight neurons). Table 5.15 and 5.16, shows the weights and biases related to the neural
network after training for both of nanosystems.

For BIO nanoparticles, the network has been trained to get the minimum value mean square
error (MSE: 0.0810) which is achieved after 309 itterations. details are shown in Table 5.15. The
details of their weights and biases are mentioned in Table 5.15. Similary. the minimum mean square
error (MSE: 0.0158) for the results of outcomes obtained through Taguchi’s methodology achieved
after 150 itterations in case of BIO-DW nanohybrids. The details of their weights and biases are

mentioned in Table 5.16.
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Table 5.15. Optimal values of architecture weights and biases for ANN model using BIO NPs.

Input I to hidden W (.
layer I
[3.6452 2.4041 1.3122 -0.7853 0.3063 -1.083 0.73908;
0.91948 -0.5632  0.13657 0.69442 0.14616  0.22706 -0.26542;
2.8757 -4.2484 -6.793 7.81 5.9914 -3.5516 1.5765;
2.8282 -5.3899  -0.9429  -3.0861 -1.1793 1.6492 -4.6492;
-0.9470 1.1106 0.5855 -4.243 0.93038 0.65776 1.6884;
-1.4417 -2.3152 1.9083 -2.2759 -1.0128 -1.4177 -0.67739;
0.33551 1.7197  0.68846  12.7681  -6.4251 -2.0039 -1.31;
Weight to layer LwW&D
[0.9357 -0.6390  0.64071  0.36988  -7.6781 0.8652 -7.8693]
Bias to layer I b®
[2.1715;
-3.0639;
-7.6803;
-1.6847;
2.708;
-0.63665;
4.4477]
Bias to layer II b®
[<0.23964]
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Table 5.16. Optimal values of architecture weights and biases for ANN model using BIO-DW nanohybrids.

Input I to hidden rw (.D

layer I
[1.923 0.39529 1.5262 -1.5243  0.83866 1.1302 0.83388;
1.277 0.07763 -0.43379  0.3205  0.45953 0.85197 0.3184;
-0.52626 1.1866  -0.38417 -0.5977 0.12041  -0.76983 -1.2079;
1.6354 -0.3885 1.0929 -0.2904  -0.98819 1.5521 0.19288;
-0.1002 1.5393 1.5474 0.236 0.20202  -0.02675  -0.33111;
-1.9687 -0.0554 1.6085 -0.3764  0.60145 1.1441 1.5076;
-0.7981 0.4979 0.8676 091157 -2.0979 0.9329 0.15184]
Weight to layer LW®@D  [3.5333 -1.0854 -0.58064 -2.2447 0.1071 1.18 1.2745]
Bias to layer | b
[2.7025;
-2.2002;
-0.16844;
-1.4264:
0.88775;
-0.50907;
11.4788]
Bias to layer II b®
[0.04916]
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Chapter 6

Continuous flow reactive modeling using 1D
columns and sand-tank experiments for
arsenic removal

6.1 Chapter abstract

This chapter investigates the arsenic removal capabilities of as-synthesized BIO NPs and BIO-
DW nanohybrids under the continuous mode of experiments. The 1-D columns and 3-D sand-tank
setups have been fabricated for this purpose. During sand tank experiments, the removal of As'™
species have been taken into the consideration.

Through columns studies, the effects of flow rate (4 -12 ml min'), bed height (14.6 — 58.4 cm),
inlet concentration (0.055 — 4 mg L!) have been explored for the AsY removal employing BIO NPs
and BIO-DW nanohybrids. The dynamic behaviour of these fixed column(s) has been analyzed
through breakthrough curve analysis, Bohart-Adams model Thomas and Yoon Nelson model.
Further, the sand tank model (dimensions X: 60; Y:50; Z0 cm) has been fabricated representing the
direct injection (in-situ) mode of nanomaterials application. The COMSOL Multiphysics model has
been explored to understand the behaviour of nanoparticles transport under homogenous and fully
saturated conditions. The NaCl solution having the electrical conductivity of 5760 uS cm-1 has been
used for the tracer experiments. The simulations have been performed for the two injection points
(x: 15 cm; Y: 20 cm; Z: 30 cm) and (x: 25 cm; Y: 40 cm; Z: 30 cm). The Indian standard (IS) sand
having the particle size distribution in the range of 0.5 — 1 mm has been utilized as the experimental
consolidated media during the column and sand experiments.

The adsorption capacity (mg g' -Fe) has been found to be 203.5 and 345.1 for BIO
NPs and BIO-DW nanohybrids. As the height of fixed bed increases from 14.6 cm to 58.4, the
breakthrough point increases from 60 to 260 min and 165 to 455 for BIO NPs and BIO-DW
nanohybrids, respectively. The outcomes of Adam-Bohart model examined that the overall system
kinetics in the initial part of adsorption process has been dominated by an external mass. Although,
the poor coefficient of determination reflects less applicability of this model. The good fit of the

Thomas model to the experimental data indicates that the external and internal diffusions are not the
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limiting steps for both of these nanosystems. The Yoon-Nelson model interpret that the driving force
of mass transfer in the liquid film increases with an increase in the flow rate in case of both
nanosystems. The retardation coefficient has been observed to be 0.0101 g m~ and 0.0142 g m™ for
BIO NPs and BIO-DW nanohybrids, respectively. From the breakthrough data of As™ removal, it is

estimated that the concentration of arsenic reached beyond the WHO permissible limit after 31 h.

6.2 Materials and equipment

Arsenic working solutions have been prepared using sodium arsenite (anhydrous) (Na2HAsO»,
M.W. = 129.91 g mol™') salt purchased from Merck enterprises. All other chemicals and reagents
were utilized as mentioned earlier. The Indian standard (IS) clean sand 650 grade-II having the
particle size distribution in the range of 0.5 — I mm has been employed as the consolidated media in
the experiments. Peristaltic pumps (Model RH-P100VS-100-2H of Ravel Hitecks Pvt. Ltd. India)
having dimensions (mm) of 115 x225 x 280 have been used having a roller cage driven pumping

mechanism fitted with a stepper motor. The flow rate range of the pumps was 1 — 500 ml hr!.

6.3 Methodology

6.3.1 Mathematical equations for design of columns (1-D) for lab studies

A hypothetical cylindrical filter having an inner diameter D, a length L, and a reactive zone
hrz is considered. The reactive zone is the fraction of L (L > hrz) containing the reactive material,
possibly mixed with selected additives. The filter is filled with spherical particles (reactive materials
and non-reactive additives) having a constant diameter d. Considering the granular material as
composed of mono-dispersed spheres subjected to soft vibrations, the column compactness (or
packing density) C ranges between 0.60 and 0.64 for a random close packing, but it is generally
considered to be equal to 0.64 (limit value). It has been reported that the value of the compactness
depends on various parameters as the distribution of particle size and their shape [327], [328]. The
theoretical value of C = 0.64 is strictly valid for particles with spherical shape and similar sizes. It
is assumed in this study that ratio of cylinder diameter (D = 2R) to particle diameter (d) = 2R/d is
optimal for axial hydrodynamic dispersion [329], [330]. The volume of the reactive zone (V’:), the
volume of solid (Vsoiia), the volume of inter-granular pores (Vpore), the volume of individual solids

(Vi) with the apparent specific weight i, and the thickness of the reactive zone (/4,-) are given below:
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_ nD?h,, (6.1)

Treated water

Glass wool «——

Column length
or
Reactive zone

.

Inert beads+———

[ Peristaltic pump

=+ Contaminated water

Figure 6.1. Schematic diagram of fixed column(s) utilized for breakthrough curve analysis using both BIO
NPs and BIO-DW nanohybrids.

Viz = Vsotia + Vpore (6.2)

Vsotia = CVrz (6.3)

Voore = (1 =€)V, (6.4)

Vsotia = Z Vi = Vsora1 + Vsotiaz -+ Vsotia n (6.5)
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y =M (6.6)

_Wer _ Wsolia (6.7)

Using these calculations, the columns with the length of 14.6, 29.2 and 58.4 with and internal
diameter have demonstrated the constant porosity conditions. Therefore, the column having the
dimensions greater than the calculated have been fabricated for laboratory investigations. During
these experiments, then nanomaterials has been mixed along with the porous media for breakthrough

curve in the fixed bed column(s).

6.3.2 Fabrication of sand-tank model for lab studies

Tracer and nanoparticle transport experiments have been conducted in a three-dimensional
sand tank setup representing a subsurface system of variably saturated zone underlined with shallow
unconfined aquifer. Figure 6.2 shows the schematic diagram of the 3-D sand tank setup used in the
present study. The inlet and outlet ports of the tank setup have been connected with 1cm thick water
chamber attached with central chamber having sand mass, to ensure a uniform groundwater flow.
These chambers are separated from the soil mass by a stainless steel mesh to prevent soil flow in the
chambers.

The tank setup has been embedded with three rows of sampling ports spaced 10 cm apart
vertically. The eleven injection ports are fixed at the top of the tank to the depth of 20 cm and 40
cm. The openings of sampling ports are attached with stainless steel needles of diameter 0.3 mm and
which are located at 5 cm and 10 cm depth in the transverse direction. The middle row of sampling
ports represents the surface sample ports. The tank is filled homogeneously with clean sand duly
replaced with fresh sand for each new set of experiment. Filtration screens are fixed around the inlet

and outlet valves to prevent the entrance of the sand particles in the connecting Viton tubes.
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Figure 6.2. Details of the sand-tank set up used for the tracer and injection of nanoparticles.

6.3.3 Characteristics of consolidated material

The Indian standard (IS) clean sand 650 grade-II having less than 1 mm and greater than 0.5
mm particle distribution size has been used as the experimental porous media. The sand has been
washed and dried at ambient conditions prior to the experimental analysis. The analytical sieve
shaker (400 mm % 230 mm x 350 mm) of Retsch (Germany) series AS 200 having measuring range
20pm to 20 mm has been used in these studies. Mechanical sieve analysis has been performed to
find the particle size distribution of the sand which is listed in along with other physical parameters

in Table 6.1 below:
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Table 6.1. Physical characteristics of sand used for laboratory experiments.

SI. No. Characteristics Values Reference

1. Type of sand Medium-Fine sand Procur:jtigi?SZ?MIM
2. Grain size 0.5-1.0 mm Determined

3. Grain density 233 £02gcem? Calculated

4. Bulk density 1.55 £ 0.09 g cm Determined

5. Effective porosity 0.34 £ 0.03 % Determined

6. Particle size > 1 mm 2.53 £0.49 % Calculated

7. Particle size > 0.5 mm - 1 mm 97.36 £ 0.57 % Calculated

8. Particle size < 0.05 mm 0.11 £ 0.05 % Calculated

6.3.4 Column (1-D) adsorption experiments
6.3.4.1 Analysis of breakthrough curve(s)

Breakthrough curves are obtained after fitting the modeling parameters to the experimental
data, generated through column experiments. Generally, the breakthrough time and trend of the
breakthrough curves explain the dynamic behaviour of the adsorption processes in column(s). These
curves depict the loading behaviour of AsV in a fixed bed adsorber containing BIO NPs and BIO-
DW nanohybrids. This analysis generally describes the normalized As" concentration, and can be
defined as a ratio of AsY concentration at outlet to that of inlet concentration (C/Co), as a function
of time for any reactive zone (4,z) as well as different flow rate conditions. In this study, the time
that has indicated the effluent concentration of As" reach beyond 10 pg L' is considered as the
breakthrough point (#,). Similarly, its concentration reaches the arbitrary value i.e. C/Cp= 0.9 in the

effluent at time (t), represents the exhaustion time (#) of the fixed bed.
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The total amount of AsY adsorbed onto as-synthesized nanomaterials up to the time ‘t’ for a

fixed bed height (h;,) has been determined using following equation:

Q. = F,C, f: (1 _ g_z) dt (6.8)

Where, C, is the initial As" feed solution concentration (mg L'); C; indicates the AsY concentration
at time t (mg L") and f; is the volumetric flow rate for feed solution (ml min™'). The integration term
has been evaluated by determining the area above the curve. The adsorbent bed capacity for AsY

adsorption is calculated using the equation mentioned below:

Qc (6.9)

ABAC or q,(mg g™1) = -
a

Where, m, is the adsorbent mass (mg). The effluent volume (vefec.) and total amount (1) of AsY

entering the fixed bed have been determined using as follows:

Veffec. = Byt (6.10)

[ (6.11)
Miotar = m

Further, the total removal capability of AsY ions (performance of fixed bed) with respect to flow
volume has also been calculated. It defines the ratio of total adsorbed AsY (Q;) to that of total AsY

(muwi) entering the fixed bed, and has been calculated using the following equation:

% x 100 6.12)

n (%) =

Miotal
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6.3.4.2 Adam-Bohart model

This model represents a relationship of concentration ratio (C;/C,) with time (¢) in a
continuous removal system. The establishment of equation depends on the surface reaction theory
which describes the initial part of the breakthrough curve. It assumes that the equilibrium is not
instantaneous and therefore, the concentration of AsV and the residual capacity of removal as-
synthesized BIO NPs and BIO-DW nanohybrids are proportional to the rate of adsorption process.

The linearized equation of the model can be written as:

KABNohrz (6-13)
Vo

Co

log, (Ct> = KygCot —

Where C, and C; are inlet and outlet concentration of As(V) respectively, h,., (cm) is the height of
reactive zone, V, (cm min™) is the linear flow velocity determined as the ratio of flow rate F;;, and
cross sectional area of reactive zone A,, (cm?), N, is the saturation concentration and K, is the

mass transfer coefficient.

6.3.4.3 Thomas model

It is a common and extensively used model to examine the behaviour of removal process of
contaminants in the fixed-bed columns. The data acquired from a bed in continuous mode
experiments has been utilized to explore the maximum solid phase concentration of AsY adsorbed
onto the surface of BIO NPs and BIO-DW nanohybrids. This model is based on the assumption that
the removal process follows Langmuir kinetics along with no axial dispersion. Its derivation is based
on the 2" - order removal kinetic equations which leads to its limitations in understanding the
absolute behaviour of the adsorbent [331]. Further, it considers that removal process does not
primarily depends on the chemical reactions, but is also controlled by the mass transfer at the
interface. Therefore, this inconsistency may lead to errors in explaining the removal process using
model under specific environmental conditions. However, to understand the removal characteristic
features of an nanoadsorbent, the exploration by considering the different aspects are necessary.

Several authors have demonstrated the Thomas model to analyse the removal behaviour of

152



contaminant through fixed bed reactor [332], Fe-Mn nanocomposite [333], homoionic clinoptilolite
[334], chemically modified rice straw [335], zirconium oxide-coated sand [336] and rice husk [337].

The linear form of the equation is expressed as:

Co kr,qr, kr,Co (6.14)
eafm] o[,

Where kr,, qr,, C,, Cpare Thomas rate constant, maximum solid-phase concentration of

contaminant (bed capacity), influent and effluent concentration respectively.

6.3.4.4 BDST model

The BDST is a simple model for predicting the relationship between bed height and service
time in terms of process concentrations and adsorption parameters [338]. The original work
on the BDST model has been reported to be carried out by Bohart and Adams [339] who proposed
a relationship between bed height (H) and the time taken for the breakthrough to occur. The service

time (t) is related to the process conditions and operating parameters as given below:

C
Log, (C—O r 1) = Log, ("™ —1) — K, Coty (6.15)
b

Where K} is the rate constant in the BDST model (L mg! min™), #, is the breakthrough time or
service time (min), N; is the bed adsorption capacity (mg L), and n is the linear flow rate (cm min-
1. The values have been correlated with the process parameters and initial AsV feed concentration,

solution flow rate, and the adsorption capacity.

6.3.4.5 Yoon-Nelson model
This is a simple model that describes the adsorption behaviour of fixed bed without the
requirement of detailed data concerned to the adsorbent type as well as physical properties of
adsorbent bed.
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C 6.16)
C _tC = exp (Kynt — tosKyn) (
o~ Ct

where, Ky is the rate constant (min™') and ¢s.5is the time required for 50 % adsorbate breakthrough
(min). The values of parameters Kyy and #p.5for the adsorbate can be calculated from the plot of In

(C/ (Cy— Cy)) versus sampling time (7).

This model is applicable to a range of concentrations in the inlet contaminated water between the
breakthrough and saturation time of bed depth [340]. It is independent of the parameters concerned
with the physical properties of adsorbent column and type of the removal material [335]. The

linearized equation of Yoon-Nelson model is represented below:

Ce

log, [C_ = Ct] = Kynt — 1o 5Kyn
0

(6.17)

Where Kyy is the Yoon-Nelson constant (min'), t, sis the time (min) required to achieve the 50 %
breakthrough of bed depth and ¢ is the breakthrough sampling time. The evaluation of the
experimental data with respect to the initial concentrations of AsY for two different locations and
bed height has enabled the analysis of Yoon-Nelson model parameters from the slope and intercept
of the graph between [ 0g,(C;/Cy — C;) against time (t). The above equation reveals that 50 %
breakthrough (sampling) occurs at ¢ = t. Thus the bed depth should be exhausted at ¢ = 21. Due to
the symmetrical nature of breakthrough curve, the adsorption of AsV being adsorbed on maghemite
nanoparticles in a fixed bed is the half of the total AsY entering bed depth within 2t time period.
Song et al [335] have demonstrated the following equation to determine the adsorption capacity of

bed volume:

Q
=Qtotal=(1/2)C0( /100)21= CoQr (6.18)
Dn ="y M 1000 M
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This equation allows to calculate the adsorption capacity (q,,) of the column as a function of

reactive zone (hr), flow rate (Q), initial As(V) concentration, quantity of removal material (M) and

50% breakthrough time (#y.5) using Yoon-Nelson model.

6.3.5 Sand-tank experiments

6.3.5.1 Sand packing
The sand has been first oversaturated and then allowed to flow into the experimental setup.
A comb-like rectangular metallic sheet was used to remove air bubbles from sand layers. The water

filled setup has been left overnight to make the sand packing stable before draining the excess water.

6.3.5.2 Preliminary experiments

Preliminary experiments have been conducted to characterize the flow and transport
parameters. The saturated hydraulic conductivity (K) has been calculated to be 7.99 x 10 m s! using
constant head permeameter method. From dispersivity flux, the longitudinal dispersivity (D) of
media has been estimated from the breakthrough curves (BTCs) obtained during the tracer
experiments under different flow rates. The vertical dispersivity has been considered 0.1 times of
the obtained longitudinal dispersivity [341]. Time values corresponding to relative concentration
ratios of tracer are used in calculating dispersion coefficient as mentioned in equation below:

tgao, — t160
B 0.5[ 84% — li6 /()] 5 (6.19)

2ts50 o,

Where, ts4 %, tso %, and tis % are indicating the time corresponding to 86 %, 50 % and 16 % for the

relative concentration of tracer in BTCs and v is the volumetric flow rate.
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Figure 6.3. Picture showing the location of injection port and sampling ports considered during tracer
experiments.

6.4 Results and discussion

6.4.1 Columns studies (1D)

6.4.1.1 Evaluation of fixed bed parameters for AsY adsorption

The study of nanoadsorbents under continuous flow conditions are essential towards scale-
up of the contaminant remediation system for their applications in real world scenario. It can be
achieved by performing column studies at different experimental conditions. Therefore, the effects
of flow rate (4 -12 ml min'), bed height (14.6 — 58.4 c¢cm), inlet concentration (0.055 — 4 mg L")
have been explored for the AsY removal employing as-synthesized BIO NPs and BIO-DW

nanohybrids. These studies are discussed individually below:

Effect of volumetric flow rate (F))

Generally, the volumetric flow rate affects the efficiency of adsorbent in a fixed bed with
respect to the service time in two ways. Its high rate of flow causes a decrease in the mass resistance
of external film at the surface of nanoadsorbents. This mainly occurs due to the additional velocity
shear which reduces the film thickness. Moreover, a decrease in the residence time of the feeding

contaminated water at high flow rate affect the removal capacity of fixed bed column [342], [343].
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Figure 6.4. Breakthrough curves of As" adsorption at different flow rate(s) (a) BIO NPs and (a’) BIO-DW
nanohybrids.

Figure 6.4 (a-a') depict the effect of volumetric flow rates on the AsY adsorption in a fixed
bed column through experimental breakthrough curve(s) for BIO NPs and BIO-DW nanohybrids,
which has been varied from 4 to 12 mL min™!' keeping the bed height and initial feed concentration
constant with the values of 75.2 cm and 4.0 mg L', respectively. In Table 6.2, the breakthrough
point has been found to have occurred faster as the flow rate increased to 12 ml min™' in case of both
the nanosystems. At high flow rate of the feed solution, the AsY has shown less contact time for
interacting with the nanoadsorbent before reaching the equilibrium and vice versa. This explains the
steep behaviour of breakthrough curve as well as reduction in the adsorption capacity [344]. Further,
the surface moieties of BIO NPs and BIO-DW nanohybrids get occupied instantaneously by AsY
ions because of the increased mass transfer rate. Thus, it causes the saturation of fixed bed faster at
high flow rate as compared to that of low flow rate. The obtained results in the present study have

been found in good agreement with those observed earlier [335], [345].

Effect of height of reactive zone (4,;)

The accumulation of removal contaminant in a fixed bed adsorber is primarily depend on the
amount of adsorbent present in remediation system. In order to explore this study, 1.2-1.7 g of
nanoadsorbent(s) have been packed with the porous media of an approximate bed height ranging
from 14.6-58.4 cm utilizing both of as-synthesized BIO NPs and BIO-DW nanohybrids. The effect
of different bed heights has been studied at an initial concentration of AsY of 4.0 mg L! and a flow
rate of 8.0 ml min!. The obtained breakthrough curves for different bed heights are

shown in Figures below:
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Figure 6.5. Breakthrough curve of As" adsorption for different bed height(s) (a) BIO NPs and (a’) BIO-DW

nanohybrids.

This study reveals that the steepness of all the breakthrough curves is largely influenced by
the bed height of fixed bed system while employing both of these nanosystems. A decrease in the
slope of breakthrough curve(s) has been observed with an increase in the bed height due to a longer
contact time. It has also resulted in the increase in the removal capacity and lower concentration of
AsV in the treated water [344]. As the height of fixed bed increases from 14.6 cm to 58.4, the
breakthrough point increases from 60 to 260 min and 165 to 455 min for BIO NPs (Table 6.2) and
BIO-DW (Table 6.3) nanohybrids, respectively. It might be attributed to the increase in the effective
surface area (larger fixed bed) with an increase in the adsorbent mass. This provides large number
of active sites for the interaction with the AsV species during adsorption process. Further, an increase
in the bed height leads to a longer mass transfer zone, which subsequently results in an extended

breakthrough time. However, large height of fixed bed (#,-) is not advised because the adsorber is

prone to not get exhausted completely [335].

Effect of initial AsY feed solution concentration (C,)

The mass transfer flux during the removal process is considered to depend on the factors
such as area perpendicular to mass flux, mass-transfer coefficient and concentration gradient.
Among these, the concentration of feed solution yields to a certain level of generating mass transfer
driving force. The effect of initial AsV concentration along with the adsorption breakthrough curves

for BIO NPs and BIO nanohybrids is presented in Figures below:
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Figure 6.6. Breakthrough curve of As" adsorption at different initial concentration(s) (a) BIO NPs and (a’)
BIO-DW nanohybrids.

In the present study, the initial As¥ feed solution concentration has been varied from 0.055
to 4.0 mg L' with a fixed bed height of 29.2 ¢m and flow rate of 8.0 ml min™' employing both of
these nanosystems. It has been revealed that the breakthrough time (7)) gets shortened with an
increase in the initial AsY feed concertation employing both the as-synthesized nanosystems. It
occurs due to an increased driving force for AsY oxyanions to overcome the mass transfer resistance.
This causes the binding sites to be easily available along with the quick adsorption at high feed
concentration of AsV [346], [347]. Conversely, a low feed concentration causes a slow transport of
AsYions from the film layer to the surface of adsorbent due to the lower concentration gradient. It
implies a decreased diffusion coefficient and mass transfer driving force during the adsorption

process [348].

6.4.1.2 Empty bed contact time (EBCT) and usage rate of adsorbent (U,)

The EBCT (or bed service time) is the time during which an adsorbent is in contact with the
feed solution containing AsV ions. It is a significant parameter for designing of a continuous
adsorbing system. This parameter affects the volume to breakthrough as well as the shape of
breakthrough curve. It has been calculated for the different experimental conditions using following

equation [349]:
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Vb Abhrz (6-20)

F,  F

EBCT (min) =

Where, V5 is the volume of the fixed bed (L); 4» is indicating the cross sectional area of fixed bed
(cm?); h and F, are the height of reactive zone (cm) and volumetric flow rate (ml min'),
respectively.

Further, the performance of fixed bed employing BIO NPs and BIO-DW nanohybrids have been
evaluated through usage rate of nanoadsorbent(s). It can be denoted as U, (g L!). Generally, it is
expressed as the weight of adsorbent saturated per liter of the adsorbate solution treated. It has been

calculated using the following equation [350], [351]:

My (6.21)
U, =—=
=V

Where, m, is the mass of nanoadsorbent (g); Vs is the volume of the treated feed solution at
breakthrough point (L).

In the present study, the time after which the AsY concentration in the treated water reaches
the limit as set by WHO for drinking water (> 10 pg L-1), has been considered as breakthrough
point. The experiments have been performed for the concentration range of 0.055 to 4.0 mg L' for
AsY employing BIO NPs and BIO-DW nanohybrids. The value of EBCT and Ur have been
determined using the breakthrough curve data examined at various fixed bed height and volumetric
flow rates. Their details are given in the Table 6.3 and 6.4. A comparison of these observations
indicate that the usage rate of nanoadsorbent(s) decreases with the increase in EBCT. It tends to
decrease from 0.59 to 0.24 g L' as the usage rate of adsorbent increases from 47.1 to 752.9 min in
case of BIO NPs. Similarly, it tends to decrease from 0.27 to 0.16 g L' in case of BIO-DW
nanohybrids.

These observations reveal that the rate of occupying the reactive sites onto nanoadsorbents
by AsY oxyanions decreases with time at a high EBCT, which also causes to reach the breakthrough
time slowly. Additionally, it has also been predicted that the diffusion process is less effective at
lower EBCT, resulting in lower adsorption of AsV. It requires more time by the adsorbent to interact

with the AsY ions effectively [352]-[354].
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6.4.1.3 Breakthrough model analysis

The behaviour of fixed bed reactor has been described through the concept of breakthrough
curve(s) employing BIO NPs and BIO-DW nanohybrids. These curves deliver the understanding
related to the operation and dynamic response of the removal process in columns experiments. For
an effective deign of adsorption column, it is required to analyze the breakthrough curves
appropriately [355]. Several mathematical models have been proposed to describe the
contaminant(s) removal onto different nanoadsorbents for efficacy assessment in their application
in real world. The dynamic behaviour of these fixed column(s) has been analyzed through Bohart-
Adams model, Bed Depth Service Time (BDST), Thomas and Yoon Nelson model in the present

study. These are discussed in details below:

Bohart-Adam model

Figures 6.7 to 6.9 show the fitting of Adam-Bohart model to the breakthrough curve data at
different experimental variables for BIO NPs and BIO-DW nanohybrids. The time range in the
present study has been considered from the beginning to the end of the breakthrough curve. A linear
relationship has been determined for the breakthrough time (at time concentration crossing to
beyond 10 pg L"). The mass transfer coefficient and experimental uptake capacity along with K4z
and Ny and other statistical parameters are shown in Table 6.4 and 6.5 for BIO NPs and BIO-DW
nanohybrids respectively. It has been observed that Ny increased with an increase of AsY
concentration employing both of these nanosystems. This increase is 68.7 to 200.4 and 121.7 to

403.9 for BIO NPs and BIO-DW nanohybrids, respectively.
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Figure 6.7. Linear plot of Adam-Bohart model with experimental data at different flow rate(s) for (a) BIO
NPs and (a") BIO-DW nanohybrids [Co = 4.0 mg L''; h,, = 29.2 cm].

An increase in flow rate causes to decrease the adsorption capacity (Ny) of nanoadsorbents
indicating more saturation of adsorption sites. It has been decreased from 486.5 to 382.8 and 1184.0
to 196.7 for BIO NPs and BIO-DW nanohybrids respectively. This shows that the overall system
kinetics in the initial part of adsorption process has been dominated by an external mass transfer
[356]. Although, this model provides a simple and comprehensive approach for evaluating
breakthrough data, but, it should be noted that its validity is limited to the range of conditions
explored. Moreover, the poor coefficient of determination reflects less applicability of this model

too.
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Thomas model

Figures 6.10 to 6.12 show the fitting of Thomas model to the breakthrough curve data at
different experimental variables for BIO NPs and BIO-DW nanohybrids. The relative constants and
coefficient for the Thomas model have been calculated as given in Tables 6.4 and 6.5. For both
nanosystems, the values of the initial adsorption capacity, go increases with increasing initial feed
concentrations. The values of coefficient of determination (R’) and other statistical parameters
demonstrate a good fit of the experimental data to the Thomas model. The predicted
and experimental uptake capacity along with K7z, go, and other statistical parameters are given in
Tables 6.3 and 6.4. As the flow rate are increased (4 to 12 ml min™), the K7y value get increased,
whereas the value of go showed a reverse trend. These observations indicate that at a lower

concentration, the mass transfer is slower, and enhances the adsorption capacity [357].

163



10.0

10.0

0

In[(C,/C)-1]

® 4 mlmin’
® 8mlmin"
A DRmimin' | 75+
Linear fit
?5.
o
3.
=
£
0.
-2.54

| @)

= 4mlmin’
® 8mlmin’
A 12 ml min’
Linear fit

T T T T T T
800 1200
Time, t (min)

T
1600

T T
2000 2400

T r T T
0 400 800

T T
1200 1600
Time, t (min)

T T
2000 2400

Figure 6.10. Linear plot-of Thomas model with experimental data at different flow rate(s) for (a) BIO NPs
and (a") BIO-DW nanohybrids [Co =4.0 mg L'; h;, =29.2 cm].

In [(C,/ C)-1]

B 14.6 cm
® 292 cm
A 584 cm
Linear fit

1 @)

® 14.6 cm
® 292 cm
A 584cm
Linear fit

T
780
Time, t (min)

T
520

T
1040

T
1300

T T
260 520

T
780

Time, t (min)

T
1040

Figure 6.11. Linear plot of Thomas model with experimental data at different fixed bed height(s) for (a) BIO
NPs and (a') BIO-DW nanohybrids [Co = 4.0 mg L'; F, = 8.0 ml min™'].

Further, it has also been observed that with an increase in the bed height (14.6 to 58.4 cm),
the K77 value is decreased in case of both BIO NPs and BIO-DW nanohybrids. Thus, the lower flow

rate, the higher feed concentration and the higher bed height would increase the adsorption of AsY

onto both types of fixed bed(s)employed with nanoadsorbents. The good fit of the Thomas model to

the experimental data indicates that the external and internal diffusions are not the limiting steps

[358].
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Figure 6.12. Linear plot of Thomas model with experimental data at different As" initial concentrations(s)
for (a) BIO NPs and (a’) BIO-DW nanohybrids [F, = 8.0 ml min™; h,, = 29.2 cm].

Yoon-Nelson model

Figures 6.13 to 6.15 show the fitting of Yoon-Nelson model to the breakthrough curve data
at different experimental variables for BIO NPs and BIO-DW nanohybrids. The relative constants
and coefficient for the Yoon-Nelson model have been calculated and given in Tables 6.4 and 6.5.
The good coefficient of determination values confirms the applicability of the Yoon Nelson model
to the system examined.

The proportionality constant (Kyn), gets slightly increased with the flow rate showing that
the mass transport resistance decreases for both of these nanosystems. However, the extent of
increase is more in case of BIO NPs as compared to that of BIO-DW nanohybrids. It indicates that
the removal capacity of AsY using BIO NPs is largely influenced by the mass transport forces. These
observations are similar to those in batch experiments presented in previous chapters. The time
required to reach 50 % of the retention, 795, significantly decreases with the increase of initial AsY
feed concentration and flow rate because of faster saturation of the fixed bed [359]. The mass
transport resistance is proportional to the axial dispersion and thickness of the liquid film on the
particle surface [32]. In the present study, the flow rates (4 to 12 ml min') are small enough and
their effect on the increase of axial dispersion is negligible, which is confirmed by the increase of
the Kyv constant. Therefore, it might be assumed that the driving force of mass transfer in the liquid

film increases with an increase in the flow rate in case of both nanosystems. Several similar results
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have been observed in the literature, in which the dependency of Kyn with respect to different

experimental conditions was explained [360], [361].

5.0+

2.54

In[C,/C,-C]
N o
W (=)
Il Il

&
=]
1

-7.54

Time, t (min)

(€))
| o
J ' °
y o
| £ <)
fA = 4 mlmin’ =
A ® §mlmin’ E
179 - A 12 mlmin”
] Linear fit
Ao
1 T T T T T T
350 700 1050 1400 1750 2100

v
504 (a") °
//
// //.
254 ’/o
£ 7
0.0 & ’9./
/ /
TR 8%
£/
A /. B = 4mlmin’
207 A . ® 8 mlmin’
n -
A A 12 mlmin’
75 - Linear fit
T T T T T T
350 700 1050 1400 1750 2100

Time, t (min)

Figure 6.13. Linear plot of Yoon-Nelson model with experimental data at different flow rate(s) for (a) BIO

NPs and (a") BIO-DW nanohybrids [Co = 4.0 mg L'; h,, = 29.2 cm].

5.6 -
(a)
2.8
— 0.0 —
9 o
© o
--2.8 - =L
£ = 14.6cm <)
=
- ® 292cm =
A
5.6 58.4 cm
Linear fit
[ )
-8.4 -
T T T T
350 700 1050 1400

Time, t (min)

5.6 |
@) A
g
2.8 //A
ALAA‘AA
0.0
2.8
B 14.6 cm
5.6 - ® 292 cm
A 584 cm
Linear fit
-8.4 -
T T T T
350 700 1050 1400

Time, t (min)

Figure 6.14. Linear plot of Yoon-Nelson model with experimental data at different fixed bed height(s) for (a)
BIO NPs and (a") BIO-DW nanohybrids [Co=4.0 mg L'; F, = 8.0 ml min™].

166




4 4
Ha e | @ /&
2 Y s 24 £ »a
f /‘ [ o ="
i Lo o /0 o
o & 4 .’.‘ii 04 A ..‘i"
T4 / . — V. L
o2 4 Py e 9 2 s/ -
g s / - 3 / -
o |4 ~
=4y ] < 2 47 /
N ’ ®  Location I 5 ‘ 2 m  Location I
6 4 ®  Location 1H 6 A ®  Location IT
RN A 40mgL’ " A 40mgL’
1 Linear fit Linear fit
81 A -8
T T T T T T T
600 1200 1800 2400 3000 3600 4200 600 1200 1800 2400 3000 3600 4200
Time, t (min) Time, t (min)
Figure 6.15. Linear plot of Yoon-Nelson model with experimental data at different As" initial

concentrations(s) for (a) BIO NPs and (a’) BIO-DW nanohybrids [Fy = 8.0 ml min™'; h,, = 29.2 cm].

167



Table 6.2. Experimental parameters of adsorptive removal of As" by as-synthesized BIO NPs in the fixed bed system(s).

Parameter F, H. Co P T Vegec. eq. EBCT U n
(ml min™) (cm) (mg L) (min) (min) (ml) (mg g’) (min) (gL?) (%)
Volumetric 4 29.2 4.0 560 1610 6440 11.5 376.5 0.23 67.1
flow rate 8 29.2 4.0 220 740 5920 8.1 188.2 0.32 64.6
12 29.2 4.0 140 400 4800 7.2 125.5 0.38 64.7
Reactive 8 14.6 4.0 60 320 2560 3.9 47.1 0.59 59.3
zone height 8 29.2 4.0 220 740 5920 8.1 188.2 025 64.6
8 58.4 4.0 260 780 6240 11.1 752.9 0.24 64.6
Inlet 8 29.2 Location I 2270 3510 28080 1.0 188.2 0.04 77.3
solution 8 29.2 Location IT 1200 2020 16160 22 188.2 0.10 81.8
8 29.2 4.0 220 740 5920 8.1 188.2 0.25 64.6

Table 6.3. Experimental parameters for adsorptive removal of As" by as-synthesized BIO-DW nanohybrids in the fixed bed system(s).

Parameter Fv H‘z Co Tb Ts Ve fec. {eq. EBCT Ur n
(ml min™) (cm) (mg L) (min) (min) (ml) (mg g’) (min) (gL?) (%)
Volumetric 4 29.2 4.0 1080 2140 8560 16.0 376.5 0.37 74.8
flow rate 8 29.2 4.0 375 925 7800 13.7 188.2 0.53 73.9
12 29.2 4.0 195 585 7560 11.7 125.5 0.68 68.9
Reactive 8 14.6 4.0 165 555 4440 7.7 47.1 0.27 64.8
zone height 8 29.2 4.0 375 925 7800 13.7 188.2 0.20 73.9
8 58.4 4.0 455 1365 10920 17.2 752.9 0.16 66.6
Inlet 8 29.2 Location I 2970 4140 33120 1.3 188.2 0.04 66.3
solution 8 29.2 Location II 1470 2280 18240 25 188.2 0.07 72.5
8 29.2 4.0 375 925 7800 13.7 188.2 0.20 73.9
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Table 6.4. Breakthrough parameters for various experimental conditions obtained during As" adsorption using BIO NPs.

Model Volumetric flow rate Adsorbent bed height Inlet initial concentration

4 8 12 14.6 29.2 58.4 Location I Location II 4.0

(a) Adam -Bohart

:t:ng'f min'l 1.331x 10 2.810x 10*  5.421x 10 1.983x 10>  55x10* 2.56x10* 1.46 x 103 1.52x 103 55x10*
No 486.5 465.0 382.8 126.6 200.37 58.0 68.7 99.9 200.4
R? 0.73 0.69 0.71 0.74 0.69 0.81 0.93 0.95 0.69
(b) Thomas
Breakthrough B | 0.0002 0.001 0.003 0.003 0.001 0.0004 0.0025 0.0022 0.0001
models (ml min"' mg')
qo(mgg) 212 17.3 14.1 20.2 36.2 48.8 153 352 90.3
R? 0.90 0.87 0.88 0.90 0.87 0.95 0.99 0.98 0.87
(c) Yoon - Nelson
Ky (min) 0.0170 0.0011 0.055 0.001 0.027 0.001 0.10 0.017 0.027
Tos 1102.2 529.4 280.2 239.7 529.4 673.4 27853 1598.1 529.4
R? 0.90 0.95 0.92 0.90 0.86 0.95 0.99 0.98 0.87
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Table 6.5. Breakthrough parameters for various experimental conditions obtained during As" adsorption using BIO-DW nanohybrids.

Model Volumetric flow rate Adsorbent bed height Inlet initial concentration
4 8 12 14.6 29.2 58.4 LocationI  Location II 4.0
(a) Adam -Bohart
Kus
(L mg! min! 1.338 3.450 8.060 9.09 x 10* 3.53x 10*  1.68x 10* 1.61x10° 1.56x 103 3.53x 10*
No 1184.0 331.1 196.7 4543 403.9 182.1 121.7 139.8 403.9
R’ 0.72 0.77 0.77 0.74 0.77 0.74 0.92 0.95 0.77
(b) Thomas
Breakihrough > | 0.0001 0.001 0.003 0.003 0.0008 0.0004 0.0025 0.002 0.0008
models (ml min'! mg™)
qo(mgg™) 323 26.8 21.5 29.5 46.3 65.5 19.2 45.4 101.8
R’ 0.89 094 0.91 0.90 0.94 0.90 0.99 0.98 0.89
(c) Yoon - Nelson
Kyn (min) 0.014 0.023 0.026 0.002 0.039 0.013 0.005 0.035 0.014
Tos 1658.8 711.9 4123 397.1 674.3 961.4 3505.5 1697.7 1658.8
R 0.89 0.95 0.91 0.90 0.95 0.90 0.99 0.98 0.89

170



6.4.2 Sand-tank studies (3D)

It may be noted that the in-situ sand tank experiments have been performed to study
remediation of As"!, and not AsY, which has been studied in batch/column experiments presented in
earlier sections. In order to move ahead with sand tank experiments, preliminary batch adsorption
experiments exploring remediation of As'! have first been conducted, the findings of which has been

presented in the following section.

6.4.2.1 Batch Adsorption experiments for As' removal

In the present work, the As"! adsorption has been attempted in the concentration range of 1-
125 mg L' employing BIO NPs and BIO-DW nanohybrids for a dose concentration of 0.30 g L.
In near neutral pH conditions, these experiments have been performed at a temperature and shaking
speed of 15 °C and 250 rpm, respectively. The samples have been allowed to shake for 24 hours to
reach the equilibrium conditions. The adsorption capacity (mg g' -Fe) has been found to be 203.5
and 345.1 for BIO NPs and BIO-DW nanohybrids, respectively. The obtained value of removal
capacity (mg g! -Fe) against the different concentrations of As!"! for both of these nanosystems has

been plotted and shown in Figure 6.16 below:
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Figure 6.16. Adsorption isotherm plot for As™ onto BIO NPs and BIO-DW nanohybrids.
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6.4.2.2 Tracer transport experiments

Tracer transport experiments have been performed first to estimate vertical dispersivity
coefficient of the porous media. These experiments were conducted by maintain the constant head
space of 0.5 cm in in the tank. The inlet flow of tap water has been controlled through peristaltic
pump. The tracer solution was injected from the injection port (x: 15 cm; Y: 15 cm; Z: 30 cm) at a
flow rate of 50 ml min™!. Simultaneously, the flow of inlet solution from the tap has been maintained
at the < 25 ml min’!. In all experiments, the flow of tap water (utilizes as to maintain the constant
head difference) was kept 2 times lower as compared to those of injected tracer solution. This is
because of to overcome the dilution factor which has been contributed due to the addition of tap

water having the electrical conductivity lower as compared to tracer solution.

For this, the NaCl solution having the electrical conductivity of 5760 uS em™ has been injected
from the above mentioned port location. The samples were collected at the 30 min intervals of time
and analyzed for electrical conductivity (EC) measurements. The maximum value of EC has been
determined to be 3235 pS cm! at the outlet after the 24.8 h. Further, these observations have been
utilized for the calculation of longitudinal dispersivity of the medial using the equation mentioned

earlier (Equation 19). The results outcomes of tracer experiments are shown below:

0.8 |—=— Tracer NaCl

0.6 [))2(
] ot

0.4+ Eﬁx

Q
o | (!)ll/r
02

-

‘ ‘ ‘
5 10 15 20 25
Time (h)

tH

0.0 4

Figure 6.17. Tracer breakthrough curve (longitudinal) observed at constant head and flow conditions.
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6.4.2.3 Determination of retardation coefficient of nanoparticles

It is an important parameter which signify the distribution of nanoparticles in porous media.
Generally, it calculates the loss of nanoparticles in terms of their transport to a desired level. In
present study, the retardation value for both of BIO NPs and BIO-DW nanohybrids have been
calculated through a series batch experiments. For this, the nanoparticle dose ranging from 0.1-1.0
g have been allowed to react/adsorbed onto fixed mass (50 g) of porous media at shaking speed of
200 rpm. The double distilled water has been added to this mixture. The maximum time of contact
has been kept of about 12 h. Thereafter, the samples in terms of iron content retained in the
supernatant, which estimates the amount of iron retained by soil particles. From the experiments,
the retardation coefficient has been observed to be 0.0101 g m= and 0.0142 g m™ for BIO NPs and
BIO-DW nanohybrids, respectively.

6.4.2.4 Governing equation, boundary conditions and input parameters for nanoparticle transport
modelling
The COMSOL Multiphysics software (subsurface module) explains the transport of solute
in subsurface conditions by incorporating four processes such as advection (driven by water flow),
dispersion (caused by heterogeneity), reaction (kinetic equation) and adsorption to the soil

(attachment of particle to media). It is generally expressed as an equation mentioned below:

TE=— 4T

[de dc dc d*C (6.22)
AT T TR

Where, dc/dt is change in concentration of solute with time at a certain location, pL flow velocity
(m time-1), dc/dL is Concentration gradient, E dispersion coefficient, K; distribution coefficient,

density of porous media, porosity of porous media.

The boundary conditions and solute transport parameters for present sand tank experiments
utilized for simulations are presented in Tables 6.6 and 6.7. These parameters have been applied to
simulations by forming an extra fine mesh for the tank, as shown in Figure 6.18. The boundary

conditions representing the zero flow, inflow and outflow of the tank is shown in Figure 6.19.

173



Figure 6.18. A fine mesh of 3-D model for simulation of nanoparticles transport in homogenous saturated
porous media.

Figure 6.19. Diagrams showing the zero flow, no flow and out flow boundary conditions for simulation
experiments.
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Table 6.6. Overview of Boundary Conditions used to simulate arsenic fate and transport in

subsurface.

Types Formulation

Descriptions

6(z,t) = 06;(z,0)

h(z,t) =h(z,0)
Initial Conditions
C(z,t) = Ci(z,0)

Initial conditions characterizing the initial
state of the system can be specified either in
terms of water content, pressure head, and
zero concentration gradients.

System-Independent Boundary Conditions

Type-1/Dirichlet/pressure h(z,t) = ho(2,1)

head boundary condition

Types-2/Neumann/Flux
boundary condition

_K(R) (% + 1) = % B

Gradient types boundary doh o
condition o 1=Jo(z0)

When the pressure head at the boundary is
known, one can use when simulating
ponded infiltration, to specify the water
table.

This boundary condition is often referred
when flux is known, and used to recharge
well etc.

Commonly used to specify a unit vertical
hydraulic gradient simulating free drainage
from bottom of a soil profile.

System-dependent Boundary Conditions

Atmospheric boundary
conditions

Jo(z,t) =0 for Kz,t) <0
Seepage Face
h(z,t) =0 for fz,t) =0

Q(n) = With.dh(n) x A
* exp(B|h

Deep Drainage — GWLOLY)

Where GWLOL= Reference position

of the groundwater table
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The hA is determined from the equilibrium
condition
atmospheric water vapour, whereas hS is
usually set to zero.

between soil water and

This boundary conditions states that there is
no flux across the boundary as long as the
boundary is unsaturated and that the
pressure head change to zero once
saturated. This boundary condition used at
the bottom of certain types (finite)
lysimeters, 2/3D sand tanks, along tile
drains or at seepage faces.

The flux depends upon the potion of the
groundwater table.



Free Drainage/Zero pressure

head gradient h(zt) =0

Variable Flux
J(z,t)=In,n=1,2.3,....n

A free drainage boundary condition is its
use as a bottom outflow boundary condition
for situations where the water table is
situated far below the domain of interest.

Variable pumping or fluid injection, and
variable sprinkler irrigation, provide
examples of a variable flux boundary
condition.

A variable groundwater level is an example
of a wvariable pressure head boundary
condition.

No-flux boundary conditions are specified
for impermeable boundaries where the flux
is zero perpendicular to the boundary.
Impermeable layers or walls of structures,
which form the boundary of the flow
domain, are examples of no-flow boundary
conditions.

The value of a constant flux boundary
condition at a particular node, n, is given by
the initial value of the recharge/discharge
flux, Q(n). Constant pumping and constant
flux sprinkler irrigation are examples of
constant flux boundary conditions.

h(z,t) = h,
Variable pressure head
n=1,2,3,...... n.

No Flux

J(z,t)=0
Constant Flux J(z,t)=li
Solute Boundary Conditions
No Flux C(z,t)=0

Types-1

(Dirichlet, or concentration
type)

C(z,t) =C,(z1t)
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No-flux boundary conditions are specified
for impermeable boundaries where the flux
is zero perpendicular to the boundary.
Impermeable layers or walls of structures,
which form the boundary of the flow
domain, are examples of no-flow boundary
conditions.

A first-type boundary condition is used
when the concentration along the boundary
is specified. Note that this type of boundary
condition is  generally not mass
conservative.



T -2 ¢
o k(L) =10

(Cauchy, mixed, or solute
flux)

Volatile Type

A third-type boundary condition is used
when the solute flux along a boundary is
specified. This type of boundary condition
is mass conservative.

The usual third-type boundary condition by
including an additional term to account for
gaseous diffusion through a stagnant
boundary layer of thickness d on the soil
surface.

Table 6.7. Summary of water flow and solute transport parameters used in simulation experiments.

Parameters Values Units
Porosity (n) 0.34 -
Residual soil water content (&) 0.0081 -
Saturated soil water content (&) 0.33 -
Saturated hydraulic conductivity (Kj) 58x105ms! ms’!
Average bulk density (o5) 1.5 g cm
Saturated longitudinal dispersivity (Dy,) 12.8 m
Saturated transverse dispersivity (D) 4.3 m
Retardation factor (R) 0.0102 gm’
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6.4.2.5 Simulations of nanoparticles transport in homogenous fully saturated media

Figure 6.20 shows the predictive behaviour of transport of BIO NPs in homogenous and fully
saturated porous media. The simulations have been performed for the two injection points (x: 15
cm; Y: 20 cm; Z: 30 cm) and (x: 25 cm; Y: 40 cm; Z: 30 cm). The boundary conditions and input
parameters for present simulations are given in Tables 6 and 7. These results revealed that the plume
of nanoparticles transport is increases with an increase in the injection time. From Figure 6.20, it
can be observed that the nanoparticles concentration is reaching to the outlet of sand tank model at
time of about 240 min. Based on the simulation results, the nanoparticles have been injected from
the two injection ports having variable depth at the flow rate of 1.2 L h! for 4 h at constant head
space (0.5 cm), maintained using peristaltic pump. The results of simulations are presented in Figure
6.20. After the injection of nanoparticles, the porous media samples have been collected from some
selected locations, which further analyzed for iron concentrations. A fairly good correlation has been
observed between the simulated NPs transport outcomes and calculated values. Further, the removal
experiments for As'! has been performed using the synthetic water representing the groundwater
composition equivalent to those of samples collected from the field. Their details are discussed

earlier in Chapter 5.

Time ~ S0 min Time - 150 min Time ~ 240 min

== 02— 0.4 0.6.3

Figure 6.20. Predictive analysis of nanoparticles transport through simulations using COMSOL.

6.4.2.6 Arsenic removal experiments in 3-D sand tank model
During these experiments, the synthetic water has been prepared utilizing the methodology

M concentration of 200 pg L' along with

as disused earlier. The injected water contained the As
other co-existing ions. The flow rate was kept at 350 ml min-'. The samples have been collected
from the outlet and different intervals of time, which further measured for arsenic concentration
using ICP-MS. Form the breakthrough, the calculated time at which the concentration of arsenic

reached beyond the limit to WHO permissible limit is 31 h. The treated volume of water has been
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demined to be 10.85 L for this synthetic water. The breakthrough curve observed during this analysis

is presented below:
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Figure 6.21. The breakthrough curve for As" removal in sand-tank experiments using as-synthesized BIO
NPs.
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Chapter 7

Conclusions and recommendations

7.1 Outcomes of the study

The addressing of the twin problem(s) i.e. the utilization of industry waste as a source of
nanoadsorbent production and their usage for arsenic removal is a novel approach, especially in
terms of cost-effective production of nanomaterial for water remediation as well as resource
recovery from the waste.

A successful attempt has been performed in synthesizing the functionalized nanostructures of
y-Fe2O3 NPs, which are capped with the organic moieties sourced from industry waste (-NH, -OH
and —CO). A reduction in the size of iron'! oxide nanocluster(s) has been observed associated with
the increase in surface area of nanohybrids. A percent increase of 38.5 % in the surface area is
demonstrated during the functiolization of maghemite NPs. In UV-spectra, the shifting of peak(s) in
BIO-DW NPs, as compared to those of BIO NPs, indicate the variations in particle size and
morphology during the functionalization. The present approach of synthesis has apparently allowed

I oxide, which has been

to conserve the crystallinity and phase of concerned polymorph of iron
analysed through XRD, Raman and XPS analyses. A decrease of 13.5 % in average particle size has
been observed for BIO-DW nanohybrids in comparison to BIO NPs, which is beneficial in terms of
enhancing the surface area as well as increasing the reactive moieties. The generation of organic
functional moieties onto BIO-DW nanohybrids such as C-O-C, C=S, CC alicyclic, CH2 and CHj3
(asym.), C=C, C-NO2 (asym.), N=N aliphatic, C=0, and CH stretch has been found to develop well,
which has got confirmed through FTIR spectroscopy. These organic moieties lead in providing
several kind of interactions with the oxyanions of arsenic and might enhance removal capabilities
of functionalized nanostructures in groundwater effectively. Moreover, the superparamagnetic
behaviour of these nanosystem are considered to be reliable in their extraction from the treatment
system even by applying magnets of low magnetization potential.

The above as-synthesized nanomaterials have demonstrated significant potential towards AsY

removal as reflected by the Batch studies conducted to optimize the arsenic removal process along
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with modeling of removal kinetics and adsorption isotherms. These experiments have been
performed for different operational variables in the identified ranges to optimize the contact time for
AsY removal utilizing both BIO and BIO-DW NPs. For BIO NPs (at desirability 0.983), the optimum
contact time and removal capacity have been calculated as 272 min. and 16.1 mg g-Fe’!,
respectively. For BIO-DW nanohybrids (at desirability 1.0), the optimum contact time and removal
capacity have been calculated as 151 min. and 24.83 mg g-Fe!, respectively. A decrease in the time
from 272 min to 151 min with an enhanced removal capacity clearly indicates a quick adsorption
onto the functionalized nanostructures. From RSM plots, it has been observed that the BIO-DW
nanohybrids provide additional adsorption sites which enhance the adsorption capacity at high
temperature and high pH conditions. This is due to the functional groups available onto the surface
of these nanohybrids, which undergo an increase in the covalent interactions with As" oxyanions.
The adsorption behaviour has been examined to follow second-order-kinetic model and Langmuir
isotherm model with high correlation coefficient values (R?> 0.99). Upon examination, the removal
apparently has been observed to occur through primarily chemisorption along with the involvement
of partial physisorption.

Both of the as-synthesized nanosystems have demonstrated significant potential in As" removal
for the groundwater representing real world conditions (test water sample composition simulating
real ground water) without causing any appreciable leaching of iron. Taguchi design of experimental
methodology has been applied to explore the effects of the experimental variables along with the
interactions among them on the removal of AsY. The optimum shaking speed of removal was found
to be 170 rpm for both of these nanosystems. The coexisting ions have been followed to influence
the adsorption behaviour of AsY largely for BIO NPs as compared to those of BIO-DW nanohybrids.
The adsorption is predominantly followed by physisorption and chemisorption in case of BIO NPs
and BIO-DW nanohybrids, respectively. The interactions between the AsY oxyanions surface
functionalities are quicker in BIO-DW nanohybrids as compared to those of BIO NPs. The high
concentration of coexisting ions has been examined to provide generation of more secondary sites
to interact with AsY in BIO-DW nanohybrids. The inter-variable interaction studies have revealed
that the removal of AsY has largely occurred through the formation of surface complexes onto both
of BIO NPs and BIO-DW nanohybrids. The charge distribution multi-sites complexation (CD-
MUSIC) model and 2pk-Three-Plane-Model (TPM) have been explored as a function of pH for both
BIO NPs and BIO-DW nanohybrids. The CD-MUSIC model along with 2pk-TPM has adequately

explained the behaviour of AsY adsorption onto BIO NPs, which involves the reactivity of singlet
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(FeOH™7) and triplet (Fe30*3) species of iron. Additionally, the deprotonated surface specie FeO~
has been observed to follow the adsorption in near neutral pH conditions in case of BIO-DW
nanohybrids. It got possibly involved to form the dominant complex (=FeOHAsO3 ™) between
surface moiety and As" ions. The ANN tool has also been found effective in predicting the
adsorption behaviour for both of as-synthesized nanosystems.

Both of these nanosystems have demonstrated a significant potential in the removal of arsenic
under the dynamic flow conditions. The 1-D columns representing the height of reactive zone as
14.8 cm, 29.2 cm and 58.4 cm were designed having an internal diameter of 1.5 cm. The porosity of
these have been maintained using the analytical grade sand soil of particles size ranging from 0.5 -
1 mm. The maximum adsorption capacity (mg g'-Fe) of 11.5 and 16.0 has been observed for BIO
NPs and BIO-DW nanohybrids, respectively. Using synthetic water, the maximum adsorption
capacity has been observed to be 2.2 and 2.5 pg g'-Fe. An increase in the effective volume (Ves)
and breakthrough time (7») for treated water employing BIO-DW nanohybrids indicates their higher
efficiency as compared to those of BIO NPs. The experiments exploring the in-situ injection of
nanomaterials implies that the functionalized nanostructures get transported quickly as compared to
BIO NPs in porous media. The outcomes of COMSOL Multiphysics software (subsurface flow
module) have revealed the significance of this in exploring the behaviour of nanoparticle transport

under homogenous saturated conditions.

7.2 Recommendations for further study

Although arsenic removal through adsorption is a widely acceptable technology, however, few
gaps and challenges still exist for the scientific communities to address. In future, the following
efforts are proposed for further development/deployment of nanoadsorbents along with the
improvement in laboratory based experiments for analyzing their comparative efficiency.:

1. For deployment at a larger and wider scale, the green approach of synthesis is required for
upscaling the bulk production of nanoadsorbents by adopting the use of industrial and available
natural wastes as precursor materials, depending upon their local/regional availability.

2. Comprehensive investigations related to the removal capabilities of nanoadsorbents under varied
experimental conditions are recommended for such remediation studies, such as consideration of

aerobic and anaerobic zones; presence of other inorganic and organic contaminants and redox
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species; and use of representative test water samples in both batch and column (appropriately
designed) experimental studies.

3. Assessment of the durability of system through time series analyses under different
environmental conditions using laboratory scale experiments.

4. Management of toxic sludge generated after the exhaustion of treatment unit.

5. Attempting techno-financial analysis of the laboratory process to get an insight into further

possible upscaling.
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