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Abstract

This thesis aims at exploring the efficacy of liquid membrane (LM) based technology
in order to separate Cr(VI), Ni(II) and Zn(II) from wastewater. A suitable LM that
can extract the said solutes is identified through equilibrium study. Experimentations
with various solvents and carrier agents reveal that the sunflower oil-N-methyl-N,N,N-
trioctylammonium chloride (aliquat 336), sunflower oil-trioctylamine (TOA) and sun-
flower oil-di-(2-ethylhexyl)phosphoric acid (D2EHPA) are the favourable combina-
tions for separation of the Cr(VI), Ni(II) and Zn(II) respectively. The performances
of various LM based processes are investigated. The processes include the techniques
based on bulk liquid membrane (BLM), flat sheet-supported liquid membrane (FS-
SLM), FS-SLM assisted precipitation of Cr(VI) in stripping chamber and FS-SLM
assisted electrodeposition of Ni(Il) and Zn(II) on the cathode plate placed in the
stripping chamber.

The components of LM 1i.e. the solvent and the carrier were selected through two-
phase equilibrium studies. The stripping agents are selected based on their capacity
for stripping the metals and recovery of metals in two different ways i.e. precipi-
tation and electrodeposition. The various physico-chemical parameters such as pH
of aqueous solutions, concentration of extractant in the organic solution, initial con-
centration of the feed solution, period of operation etc. were primarily evaluated
in two-phase equilibrium studies. The optimum parameters obtained in two-phase
equilibrium studies were later verified and improved in three-phase transportation
studies. The three-phase transportation studies involve the diffusion step in between
extraction and re-extraction or stripping of the heavy metals at the respective inter-
faces of the LM.

After the initial investigation on the merits of LM based techniques to separate the
Cr(VI), Ni(IT) and Zn(II) in two-phase equilibrium study and simplest BLM config-
uration (for Cr(VI)), further study was carried out in FS-SLM configuration. The
possibility of using environmentally benign solvent in a LM setup in order to sepa-
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rate Cr(VI) from wastewater has been explored. Vegetable oils have been used for
this purpose as they have the capability of extracting heavy metals and they are
well known for their biodegradability too. Additionally an extractant Aliquat 336
has been used to enhance the efficiency of separation as it showed very good carrier
property for transport of Cr(VI). Di-sodium ethylene-di-amine-tetra-acetic acid (or
Nay-EDTA) was selected as stripping agent for its affinity towards metal. The effi-
ciency is affected by various physico-chemical parameters which have been optimized
for best transport of solute. An initial two-phase study followed by elaborate three-
phase BLM study were confirmed by critically more industry-friendly supported lig-
uid membrane study. In addition, new type of SLM setup has been developed which
includes SLM technology with in situ electrochemical reactor in stripping section.
SLM with in situ electrochemical reaction in stripping section helps to reduce hex-
avalent chromium to trivalent chromium by forming chromium-iron complex. Iron
plate acts as anode in stripping section. The chromium-iron complex is an useful
value added product and has immense commercial value that can be used for various
purposes. Aliquat 336 has been used as carrier for transport of hexavalent chromium.
Various physico-chemical parameters have been optimized to detect the condition of
maximum transport and precipitation of chromium-iron complex in stripping phase.
Further, a new type of design mechanism has been implemented for extraction and
recovery with deposition/electroplating of Ni(II) and Zn(II). The setup consist of an
in situ electrodeposition unit in strip phase which helps “stripped” Ni(II) and Zn(II)
from synthetic wastewater get electrodeposited on the cathode surface. This type of
separation technique not only helps to separate toxic heavy metals from wastewater
but also yields an useful end product in the form of electroplated material. Two types
of carrier, i.e., TOA and D2EHPA, have been used in the organic phase to separate
Ni(II) and Zn(II). The separation has been done individually as well as in a condi-
tion of binary pollutant in the feed phase. Various physico-chemical parameters have

been optimized to yield best transport and deposition of metals on the cathode sur-
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face. The prime physico-chemical parameters affecting the system performance were
identified for experimental optimization through response surface methodology using
central composite design rule. A regression model along with analysis of variance
evaluates whether the chosen parameters were of good agreement with experimental

results.

Keywords: Bulk liquid membrane (BLM), Supported liquid membrane (SLM), En-
vironmentally benign solvent, Chromium, Nickel, Zinc, Aliquat 336, TOA, D2EHPA,
Chromium-iron complex, FESEM, TEM, FTIR, Electrochemical reaction, Electrode-

position, RSM, CCD, ANOVA.
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Summary

The present research work provides a systematic approach to implement LM based
technology for separation of heavy metals viz. Cr(VI), Ni(II) and Zn(II) form wastew-
ater. Therefore, the overall aim of this thesis is to establish a LM based technique
for extraction and recovery of Cr(VI), Ni(II) and Zn(II) from the industrial efuents
in an environmentally and physiologically benign method which would minimize the
production of secondary pollutant. To fulfil this overall aim, thesis finds the following

measurable objectives:
v' Identification of low cost, easily available and environmentally benign solvent.

v' Identification of suitable solvent-carrier combination that enhances the extrac-

tion of solute from the aqueous phase.

v’ Identification of the best operating condition in respective configuration i.e.

two-phase equilibrium study, BLM and FS-SLM.

v' Development of efficient recovery strategies and stripping conditions so as to
enhance the extraction and recovery of the selected metals and generate value
added components out of them. This objective may further be achieved through

the following two pathways:
e Synthesis of useful nanoparticle from recovered heavy metal by electro-
chemical process.
e Electrodeposition of metals in stripping solution by employing electric

potential that can generate useful electroplated product.

v Perform experimental optimization of the LM process with the help of standard
statistical methods that would ensure best operating condition of influential

parameters affecting the LM process.

The thesis has been organized in six chapters that include

X1
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v Chapter 1: Introduction and literature Review
v' Chapter 2: Materials and methods
v Chapter 3: Separation of Cr(VI) through BLM and SLM

v' Chapter 4: Electrochemical separation of Cr(VI) using flat sheet

supported liquid membrane (FS-SLM)

v' Chapter 5: FS-SLM based simultaneous separation and electrodepo-
sition of Ni(II) and Zn(II)

v Chapter 6: Conclusion and future scope

A brief description of each of the chapters is furnished below:

Chapter 1: Introduction and literature Review

This chapter defines the problem, discusses the state of the art solutions, gap areas
in the published literature and finally defines the objective of the thesis. The merits
of LM technology over the conventional process has been discussed. The problems
associated with the conventional wastewater treatment process are also discussed.
An elaborate literature study has been done to discuss about different sources of
heavy metals viz. Cr(VI), Zn(II) and Ni(II) and their issues related to environment.
Different types of liquid membrane and its application with merits and demerits
are described in this chapter. The aim and objectives of this present work are also

addressed in this chapter.

Chapter 2: Materials and methods

This chapter includes the details of various materials used in experimental purpose
and different sources from where the materials were procured. The detailed descrip-
tion of analytical instruments and characterization techniques used in the experi-
ments are discussed here. The two types of LM setup (BLM and FS-SLM) have been

xii
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used in this work. Elaborated study of experimental procedure of metal transport

through both LM configurations are also discussed here.

Chapter 3: Separation of Cr(VI) through BLM and SLM

This chapter includes the theoretical background, results and discussion on trans-
portation of Cr(VI) through BLM and SLM. One of the goals of this work is to
explore the possibility of using environmentally benign solvent in a liquid membrane
setup in order to separate Cr(VI) from industrial effluent and perform experimen-
tal optimization of its parameters for maximum performance. Vegetable oils have
been used for this purpose as they have the capability of extracting heavy metals
and they are well known for their biodegradability too. The prime physico-chemical
parameters affecting the system performance were identified for experimental opti-
mization through response surface methodology using central composite design rule.
A regression model along with analysis of variance evaluates whether the chosen pa-
rameters were of good agreement with experimental results. Maximum extraction
over 95% and maximum recovery over 45% of Cr(VI) were obtained in case of BLM,
whereas SLM yielded 80% extraction and 73% recovery respectively. Combination
of sunflower oil and aliquat 336 has been found to be the best solvent-carrier com-
bination. The two-phase study reveals that the optimum process conditions are 100
mg L~ Cr(VI) in aqueous solution, 1% (v/v) aliquat 336, 200 rpm stirring and 12 h
of operation. Additional optimum process conditions for three-phase study are 0.03
M Nay-EDTA and pH 6.5 in strip phase. Speed of stirring had to be increased to
400 rpm in case of BLM in order to reach effective recovery. On the other hand
speed of stirring had to be reduced to 120 rpm in SLM in order to prevent prema-
ture destabilization of membrane support. The run time had to be increased to 48
h in order to compensate for the lower effect of stirring. The fed batch operations
have also been successful which indicates that it is possible to design a continuous
operation of LM based separation process. The most influential factors on transport

xiii
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of Cr(VI) i.e. strip phase concentration, strip phase pH and carrier concentration
are experimentally optimized through response surface methodology (RSM) follow-
ing central composite design (CCD) rule. The comparison between experimentally
observed data and those predicted by RSM model showed that all the values are in

good agreement.

Chapter 4: Electrochemical separation of Cr(VI) using FS-
SLM

This chapter presents separation of Cr(VI) using FS-SLM technology. SLM with in
situ electrochemical reaction in stripping section helps to reduce hexavalent chromium
(Cr(VI)) to trivalent chromium (Cr(III)) by forming chromium-iron complex. Iron
plate acts as anode in stripping section. The chromium-iron complex is an useful
value added product that can be used for various purposes. It is used as catalyst in
water-gas shift (WGS) reaction. Aliquat 336 has been used as carrier for transport
of Cr(VI). Various physico-chemical parameters have been optimized to detect the
condition of maximum transport and precipitation of chromium-iron complex in strip-
ping phase. The important physico-chemical parameters have been selected through
response surface methodology to obtain optimum performance for %precipitation of
chromium. SLM technology with in situ electrochemical reactor in stripping section
has been successfully implemented for the production of chromium-iron hydroxide
which may be calcinated to produce chromium-iron oxide. During production of
chromium-iron complex the separation of Cr(VI) from feed phase and its reduction
to Cr(III) is also performed simultaneously. For electrochemical reaction iron plate
was used as an anode and graphite rod was used as cathode. Various parameters
have been optimized to obtain maximum transport of chromium and its reduction
to precipitate as chromium-iron complex. The optimum parameters found for SLM
study are: concentration of Cr(VI) in feed phase 100 mg L™, pH of feed phase 4.5,
concentration of NaCl in strip phase 0.15 M, pH of strip phase 8, concentration of
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aliquat 336 as carrier in LM 1% (v/v), electric potential 2.5 V DC in strip phase,
stirring speed 120 rpm in both aqueous phases, and 6 h of run time. The maximum
Yoprecipitation of chromium is ~97%. The influential parameters such as strip phase
concentration, strip phase pH and carrier concentration have been picked up for ex-
perimental optimization by RSM using CCD rule. The predicted output from RSM

study is also shown in good agreement with experimental results.

Chapter 5: FS-SLM based simultaneous separation and elec-

trodeposition of Ni(II) and Zn(II)

This chapter provides simultaneous separation and electrodeposition of Ni(II) and
Zn(IT). A new type of supported liquid membrane setup has been developed in this
work. The setup consist of an in-situ electrodeposition unit in strip phase which
helps “stripped” nickel and zinc from synthetic wastewater get electrodeposited on
the cathode surface. The separation has been done individually as well as in a
condition of binary pollutant in the feed phase. The Ni-Zn binary electroplated
metal has immense commercial application. It is used as corrosion resistant coating to
prevent oxidation of protected metal. Various physico-chemical parameters have been
optimized to yield the best transport and deposition of metals on the cathode surface.
Face-centered central composite designs in response to surface methodology have been
performed on varied ratios of binary pollutant and their carriers in order to obtain
optimum performance of the separation unit. The integration of the electrodeposition
module in the strip phase of SLM not only helped to increase the separation efficiency
but also proved to be a way to generate a value added product. In this regard, the
copper plate was found to be an ideal cathode. Electrodeposition of metal in the
strip phase maintains a high concentration gradient between feed and strip phases
that helped better transport the metal across the SLM. The optimum parameters
of the two phase studies are 100 mg L~ of Ni(II) as the initial concentration, pH

of 5 in aqueous solution, 5% (v/v) of TOA as the carrier/extractant in the organic
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phase, stirring speed of 200 rpm, and run time of 12 h. The maximum extraction
was noticed at ~ 30%. On the other hand, the optimum parameters of the three
phase SLM studies are 100 mg L' of Ni(Il) in the feed phase, pH 5 in the feed
phase, 0.15 M of NH,Cl in the strip phase, 5% (v/v) of TOA in the sunflower oil, 3
V DC electric potential in the strip phase, stirring speed of 120 rpm in both phases,
and 8 h of run time. The maximum deposition of Ni(II) was obtained at ~ 93%. In
the case of binary pollutants, the mixture, where Zn(II) and Ni(II) mixed with a 1:4
ratio, yields a maximum total deposition at 85% with TOA as the carrier, whereas
the mixture where Zn(IT) and Ni(IT) were mixed with a 4:1 ratio yields a maximum
total deposition at 75.98% with D2EHPA as the carrier. Experimental optimization
with face centered CCD in RSM was done for the binary pollutants (i.e., Zn(II) and
Ni(II)) with mixtures of binary carriers (i.e., TOA and D2EHPA) as parameters to
optimize with a predicted output, i.e., deposition of Zn(II) and Ni(II), which also

showed good agreement with the experimental results.

Chapter 6: Conclusion and future scope

The overall conclusion and perspective of future work are discussed in this chapter.

xXvi
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Chapter 1

Introduction and Literature

Review

This chapter includes the area as well as objective of the intended work. An elaborate
literature study has been done to discuss about different sources of heavy metals viz.
Cr(VI), Zn(1I) and Ni(I1l) and their issues related to environment. The aim of this
thesis is to explore the separation of these heavy metals from wastewater using liquid
membrane (LM) based technology. In this regard the source of these heavy metals has
been addressed. Different types of liquid membrane and its application with merits
and demerits are described in this chapter. The relevant gap areas in the literature

have been identified and the objectives have been formulated thereafter.

1.1 Introduction

Heavy metals such as Cr, Ni, Zn etc. are immensely carcinogenic and hence they are
of huge ecological and physiological concern for human lives. Industrial efluents are
the primary sources of heavy metal contamination in the environment. Heavy metals
are not biodegradable either. It has also been seen that human exposure with these
heavy metals have increased dramatically because of exponential increase in their use

in several industrial, agricultural, domestic and technological applications [1]. Hex-

1
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2 Chapter 1. Introduction and Literature Review

avalent chromium (Cr(VI)), nickel (Ni(II)) and zinc (Zn(II)) are found in the effluent
emanating from different industries such as tanneries, electroplating, alloys, stainless
steel, battery, metal plating etc. [2-5]. The adverse toxic effects of these metals are
hemolysis, kidney and liver failure, diarrhoea, flu-like symptoms, etc. [6-10]. The
concentration of Cr(VI), Ni(II) and Zn(II) ions in the industrial effluent vary from
0.5 to 270,000 mg L~ [3, 11], from 3.4 to 900 mg L' [12, 13] and from 0.5 to 150000
mg L~! [14-17], respectively. The permissible limits of chromium, nickel and zinc in
drinking water are 0.05 mg L~!, 0.02 mg L~! and 3 mg L', respectively as stated
by World Health Organisation (WHO) [18]. It is very much essential to remove these
heavy metals from industrial wastewater before discharging them into natural water
body.

Several conventional processes such as adsorption, ion exchange, solvent extraction,
reverse osmosis, ultrafiltration, nanofiltration, etc. are there for separation of heavy
metals [19-23]. Each and every process has its inherent merits and demerits. Ad-
sorption process can be economical provided adsorbents are of low cost. It has to
be flexible and simple in terms of design. Adsorption process is simple to operate
and effective to remove toxic pollutants [24, 25]. However, the process has many
drawbacks such as loss of adsorbents, production of secondary pollutant, expensive
regeneration process of adsorbent and problem with disposal of spent adsorbents etc.
Ion exchange process is an old and proven technique that has been efficiently applied
to various industrial processes to remove heavy metal [26, 27]. However, it suffers
drawbacks such as high cost of resins, fouling problem, chlorine contamination etc.
Solvent extraction process or liquid-liquid extraction process is also widely used as it
is energy saving process and thus keeps production cost low. The major drawbacks
of the solvent extraction process are utilization of large amount of solvent, loss of
solvent and problem encountered during recovery of solvent.

Heavy metals separation using membrane based technology from industrial effluent

have immense potential. Membrane technologies have several advantage over conven-
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1.1. Introduction 3

tional technologies such as low energy requirement, its ability to integrate with other
processes, selective removal of pollutants, possibility for achieving “zero discharge”
with reuse of product water and also its adjustable characteristics. Depending on the
size and material to be separated they are classfied as microfiltration (MF), ultrafil-
tration (UF), nanofiltration (NF) etc. Other factors are also there on which mem-
brane process may be classified such as affinity (wviz. reverse osmosis, gas separation,
pervaporation), charge (viz. dialysis, electrodialysis) and chemical nature [28, 29]. It
can further be classified based on materials of the membrane such as solid membrane
and liquid membrane [28, 29]. Solid membranes are in solid form (viz. organic, inor-
ganic and polymeric) and liquid membranes (LM) are in the form of organic solvents.
Though solid membranes are stable in nature, this generally suffer from the inherent
drawbacks such as low trans-membrane flux, membrane fouling, and insufficient or
low selectivity. LM is a thin homogeneous liquid film (membrane phase) which acts as
diffusional barrier between other two phases, viz. feed (or source) phase and receiv-
ing (or strip) phase [30, 31]. Membrane phase is composed of solvent with/without
extractant/carrier. The membrane phase should be immiscible with feed/receiving
phase. The feed phase containing solute needs to be transported through the thin
film LM to receiving phase. The transport of solute across the LM occurs due to the
difference in chemical potential which is due to solubility and diffusivity in the liquid
film as well as the concentration gradients in the phases. The advantages of this pro-
cess are simultaneous extraction and stripping in a single step, high separation factor
and selectivity. The LM based technique is very useful for wastewater treatment due
to these inherent advantages. It is intended to perform further research with LM in
this thesis. The configuration of LM i.e. source/membrane/strip phase depends on
the type of application which can be either aqueous/organic/aqueous configuration
or organic/aqueous/organic configuration [30-32]. As the central theme of thesis
is treatment of wastewater, aqueous/organic/aqueous configuration have been used.

The salient features of different LM have been elaborated in the subsequent sections.
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1.1.1 Liquid membrane (LM)

The concept of LM was first introduced by Nernst and Riesenfeld at 1902, related to
electrical properties of the interface between two immiscible liquid electrolyte phases
[33]. In the sixties Norman Li developed large-scale desalination and hydrocarbon
separation process using LM [34]. LM is basically two extraction processes in series
where inorganic and/or organic solutes are transported selectively from feed phase to
strip phase [30-32]. The transport of solute across the LM occurs due to the gradient
in solubility and diffusivity in the liquid film as well as the concentration gradients
in the phases and this type of mechanism is called solution-diffusion mechanism.
Furthermore, diffusion coefficient of solute in liquid is higher than the solid which
results in larger flux in LM [30]. The efficiency and selectivity of solute transport for
LM may be enhanced by the presence of some carrier component. When appropriate
carrier is added to the solvent, solubility of solute in membrane phase is increased
due to formation of solute-carrier complex. In this case the membrane phase (a.k.a
organic phase) is the combination of a solvent and a carrier. The increased solubility
is manifested by the enhanced distribution coefficient (DC), defined as the ratio of
solute in organic phase and the solute in feed phase after the equilibrium is reached.
Carrier is not used solely as solvent because in general carrier has higher viscosity,
high molecular weight and is more expensive. According to the Stokes-Einstein equa-
tion (Equation 1.1), transport mechanism in LM largely depends on the viscosity of
membrane phase, as the diffusivity is directly inversely proportional to viscosity. If
the viscosity of carrier is higher than the solvent, with increase in carrier concen-
tration the viscosity is increased in LM, as a result diffusion coefficient and flux are

reduced [29].

kT

D —
6mnr

(1.1)

where, D is the diffusivity (cm?/s), k is the Boltzmann constant (J/K), 7 is the vis-
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1.1. Introduction 5

cosity of the organic phase (cP), T is absolute temperature (K) and r is the molecular
radius (cm). Therefore, the viscosity of membrane phase should be low for enabling
higher transport. Further addition of carrier increases the distribution coefficient
(DC), which yields to increase the overall transport efficiency as well [35]. Various

transport mechanisms, involved in LM processes are briefly discussed below.

1.1.2 Mechanism of transport of solute in LM

Three different phases are involved in the system of LM. The solute of interest is
transported from feed phase to other aqueous phase, viz. receiving or strip phase, via
membrane phase. The transport of solute occurs through extraction from feed phase
to recovery /re-extraction in strip phase due to feeble hydrogen bonding or by strong
chemical reaction between solute and carrier. When solutes are transported by simple
solution-diffusion mechanism due to different solubility or chemical potential between
different phases, the transport is termed as passive transport. Passive transport is
direct transport and it does not require any chemical energy to accomplish the solute
movement. There are two basic types of principles involved in LM operation viz.
passive transport and active transport.

Passive transport: In passive transport, ion/atom/molecule move from a zone of
higher concentration to a zone of lower concentration across membrane driven by
the growth of entropy of the system and does not require any chemical energy. Four
different types of transport can be seen in passive transport such as solution diffusion,
facilitated diffusion, filtration and osmosis. In case solution diffusion solute dissolves
in membrane material and is transported through membrane due to concentration
gradient. The process continues till the gradient is eliminated [32, 36]. Transport of
solute A from feed phase to strip phase occurs due to concentration gradient from
feed phase to strip phase as shown in Figure 1.1. In this case, the rate of diffusive

transport can be low due to solubility of solute A in feed phase as well as strip phase.
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Feed phase LM phase Stripping phase

Figure 1.1: Ordinary diffusive transport of component, A through LM

In order to achieve high selectivity, a substrate specific carrier must be present in the
LM. The type of molecular movement across membrane is called facilitated diffusion
or carrier mediated diffusion. This type of solute transport is also called passive
transport as there is no energy required for transporting solute. The carrier added
in the membrane phase should be soluble only in the LM phase and must have the
capability to form complex reversibly with specific solute. The mechanism is repre-
sented schematically in Figure 1.2. The transport mechanism is called as uniport,
where only single component is transported through LM. The solute transport of feed
phase component A is enhanced by the carrier C. The carrier C present in the LM
forms complex AC at the feed-membrane interface. Complex AC diffuses through
membrane from feed-membrane interface to strip-membrane interface due to con-
centration gradient and releases solute A at the strip-membrane interface. There
after the carrier C again diffuses back to the feed-membrane interface and binds
with A and cycle continues. There are two types of transport mechanism involved
in the carrier mediated transport, (1) some portion of A transport freely due to
concentration gradient which is called solution-diffusion mechanism and (2) A forms
complex with carrier which enhances the solubility of A in membrane phase to boost

transport rate of solute A. There are some important basic features that should be
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present in the carrier mediated transport. One of the basic features is formation of
solute-carrier complex should be reversible, i.e. the solute-carrier complex formed in
feed-membrane interface should be easily separated at the strip-membrane interface,
otherwise carrier present in the membrane phase will get saturated with solute-carrier
complex which would limit the solute transport. Secondly, complex should not be
very strong or very weak. Strong complex will create problem in releasing solute
at strip-membrane interface whereas, very weak complex will not form solute-carrier
complex very easily at feed membrane interface which eventually slows down the so-
lute transport rate. There should be optimum bond energy in the reversible complex

i.e. 10-50 kJ/mol [29].

Feed phase LM phase Stripping phase
/ e \
\ . /

Figure 1.2: Mechanism of carrier mediated or facilitated transport in LM with mobile
carrier

There are two types of carrier mediated coupled transport viz. co-transport and
counter transport. The transport mechanism are shown in Figure 1.3. In co-transport
carrier can form complex with two different species at the same time and transport
in the same direction (refer Figure 1.3a). A and B form complex with C and gets
transported at same direction. It is called as co-transport. In case of counter trans-
port the carrier forms complex with two different species at the same time but gets
transported in opposite direction (refer Figure 1.3b). A and B form complex with

carrier C and gets transported in the opposite direction.
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Stripping phase

"
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(a) Co-transport

Feed phase

A

LM phase

Stripping phase

"
~—

~
b

(b) Counter transport

Figure 1.3: Mechanism of coupled transport in LM

Active transport: Active transport, also known as uphill transport. This type
transport occurs against the concentration gradient i.e. lower concentration to higher
concentration. Active transport is mainly driven by oxidation-reduction, catalytic
reactions, biochemical conversions on the membrane interfaces as shown in Figure 1.4.
These reactions give energy to maintain a proper balance of ions and molecules. That
is why active transport works against a concentration gradient. The active transport

is very solute specific or highly selective and chemical reactions are irreversible [30,

37).
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Feed phase LM phase Stripping phase

AC

e

N
/ N

N

Ered

~

C

Figure 1.4: Mechanism of active transport in LM

1.1.3 Carrier

In LM, carrier is a type of reagent which act like a catalyst. Carrier enhances the
selectivity and transport efficiency of the solute through organic phase. The carriers
are mixed with solvent to prepare the LM. Amount of requirement of carrier is usually
very small. High concentration of carrier increases viscosity of LM which slows down

the diffusion rate. The carriers can be characterized by [38]:

Ability to quick binding and release of specific substances

Ability to selective and reversible binding of a component in the solution

Non-binding with solvent

e [ow viscosity

Lack of ability to coalesce

e [Less or non-toxicity

Carriers can be categorized as three main types depending on the functional groups
of their molecules viz. acidic, basic and neutral (refer Table 1.1). The selection of

carrier mainly depends on the nature of solute present in the aqueous phase. Acidic
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carrier mainly contains COOH, P(OH), SO3H groups which have affinity towards
cations. Di(2-ethylhexyl)phosphoric acid (D2EHPA) is an ideal example for acidic
carrier. Whereas, alkaline carriers are used to extract anionic solute. Amines (such
as trioctylamine, aliquat 336) are ideal examples of alkaline carriers. Neutral carriers
(such as tributyl phosphate) are generally used as cationic carrier for selective trans-
port of different metal ions or they make hydrogen bonding with un-ionized solute

to form the complex.

Table 1.1: List of carriers used in various LM processes

Application in

Type Name of carrier agent the extraction of Ref.
heavy metals
Acidic  Di(2-ethylhexyl)phosphoric acid [D2EHPA]  Ni, Ag, Cu, Pb, [35]
(016H35PO4 3224) Cd and Hg
K Trioctylphosphine oxide [TOPO] Cd, Cr and Pt [39]
(Co4H5 OP 386.63)
Basic Trioctylamine [TOA [(CgHy7)sN 353.67] Hg and Ni [40, 41]
7 Trioctylmethylammonium chloride [Aliquat Cr [42]

336] (Ca5Hs4CIN 404.16)

7 N,N-Dimethyloctylamine [DMOA] Cd [43]
(CioHgsN 157.3)
Neutral — Di-benzo-18-crown-6 [DB18C6] (CqoHa4Og Hg [44]
360.4)
” Tributyl phosphate [TBP] (C12Hy7O4P Rare earth U [35]
266.31)

1.1.4 Types of LM

LMs are broadly classified into three types according to their configuration viz. bulk
liquid membrane (BLM), supported liquid membrane (SLM) and emulsion liquid

membrane (ELM) [30]. As per the geometry of SLM, it is classified into three types
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(Figure 1.5), viz. flat sheet supported liquid membrane (FS-SLM), hollow fibre sup-
ported liquid membrane (HF-SLM) and spiral wound supported liquid membrane
(SW-SLM). Two other types of membrane are also there, electrostatic pseudo LM
and contained liquid membrane. This research work is focussed on BLM and FS-SLM.
BLM process is well suited for initial study about various parameters related to mass
transfer and transport feasibility of solute, where as SLM process is most promising
towards commercial application, it is studied in detail. The following sub-sections,

BLM and SLM have been discussed in brief.

Bulk liquid
membrane (BLM)

Emulsion liquid

membrane (ELM) HIaESHEct

Liquid membrane
(LM)

Supported liquid

membrane (SLM) HIOUOW B EE

Electrostatic pseudo
liquid membrane Spiral wound
(ESPLM)

Figure 1.5: Family of liquid membranes

1.1.4.1 Bulk liquid membrane (BLM)

In BLM, the feed and strip phases are separated with a solid barrier (e.g. glass
wall) and bulk amount of organic phase is placed in such a way that the liquid is in
contact with both feed and strip solutions. A schematic diagram is in Figure 1.6. The
difference in density between membrane and aqueous phases is the determining factor
i.e. membrane phase density is lower than feed and strip phase (refer Figure 1.6a)

and membrane phase density is heavier than feed and strip phase (refer Figure 1.6b).
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12 Chapter 1. Introduction and Literature Review

The BLM is simplest among other LMs. BLM process is helpful to determining rate
constants and distribution coefficients of novel carrier and it is suitable for selection of
stripping solution. But BLM has comparably small surface area to volume ratio and
longer diffusion path of the solute or solute-carrier complex which limits its industrial

usefulness.

\/_ glass plate
7/ membrane phase

top clearance

stirrers
/-

 —— feed phase

| — strip phase

glass plate

|
N
| stirrers

| feed phase

. strip phase

— bottom clearance

|_— membrane phase

(b) Heavier LM

Figure 1.6: Schematic of BLM

1.1.4.2 Supported liquid membrane (SLM)

The SLM uses a thin micro-porous solid support where organic/membrane phase
is immobilized within the pores by capillary forces. The solid support containing
organic/membrane phase act as barrier between feed and strip phases. The porous
support can be inorganic or organic (polymer) depending on the mechanical stability,
chemical properties and application. In polymeric support, typical thickness varies

in the range of 25-170 um and the average diameters of the pores are in the range
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of 0.075-0.45 pm [45]. The novelty of SLM lies in the diffusional path (L) of solute
transport. The diffusional path can be designed very small provided the stability
of membrane is not compromised. Fick’s law of diffusion says the rate of diffusion
of solute through medium (here liquid) is inversely proportional to the length of
diffusional path. Hence, to increase the solute diffusion the length of diffusion path
should be kept as small as possible. These factors are important to increase the
solute flux. The success of SLM technique depends also on the judicious selection
of support, proper selection of LM and the stripping agent for solute of interest.
The stability of organic phase in SLM is also an important part for transporting
any solute. The stability of LM or organic phase mainly depends on the viscosity
of LM, interfacial tension between aqueous phases and organic phase, solubility of
LM in aqueous phases etc. The compatibility between LM and solid support is also
a key factor for stability of LM in SLM process. Mainly two types of compatibility
are involved .e. physical and chemical compatibility. Physical compatibility lies
mainly in the support characteristics such as thickness, pore size, shape of the pores,
tortuosity etc. Whereas, relative hydrophobicity of LM and the support material
involves in chemical compatibility.

Ideally, the pores should be of identical in size and cylindrical in shape. But in real
case support pores are neither identical nor regular in shape. The support should have
higher porosity which would provide higher effective surface area for solute diffusion.
The tortuosity (7) of the solid support is an effective membrane characteristics which

can be defined as the following equation [46]:

(1.2)

Where, V, = 1 — ¢, V, is the volume fraction of the polymeric framework and ¢ is
porosity of the support membrane.

Based on the geometry of the support and applications, SLM can be designed in a
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variety of different configurations, namely, flat sheet-SLM (FS-SLM), hollow fiber-
SLM (HF-SLM) and spiral wound-SLM. Simplest is the flat sheet configuration,
where the membrane phase is held in a porous sheet separating the compartments
of the feed and receiving phases (see Figure 1.7). This configuration is simple to
construct but has a fairly low mass transfer area per unit volume.

The other advantages of using SLM are:
v' It incurs less capital, operating, maintenance and energy costs
v" Amount of LM consumption is very less
v' Easy to operate and scale-up
v' Can be used for high selective transport
v' Operating procedure is simpler than other LM processes

However, the main problem of the SLM technology is the instability of the membrane
phase viz. the chemical stability of the LM, the mechanical stability of the support
pores and limited membrane life.

The reason behind the instability of SLM are [35]:

v Loss of membrane solution from the pores of the solid support due to wetting

of the pores by aqueous phases
v' Effect of trans-membrane and osmotic pressure
v" Emulsion formation in the LM phase

v" Blockage of membrane pores by contamination
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Feed phase / Strip phase
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Figure 1.7: Schematic of flat sheet supported liquid membrane

1.1.5 Pollutant studied

Diffusion mechanism prevails in transportation of solute through LM. Various phys-
ical and chemical properties viz. size, affinity, charge and chemical nature of solute
influence the transport process through LM. Three different and very common pol-
lutants have been chosen for present study, viz. chromium (VI), nickel (II) and zinc
(IT). The pollutants are hazardous because of the their high solubility in aquatic en-
vironment. These pollutants co-exist in various industries such as leather, mining,
electroplating, stainless steel, alloy, battery and paints [2-5]. The detailed discussion
of these pollutants such as source of these pollutant, effects of these pollutants on

environment as well as animal life have been done in following sub-sections.

1.1.5.1 Chromium (VI)

Chromium (Cr) can be found in most two stable oxidation states i.e. trivalent
chromium, also written as Cr(III), and hexavalent chromium, also written as Cr(VI).

Cr(VI) is more toxic and carcinogenic than Cr(III) [47, 48]. Cr(VI) is generally pro-
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duced by industrial processes. The major industries viz. electroplating, stainless steel
production, leather tanning, textile dyeing, industrial pigments and wood preserva-
tion are responsible for contaminating natural water body through Cr(VI) enriched
effluent [48-51]. Cr(VI) has strong oxidizing potential and easily adsorbed by bio-
logical tissue. The adverse effects of Cr(VI) manifest through inhalation, respiratory
and dermal irritation and ulceration. Cr(VI) results gastritis, nephrotoxicity, and
hepatotoxicity. Workers of chromate production, pigment production, metal plating,
and ferrometals industries are very much prone to lung cancer due to exposure of high
concentration Cr(VI) [48, 52]. The international standard for maximum allowable
limit of Cr(VI) in drinking water is 0.05 mg L~* [18] whereas, in India, maximum
allowable limit of Cr(VI) for inland surface water is 0.1 mg L™!, public sewers is 2

mg L~ and marine coastal areas is 2 mg L' [53].

1.1.5.2 Nickel (II)

Nickel (II) (also written as Ni(II)) and its compounds are found in both natural
and anthropogenic sources. Ni(II) is an essential micro-nutrient for plant growth
and can be found in food and water [54, 55]. Though Ni(II) is an essential element
for plant, high consumption of Ni(Il) leads to nickel-toxicity which is carcinogenic
to human body [56]. Major source of Ni(II) exposure is due to oral consumption
through food and water, also caused by air pollution. The environmental water
body is contaminated with Ni(II) by effluents of industries such as stainless steel,
alloy, battery, plating, paint and electronic [4, 57]. Excessive consumption of Ni(II)
yields variety of adverse effects on human health varying from contact dermatitis
to lung fibrosis, cardiovascular and kidney diseases, and even cancer [4, 58, 59].
The concentration of Ni(II) in a typical industrial effluent ranges from 3.4 to 900
mg L' [12, 13]. Considering its health hazard, the maximum permissible limit
of Ni(Il) in ground water range between 0.003 and 0.01 mg L~!. In United States

permssible range of Ni(II) in drinking water is between 0.002 and 0.04 mg L~ [60, 61].
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Permissible limit of Ni(IT) in drinking water is 0.02 mg L' as stated by WHO [18].
In India, allowable limit of Ni(II) in inland surface water, public sewers and marine

coastal areas are 3, 3 and 5 mg L™! respectively [53].

1.1.5.3 Zinc (II)

Zinc (IT) (also written as Zn(II)) and its compounds are used in different industries
viz. alloy, electroplating, paint, rubber, battery, textile and steel [5]. Though Zn(II) is
an essential mineral for humans, animals and plants, excess consumption of Zn(II) is
harmful. Excessive consumption of Zn(II) suppresses copper and iron absorption. As
a results it developes anemia, hypocupremia, leukopenia and neutropenia. Symptoms
like headache, abdominal pain, nausea and vomiting are observed due to acute Zn(II)
toxicity [62, 63]. The Zn(II) concentration in effluent of different industries varies
from 0.5 to 150000 mg L~! [14-17]. According to the WHO guideline permissible
limit of Zn(II) in drinking water is 3 mg L~!. In India, allowable limit of Zn(II) in
inland surface water, public sewers and marine coastal areas are 5, 15 and 15 mg L !
respectively [53]. Hence, It is very much essential to remove Zn(II) from industrial

wastewater before discharging them into natural water body.

1.2 Literature review

LM based process has gained immense interest in recent times due to its application
in various field. As the main theme of this thesis viz. separation of heavy metals from
wastewater, this section presents a thorough review of literatures related to heavy

metal separation.

1.2.1 LM for general application

The first LM (ELM) was invented by Norman Li in the sixties [34], since then LM

based separation process has gain popularity for wide variety of applications. Since
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then LM technology has been applied in diverse area from analytical and organic
chemistry, to chemical, biochemical and biomedical engineering. In terms of partic-
ular activities within these areas i.e. gas separations, recovery of valued or toxic
metals, removal of organic compounds etc., summary of these works is discussed by
Richard D. Noble and his co-workers [64]. In last two decades LM technology has
been applied to separate metals including heavy metals viz. Cr, Fe, Co, Ni, Cu,
Zn, As, Sr, Ag, Cd, Pt, Au, Hg, Pb, Mn, Li ete. [65-75]. Transport of alkaline
metals, sodium and pottasium, have been performed by Dernini et al. [76] using
BLM Lithium has been separated using SLM by Bansal et al. [77]. Mohapatra and
his co-workers [78, 79] have separated cesium using HF-SLM and FS-SLM. Juang
and Wang [80] have separated amino acid, a biomedical compound, using ELM tech-
nology whereas, transport of aspartic acid (also a biomedical compound) has been
done by Lin et al. [81] using HF-SLM. Pharmaceutical products such as diclofenac,
penicillin-G, cephalosporin-C etc. have been separated using LM technology, as dis-
cussed elesewhere [82-84]. Reis et al. [85] have experimented separation of phenol
and its derivative i.e. tyrosol and p-coumaric acid. Park et al. [86] have also removed
phenol and substituted phenols using ELM. Zidi et al. [87, 88] have removed phenol
from wastewater using two different carriers i.e. tri-n-octyl phosphine oxide (TOPO)
and tributyl phosphate in SLM. Aromatic hydrocarbons, viz. benzene, toluene and
p-xylene, have been transported using SLM by Matsumoto et al. [89]. They have
used imidazolium-based room temperature ionic liquid (IL) as a carrier in SLM. The
selectivity of hydrocarbons is significantly improved using IL as carrier.

Major works on LM have been done using traditional organic solvent which are usu-
ally inflammable, toxic to human and environment, volatile in nature [90].
Permeation of copper using coconut oil as solvent and D2EHPA as carrier reported
by Venkateswaran et al. [91]. They have used SLM technology for separation of
copper ion and also used copper plating wastewater for this purpose. Almost 70%

copper removal was achieved.
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Muthuraman and Palanivelu [92] have separated textile dye using SLM. They have
studied various vegetable oils as LM for separation of dye and palm oil, sunflower oil
and coconut oil come out as suitable LM for dye separation. Among these vegetable
oils palm oil was found to be the best solvent.

Removal of dye from textile wastewater has been done by Mahmoud et al. [93] using
plant oil or vegetable oil. Using rotating discs contractor, Ehtash et al. [94] have
removed phenol from wastewater by rapeseed oil. They have shown rapeseed oil has
shown good extraction efficiency of phenol than conventionally used volatile organic
solvents i.e. diisopropyl ether, kerosene etc.

Kazemi et al. [95] have used LM with combination of sesame oil and TBP for sepa-
ration phenol from wastewater by SLM. Different factors affecting phenol transport
were analysed by Taguchi method and optimal experimental conditions for transport
of phenol were obtained by analysis of variance (ANOVA).

Chakrabarty et al. [96] have separated mercury (Hg) through SLM using coconut oil
with TOA as LM and separation efficiency reported about 93%. They have reported
SLM stability with coconut oil as solvent upto 98 h due to compatibility of coconut
oil with PVDF membrane support.

BLM experiment was done by Manna et al. [97] to separate bioactive compound,
catechin using sunflower oil as solvent and TBP as carrier. They have achieved 70%
extraction and 40% recovery efficiency of catechin using BLM technology. The re-
search works of Bhatluri et al. [43, 98-100] aimed at exploring LM based techniques
for the separation of heavy metals viz. Cd(II) and Pb(II). They have used BLM and
SLM technology with coconut oil as solvent for transporting Cd(II) and Pb(II) from
wastewater.

In recent times, Kumar et al. [101] have separated a organic pollutant named lig-
nosulfonate using sunflower oil as solvent with TOA as a carrier. The separation
process has been done using BLM technology. The maximum extraction and recov-

ery efficiency of lignosulfonate were 92.4% and 75.2 % respectively.
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Dong et al. [102] have recovered copper and cyanide through ELM using quaternary
amine salt as a mobile carrier. They have tried to form ideal ELM by optimizing
different physical and chemical parameters.

Daraei et al. [103] have used ELM technology to separate dye for water decolorization.
They have used sunflower oil as diluent with span 80 as surfactant. The influencing
parameters for dye removal were determined by screening design of Plackett-Burman.
The response surface methodology (RSM) with Box-Behnken design method were ap-
plied to determine optimum conditions for maximizing dye removal efficiency.

Mesli and Belkhouche [104] have used ELM technique to separate Pb(II) from ni-
trate medium. They have prepared ELM using n-heptane by mixing iso-octyl-
phenoxypolyethoxyethanol as surfactant and aliquat336 as carrier. They have op-
timized different experimental parameters such as carrier concentration, surfactant
concentration, run time, stirring speed, initial concentration and pH of feed phase.
They have also studied RSM using Box-Benheken Design (BBD).

Using ELM technology Benderrag et al. [105] have separated Cd(II) from wastewater.
They have used prepared ELM which consists of kerosene as organic solvents, Triton
X-100 as biodegradable surfactant and D2EHPA as carrier. The process parameters
was optimized using an empirical smoothing method. The results were represented
on three-dimensional plots using RSM with Box-Behnken design.

Mokhtari and Pourabdollah [106] have separated bismuth (Bi(II)) using ELM tech-
nology. The different experimental parameters were evaluated and optimized for
maximum yield of Bi(II). They have obtained maximum yield of Bi(II) using combi-
nation of D2EHPA, Triton X-100 and n-pentanol as carrier, surfactant and diluent
respectively in ELM.

An innovative work has been developed by Zhao et al. [107] which includes produc-
tion of nano-sized CePOy, using ionic liquid-driven SLM system. They have shown
how to control the morphology of the rare earth phosphate nanostructures by con-

trolling the pH and the concentration of SO3~ in the feed phase of rare earth ions.
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Lanthanum (La(III)) a rare earth metal has been separated using SLM technology by
Ozevci et al. [108]. They have prepared LM using mixture of TBP and imidazolium-
based IL ([Cymim]|[Tf2N]). The transport efficiency of La(III) was optimized by two
level three factor full factorial design.

Rare earth elements such as lanthanum (La(III)), cerium (Ce(III)), yttrium (Y(III))
and neodymium(III) (Nd(III)) have been recovered using ELM process by Zhang
et al. [109]. They have prepared ELM using kerosene-D2EHPA with sorbitan
monooleate (Span80) and polyisocrotyl succinimide was used as surfactants. The
effects of the different parameters on rare earth elements extraction like type and
concentration of carrier, type and concentration of surfactant, the concentration of
the HCI as the internal aqueous phase, the volume ratio of the organic phase to inter-
nal phase, the volume ratio of the emulsion phase to the feed solution were studied.
Pavon ei al. [110] have separated yttrium and europium using SLM process. They
have recovered rare earth elements from the leachate by FS-SLM using Cyanex 923
as carrier and NasEDTA as the receiving phase.

Mass transfer characteristics of Th(VI) have been investigated by Allahyari et al.
[111] using hollow fiber renewal liquid membrane(HFRLM) containing kerosene-TBP
and HNOj3 as LM and receiving phase respectively. They have developed mass trans-
fer model to predict the individual and overall mass transfer coefficients of HFRLM
process.

Removal of uranium from aqueous solution using ELM technique was done by Za-
heri and Davarkhah [112]. The ELM has been made up of 2-thenoyltrifluoroacetone
(HTTA) as a carrier, kerosene as an organic diluent, HCI as a stripping solution and
sorbitan monooleate (Span-80) as a surfactant. They have used fractional factorial
design to investigate most important parameters. Then, the effect of selected factors
on the uranium transport was studied and the optimum operating conditions were
obtained.

Mahanty et al. [113] have extracted americium (Am(III)) using SLM technology
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from high level waste (HLW). They have used benzene-centered tripodal diglyco-
lamide (Bz-T-DGA) (i.e. TPAMDGA and TPAEDGA) as carrier with isodecanol
and n-dodecane for preparation of LM. The different parameters such as effective
diffusion coefficient, permeability coefficient were evaluated for Am(III) by these ex-
tractants.

Gholap et al. [114] have reported the systematic studies on transport behaviour of
Pu(IV) across a SLM using the novel ligand oxatricyclodiamide (OTDA). They have
studied parameters controlling the transport behaviour of Pu(IV) i.e., nature of feed
acid concentration, concentration of OTDA and nature of diluents. Membrane dif-
fusion co-efficient value have also been calculated using t;,, method as well as by

varying membrane thickness.

1.2.2 LM based separation of Cr(VI), Ni(II) and Zn(II)

The separation of heavy metals such as Cr(VI), Ni(II) and Zn(II) using LM based
technology have been done by various researchers. Kitagawa et al. [115] used isoparaf-
fin as a solvent in ELM to remove NH;, Cr®*, Hg?", Cd*" and Cu®**. They have used
different carriers such as Alamine 336 for removal Cr and Hg, Lix 64N for removal
of Cu, and Aliquat 336 for removal of Cd.

Chakravarti et al. [116] used kerosene as solvent in ELM to study different types of
strip phase reaction with Cr(VI). They have used Aliquat 336 and Alamine 336 as a
carrier for removal of Cr(VI).

Chiha et al. [3] have used a combination of hexane (solvent)and tributyl phosphate
(extractant) to develop the membrane phase in a liquid surfactant membrane (men-
tioned as LSM) and studied the strength of Span 80 as surfactant to know how much
stability it can impart on the emulsion while they have also studied various physical
and chemical parameters on extraction of Cr(VI).

Kumbasar and his research group [39, 117, 118] used various extractants and surfac-

tants in ELM while the source was polluted with various other metal ions in addition
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to Cr(VI). The interaction effects on various pollutants were easily understood from
these experiments.

Bonam et al. [119] have used a combination of kerosene (solvent) and Aliquat 336
(extractant) and a rotating spray column to separate Cr(VI). They have also devel-
oped a mathematical model for estimating the effect of experimental parameters on
mass transfer coefficient.

Huang et al. [120] have worked with SLM and tri-n-octylphosphine oxide (or abbre-
viated commonly as TOPO) as a carrier and kerosene as a diluent for separation of
Cr(VI). They have also proposed a permeation transport model through SLM.
Djane et al. [121] have reported separation of total chromium (trivalent and hexava-
lent) using two serially connected SLM membrane units with kerosene as a solvent.
Samples of efluent were collected from the drainage of tannery industry.
Venkateswaran et al. [122] have used tri-n-butyl phosphate (or TBP, as commonly
abbreviated) as a carrier where polytetrafluoroethylene (hereafter abbreviated as
PTFE) membrane was used as a membrane support in SLM. They have optimized
parameters to maximize separation from synthesized effluent and tried the applica-
bility of those parameters for treatment of real plating effluent.

Separation of trivalent chromium, i.e. Cr(III), through SLM have been reported by
Chaudry et al. [123] where they have used triethanolamine-cyclohexanone-polypropylene
film as the carrier-solvent-support combination.

Various physico-chemical parameters have been optimized by Ashraf and Mian [124]
using alamine 336 as a carrier with toluene in SLM configuration. Separation through
polymer inclusion membrane (hereafter referred to as PIM) and SLM has been carried
out by Kozlowski and Walkowiak [125]. They have studied the effect of different ter-
tiary amines across PIM. They have also done comparison of performances of BLM,
SLM and PIM.

SLM study has been done by Nawaz et al. [126] to separate Cr(VI). Mixture of

toluene and TOPO used as a LM. They have achieved 80% removal efficiency of
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Cr(VI) with diphenylcarbazide (DPC) in sulfuric acid (HySO,) as a stripping agent.
A novel flat-type synergic SLM has been used by Jahanmahin et al. [127] for sepa-
ration of Cr(VI) using Aliquat 336 and TBP as a carrier and kerosene as a diluent.
RSM method has been applied for parameter optimization and achieved 94.3% of
Cr(VI) removal efficiency.

Han et al. [128] have investigated removal of Cr(VI) using BLM where they have
used mixture of sunflower oil and o-xylene as a solvent and various quaternary am-
monium salts as a carrier. Among those carriers methyltrioctyl ammonium bromide
is found to be best carrier. The removal efficiency of Cr(VI) was >98% over 4 h of
operation.

SLM study has been done to separate Cr(VI) by Onac et al. [129]. They have used
2-nitrophenyl octyl ether dichloromethane as solvent and calix(4)arene as a carrier
with celgard 2500 as a membrane support. They have calculated permeability coef-
ficients for each studied parameter using Danesi mass transfer model.

Kumar and his research group [49] have extracted Cr(VI) using ELM. The ELM
was prepared using mixture of rice brand oil (RBO) and hexane as a diluent with
tridodecylamine (TDDA) as a carrier, and span 80 as emulsifying agent with sodium
hydroxide (NaOH) as an internal agent, they achieved 97% extraction efficiency of
Cr(VI).

Yesil and Tugtas [130] have investigated application of SLM technology for heavy
metal removal (i.e. Cd, Cr, Cu, Ni, and Zn) from leaching effluents. They have used
D2EHPA and aliquat 336 as carrier with kerosene as diluent. The parameters such
as carrier type, carrier ratio, and concentration of strip solution have been optimized
to get best separation yield of heavy metals.

Converting liquid waste to solid waste or value added product grossly reduces volume
of the waste. Use of recovered heavy metals (Cr(VI), Ni(II) and Zn(II)) would be
hugely beneficial for waste management program. However, industrial wastewater

contain multiple heavy metals in various proportion. Researchers are now showing
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interest to establish a technique for treating effluent containing various heavy metals.
Parhi and Sarangi [131] have separated copper, zinc, cobalt, nickel with the help of
different carriers such as LIX 841, TOPS-99 and Cyanex 272. They have done batch
wise operation for selective transport of metals.

Duan et. al. [132] have used a new sandwich SLM (i.e. two-membrane-three-
compartment cell) to separate copper, nickel and cobalt from its ammoniacal so-
lution. They have used HySO, as stripping solution in two stripping compartments
with different concentration and Acorga M5640 in kerosene as a LM. Separation effi-
ciency of different metal in different compartment of SLM were 99.5% of cobalt, 98%
of nickel, and 98.9% of copper.

In another study Duan et. al. [133] have used conventional SLM technology for
separation of copper from nickel in ammoniacal solution. The organic phase of SLM
was prepared by mixture of Acorga M5640 and trialkyphosphine oxide (abbreviated
as TRPO) as carriers with kerosene as solvent. A number of influencing parameters
on the Cu(II) transport and separation of Cu(II) from Ni(II) have been studied. The
separation efficiency of Cu(II) was up to 98.4% under optimal conditions.

A comparative study of transport flux of cobalt and nickel cations through SLM
and hybrid liquid membrane (HLM) have been experimented by Gega et. al. [134].
They have got best result in SLM. They have used di-2-ethylhexylphosphoric acid
(D2EHPA) and Cyanex 272, 301, and 302 in kerosene as a LM. The separation effi-
ciency of Co(II)/Ni(II) was higher in HLM than in SLM.

Yildiz et. al. [135] have separated cobalt and nickel from their acidic media by using
SLM. They have used Alamine 308 as a carrier and tributylphosphate (TBP) as a
modifier to improve the membrane performance.

Using SLM a comparative transport of cobalt and nickel with different ratio has been
studied by Surucu et. al. [136]. They have calculated separation factor of equimo-
lar and nonequimolar feed mixture (i.e. mixture of nickel and cobalt). They have

used chloroform as a diluent and alamine as a carrier. Within 8 h of time they have
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achieved 98.4% selective separation efficiency of cobalt.

Using bulk liquid membrane (BLM), Sing et. al. [137] have separated mixture of
copper, nickel and zinc by varying feed metal ion concentration. They have used
kerosene as a solvent with D2EHPA as a carrier. Mickler et. al. [138] have studied
permeation of zinc, cadmium and nickel from its ammoniacal solution using 4-acyl-5-
pyrazolones and -diketones as a carrier. They have shown how permeation efficiency
of solutes is affected by ammonia concentration.

Molinari et al. [139] have selectively removed copper from mixure of solute that
contain copper, zinc, nickel and manganese using SLM. They have done compar-
ative study of solute permeation efficiency with 2-hydroxy-5-dodecylbenzaldehyde
(2H5DBA) and D2EHPA as carrier. They have also derived a transport model to
calculate mass transfer co-efficient in the membrane.

Huang and Juang [140] have developed permeation rate mechanism of Zn(II) trans-
port through diffusional mass transfer model using SLM technology. They have
prepared LM by combination of D2EHPA and kerosene and HySO, as strip phase
solution.

Separation of Zn(II) using SLM technology has been done by Takashi Saito [141]. Or-
ganic phase of SLM prepared by using 4,7-diphenyl-2,9-dimethyl-1,10-phenanthroline
(namely, bathocuproine) solution with dibenzyl ether as the carrier. The effects of
the zinc ion concentration, anion, and carrier are determined, and a permeation ve-
locity equation for the zinc ion through the membrane is proposed. The effects of
types of carrier as well as of anions are also investigated.

In two separate work, Swain et al. [5, 142] have separated zinc with copper and
cadmium using SLM process. LM was prepared by using TOPS-99 (D2EHPA) and
kerosene. They have checked the effect of different anions viz. Cl7, NOj, SO,
CH3;COO~, SCN™, ClO3 on separation of zinc with copper and cadmium.

Hollow fiber membrane contractor is used by Urtiaga et al. [143] to separate Zn(II)

and Fe(III) from Cr(III) spent passivation bath. LM consisting of Cyanex 272,
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kerosene and 1-decanol are used in hollow fiber membrane contractor. Different
proportion of HCl and HySO, are used as stripping agents. Different operational
variables on kinetics of the separation of Zn(II) and Cr as well as on the enrichment
of Zn(II) over iron and Cr in the stripping phase was investigated.

Winston et al. [144] have used three separate SLM technologies for separation of
Cu, Zn and Ni. For Cu removal organic phase is prepared by LIX 973N, ketoxime,
dodecanol, n-dodecane at different proportion and for removal of Zn organic phase
prepared by Cyanex 301, dodecanol, n-dodecane with different percentage, whereas,
for separation of Ni organic phase is prepared by di(2-butyloctyl) monothiophospho-
ric acid (C12 MTPA), dodecanol and n-dodecane. For all three cases they have used
HySOy4 as stripping agent.

Selective transport of Zn(II) and Co(II) has been performed by Alguacil and Alonso
[145] using SLM technology. They have used three different diluents such as Solvesso
100, Escaid 100, Iberfluid and toluene with DP-8R (also known as D2EHPA) as a
carrier. They have also optimized different physico-chemical parameters form maxi-
mizing metal transport rate.

Marchese et al. [146, 147] have applied SLM technology for separation of Co(II),
Ni(II) and Cu(II). They have used kerosene as solvent for its low solubility in water,
high surface tension and low volatility. Two different carriers viz. D2EHPA and
Alamine 336 have been used.

Kulkarni et al. [148] have studied stability of ELM i.e. swelling and breakage of the
emulsion during transport of Ni(II) ion. The LM they have prepared using D2EHPA
as a carrier with mixed xylene isomers, heptane, toluene and dodecane as a diluents.
Using SLM technology Ali et al. [149] have extracted and recovered Zn(II) simulated
wastewater. They have used tri-ethanolamine (TEA) as a carrier with cyclohexanone
as a solvent to prepare organic phase. They have studied different parameters affect-
ing Zn(II) transport. The extraction efficiency of Zn(II) was found to be 87% in 120

min.
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Stirred transfer cell-type ELM contactor has been used by Valenzuela et al. [150]
for recovery of Zn(II) from an acidic mine drainage water. The have used D2EHPA,
kerosene and HySO,4 as a carrier, solvent and internal phase respectively in ELM.
Different parameters affecting transport of Zn(II) have been studied. Ma et al. [151]
has selectively separated copper and nickel ions from calcium ions. They have used
two stage ELM process to selectively separate copper and nickel ions. They have
used Cyanex 301 carrier with LIX984N as a solvent.

Sulaiman et al. [152, 153] have removed nickel from industrial wastewater using SLM.
They used D2EHPA, octanol and palm-oil as carrier, synergist and diluent respec-
tively. The parameters have been optimized using Box-Behnken design (BBD). They
have applied that optimized condition for further removal of nickel using palm oil as
diluent.

Simultaneous extraction and separation of cobalt and nickel from chloride solution
is studied by Hachemaoui and Belhamel [154] using ELM. They have first optimized
different parameters such as effects of extractant and surfactant concentrations, mix-
ing speed, concentration etc. to separate cobalt and using that optimum condition
extraction of cobalt in competition with nickel has also been studied.

Using BLM Vergel et al. [155] have separated nickel from natural water. They
have used 1,2-cyclohexanedione bis-benzoyl-hydrazone (1,2-CHBBH) as a carrier
with toluene/dimethyl formamide. Also, they have optimized different chemical and

hydrodynamic conditions for separation of nickel.

1.2.3 LM Based industrial applications

LM based technology has large scope of commercialization for separation of organic
and inorganic solute with high treatment efficiencies. Some researchers have sepa-
rated gases by using hollow-fiber-contained-liquid membrane (HFCLM) at large scale.
HFCLM has been to used to separate COy and CHy or Ny from their mixture us-

ing diethanolamine (DEA) [156]. LM technology was first commercially developed

TH-2262_126107003



1.2. Literature review 29

and implemented in 1986 in Austria. The application was to separate Zn(II) from
textile plant effluent, that can treat up 75 m?3/h of zinc-bearing wastewater. The
Zn(1I) removal efficiency was greater than 99.5% [157, 158]. Three more ELM based
industrial plant for recovery of Zn(II) located at (i) Glanzstoff, AG, Austria, with a
capacity of 700 m3/h; (ii) CFK Schwarza, Germany, with a capacity of 200 m3/h;
and (iii) AKZO Ede, the Netherlands, with a capacity of 200 m3/h [30, 157-159].
Another industrial application of phenol removal using ELM technology has been
successfully installed in China. The capacity of the plant treating 0.5 tons/h of a
solution with a phenol content of 100 mg L~!. The pH of wastewater was kept below
9 to get phenol in nondissociated form. Plant used NaOH as internal agent and
phenol removal efficiency was 99.5% [90, 157]. Many other pilot plants are installed
in metallurgical industries to treat effluent for recovery of metals, such as zinc, cad-
mium, lead, iron, copper, cobalt, nickel, manganese, magnesium, calcium and sodium
[30, 160]. The U.S. Bureau of Mines was field tested to use of ELM technology for
extraction of Cu from mine wastewater [161]. Alonso et al. [162] have performed
experiment with two HFM modules in pilot plant to separate Cr(VI) from a galvanic
process wastewater. The experimental results have been used as a case study for the
simulation and experimental analysis of the nondispersive solvent extraction process.
A commercial-scale hollow fiber extraction system has been develpoed by Seibert
and Fair [163] to separate hexanol from water. A scale-up of hollow fiber reactor
has been developed by Reiken and Briedis [164] for biomedical application. Hence,
there is huge scope for LM technology to commercialize in different fields like wastew-
ater treatment, biotechnological and biomedical applications, hydrometallurgy and

separation of organic acids.
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1.3 ((ap areas

Extensive literature search on the field of LM based separation of heavy metals has
been carried out prior to setting the objectives of the thesis. Few gap areas have

been identified especially in the last ten years of published literature.

1. Organic solvents are most commonly used as solvents in the LM. Organic sol-
vents are efficient but themselves are toxic in nature. They are potential to

increase secondary pollutant in the already unhealthy effluent.

2. Most of the literature aims at purifying the water by removing the heavy metals,
however they do not clearly identify what to do with the metal salts which are
recovered in the stripping phase. Hence, the stripping phase again becomes full

of pollutants no where to dispose.

3. In industrial effluent seldom more than one metals are present wiz. Ni(II)
and Zn(IT) with varying ratios in effluent. Very few research works have been
published with combinatorial separation of heavy metals from wastewater using

conventional organic solvents [137, 165].

This thesis addresses the above issues at its core.

1.4 Importance and objective of the research work

Conversion of liquid waste to solid waste and/or as an useful end product is a hugely
beneficial proposition for waste management. It can be a reasonable objective to
precipitate heavy metals in strip phase towards useful end product. Synthesis of
nanoparticle by converting heavy metal from wastewater in strip phase would be
most sensible solution for mitigation of heavy metals.

The overall aim of this thesis is to establish a LM based technique for extraction
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and recovery of Cr(VI), Ni(II) and Zn(II) from the industrial effluents in an environ-
mentally and physiologically benign method which would minimize the production of
secondary pollutant. To fulfil this overall aim, thesis finds the following measurable

objectives:

v’ Identification of low cost, easily available and environmentally benign solvent
that can extract solutes (heavy metals) from their aqueous solution by two
phase equilibrium study. Potential candidate can be found among the vegetable

oils such as coconut oil, mustard oil, sesame oil, soybean oil and sunflower oil.

v' Identification of suitable carrier compounds (i.e. extractant) or more precisely
a suitable solvent-carrier combination that enhances the extraction of solute

from the aqueous phase.

v' Identification of the best operating condition in terms of feed phase pH, initial
concentration of feed phase and concentration of carrier which would yield best

extraction of solute(s) in two phase extraction study.

v’ Identification of suitable stripping agent that ensures re-extraction of solute
from the membrane phase to the aqueous strip phase through a three phase

BLM study.

v Identification of the best operating condition in terms of feed phase pH, initial
concentrations of feed phase, concentration of strip phase, pH of strip phase
and concentration of carrier which would yield best separation of solute(s) in a

BLM unit.

v' Development of efficient recovery strategies and stripping conditions so as to
enhance the extraction and recovery of the selected metals, so that some value
added components may be produced out of the heavy metals in the stripping
phase which would be useful for an end-user. This objective may further be

achieved through the following two pathways:
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e Synthesis of useful nanoparticle from recovered heavy metal by electro

chemical process.
e Electrodeposition of metals in stripping solution by employing electric

potential that can generate useful electroplated product.

v Perform experimental optimization of the LM process with the help of standard
statistical methods that would ensure best operating condition of influential

parameters affecting the LM process.
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Materials and Methods

This chapter includes the details of various materials used for experimental purpose
and different sources from where the materials were procured. The detailed descrip-
tion of analytical instruments and characterization techniques used in the experiments
are discussed here. The two types of LM setup (BLM and FS-SLM) have been used
in this work. FElaborate study of experimental procedure of metal transport through

both LM configuration are discussed here.

2.1 Chemicals and reagents

Different materials used for extraction and recovery of Cr(VI), Ni(IT) and Zn(II) along
with their sources are summarized in this section. All chemicals and reagents used for
the experimentations were of Guranteed Reagents (a.k.a GR) grade. The stock solu-
tions (aqueous) were prepared by using Milli-Q® deionized water (Millipore, USA).
The wastewater was synthesized inside the lab using analytical grade potassium
dichromate (K2CryO7), nickel chloride hexahydrate (NiCly,6H50) and zinc sulfate
heptahydrate (ZnSO,4,7H20). Analytical grade NiCly.6H2O and ZnSO,4.7TH,0, were
purchased from Merck® India. Selection of strippant is an important factor, as it is di-
rectly related to the recovery of solute. Strippants, viz., Nao-EDTA, sodium chloride
(NaCl), ammonium chloride (NH4Cl), sodium hydroxide (NaOH), hydrochloric acid

33
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(HCI, 37%) and sulphuric acid (H,SOy4, 98%) were supplied by Merck® India. The
extractants Aliquat 336, TOA and TBP were procured from Sigma Aldrich® (India)
and D2EHPA was purchased from Merck® India. Standard AAS solution of 1000 mg
L' (traceCERT®) of various metals viz. Cr(VI), Ni(II) and Zn(II) were purchased
from Sigma Aldrich®(India). Refined vegetable oils, viz. mustard oil, coconut oil,
soyabean oil and sunflower oil, of good quality (Fortune®, Adani Wilmer Limited
India) were procured from local market. Polymeric support for SLM with support
material polyvinylidene difluoride (PVDF) was procured from Merck® India. The
physical properties and characteristics of PVDF membrane are tabulated in Table

2.1.

Table 2.1: Characteristics of membrane support.

Specification Value
Support material PVDF
Pore size, d(um) 0.22
Thickness, L(um) 88.5

Porosity, (¢) 0.30

Tortuosity, (7) 5.6

2.1.1 Working solutions for pollutants

Stock solution (1000 mg L™') of pollutants were prepared by dissolving required
amount of salt (KyCryO7 for Cr(VI), NiCly,6H,O for Ni(II) and ZnSO4,7H50 for
Zn(I1)) in Milli-Q® deionized water inside a 100 mL volumetric flask and then trans-
ferring it to a 1 L volumetric flask, filling it up to the 1 L mark with Milli-Q®
deionized water and storing it for further use, as and when required. In a similar
manner, the strip phase was prepared by dissolving the required amount stripping

agent in Milli-Q® deionized water. The organic phases were prepared by mixing
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appropriate amount of extractant (in % (v/v)), in 20 mL of various pure solvents

(vegetable oils).

2.2 Analytical instruments

2.2.1 Atomic Absorption Spectroscopy (AAS)

Concentrations of Cr(VI), Ni(Il) and Zn(II) in aqueous samples were measured by
Atomic Absorption Spectroscopy (or AAS, in abbreviation)(Make: Varian Australia,
Model:AA240F'S) using hollow cathode lamp in flame mode with acetylene as fuel
and air as support. The instrument is operated by Spectra AA software. The lamp
specification of different metals are tabulated in Table 2.2. The calibration curve
of standard sample with its equation for different metal from AAS are reported in
Figure 2.1. The samples were collected directly from experimental runs and measured
in AAS without any further processing. All the individual experiments were repeated
thrice. Working principle and analysis procedure of standards and samples in AAS

are incorporated in Appendix A.

Table 2.2: Working condition of different lamp.

Metal Lamp current (mA) Wave length (nm) Slit width (nm)
Cr 7 357.9 0.2
Ni 4 232 0.2
Zn 5 213.9 1.0
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Figure 2.1: Calibration curves for analysis of different metal
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2.2.2 Other analytical instruments

A digital pH meter (Make: Eutech Instruments, Model: EUTECH pH700) was used
to measure pH of aqueous solutions. A shaking incubator (Make: Daihan Labtech
Co. Ltd., Model: LSI 3016R) was used for enhancing mass-transfer between aque-
ous and organic phases during two phase equilibrium studies. For measurement of
surface tension and interfacial tension of various vegetable oil, a tensiometer (Make:
M/S Kwoya, Japan, Model No.: DY300) was used. Morphology of PVDF membrane
support and synthesized nanoparticle were done using Field Emission Scanning Elec-
tron Microscope (FESEM) (Make: Zesis, Model: Sigma). For elemental analysis
Energy-dispersive X-ray spectroscopy (EDX) in FESEM which confirmed the depo-
sition of metal on cathode plate and EDX in transmission electron microscopy were
used to confirm the Cr percentage in synthesized sample. TEM was used for particle
size analysis of synthesized nanoparticle. X-ray diffraction (XRD) (Make: Rigaku,
Model: SmartLab) was used to check crystallinity of particular complex with average
particle size. The infrared spectra of synthesized nanoparticle was recorded by using

an IR Affinity-1 (Shimadzu corp.) infrared spectrophotometer.

2.3 Physical properties of vegetable oils

As discussed in Section 1 viscosity of vegetable oil plays a major role in diffusional
transport of solute through LM. All the experiments have been done at room tem-
perature. The viscosity of various vegetable oils were checked at 25°C and tabulated
in Table 2.3 which reveals that isusard > fseyhean > Heeame > Hunfioner > fiCoconst-
Surface tension and interfacial tension of vegetable oils with respect to Milli-Q®
deionized water are tabulated in Table 2.4. These are important properties of LM
to transport solutes. The surface tension and interfacial tension are measured by

tensiometer at room temperature.
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Table 2.3: Viscosity of various vegetable oil at 25°C.

Vegetable oil Viscosity (Pa s)
Mustard oil 0.0583
Soybean oil 0.0418
Sesame oil 0.0392

Sunflower oil 0.0358
Coconut oil 0.0310

Table 2.4: Surface tension and interfacial tension of various vegetables oils.

Naime of the sample Surface tension at  Interfacial tension (oil

25°C, mN m~! and water), mN m~!
Water (Milli-Q® deionized water) 72.8 -
Mustard oil 35.7 24.8
Soybean oil 32.9 22.1
Sesame oil 33.58 17.7
Sunflower oil 33.89 16.2
Coconut oil 31.5 13.9

2.4 Two phase equilibrium set-up and procedure

Aqueous solutions for the two phase equilibrium studies were prepared by diluting
the stock solutions appropriately and working with various concentrations of solute
(i.e. Cr(VI), Ni(II) and Zn(II)). Equal volumes of aqueous and organic solutions (20
mL each) were taken inside a conical flask, placed on the shaking incubator, and
mixed at high speed (in rpm) for sufficient period in order for it to reach equilibrium.
The mixture was then kept undisturbed for 8 h so that the aqueous and organic
phases could separate due to difference in their densities. The samples were carefully

collected from aqueous phase. The concentration of solute in the aqueous sample was
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measured in AAS. The quantity of metals transferred to the organic phase during
the extraction was calculated by mass balance. All the experiments were carried out

at room temperature (25°C).

2.5 Three phase experimental studies with BLM

The schematic of the BLM setup which consists of cubical shaped container with
magnetic stirring facility is shown in Figure 2.2. The actual BLM setup used in this
research work for the three phase experiments is shown in Figure 2.3. The container
is divided into two equal volume leak proof compartments by fixing a thin glass plate
in the middle of them. A leak test with coloured water was carried out in order to
ensure that the compartments were truly leak proof. Feed and strip phases (65 mL
each) were placed inside the two compartments leaving sufficient clearance up to the
top edge of the glass barrier. The organic phase (30 mL), being lighter than aqueous
phases, was then poured over both the aqueous phases with great care up to slightly
above the top edge of the glass barrier so that the organic phase physically connects
the two aqueous phases. A bridge is thus formed between the aqueous phases to

transfer solute through diffusion via organic phase.

TH-2262_126107003



40 Chapter 2. Materials and Methods

Feed phase

O

barrier separating
the aqueous phases

magnetic stirrers

Figure 2.2: Schematic of BLM setup

Figure 2.3: Three-phase BLM setup
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2.6 Three phase experimental studies with FS-SLM

Different types of SLM configuration such as flat sheet, hollow fiber, spiral wound,
etc. have been discussed in Section 1. Among these configurations, the simplest one
is flat sheet supported liquid membrane (FS-SLM) which has been considered for this
research work. The SLM setup along with its working procedure are described in the

consecutive sections.

2.6.1 FS-SLM setup and experimental procedure

The experimental setup: The SLM setup consists of two cylindrical shaped con-
tainers (internal diameter 50 mm and height 90 mm) joined by flanges (vide the
schematic in Figure 2.4). The actual SLM setup used in this research work for the
three phase experiments is shown in Figure 2.5. The effective volume of either cylin-
drical vessel is 130 ml. Contents of the vessels were stirred by two mechanical stirrers
(Make: Remi, Model: RGQ 121/D). The diameter of the membrane disc was 47 mm
and the effective surface area of the membrane in contact with each aqueous phase

was 11.3 cm?.

Supported liquid membrane
sandwiched between two
flanges

Figure 2.4: Schematic of SLM setup
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Figure 2.5: Three-phase SLM setup

Preparation of SLM: Pores of the solid polymeric support (PVDF membrane)
were filled with organic phase by dipping the PVDF membrane in the organic phase
for 24 h. The characteristics of PVDF membrane is already discussed in Table 2.1.
The impregnated membrane was taken out of the organic phase and kept in a vacuum
desiccator for 1 h. The excess amount of organic liquid on the surface of membrane
was removed gently by a tissue.The prepared organic impregnated membrane support
would act as the desired SLM. It was gently clamped between the two flanges of the
cylindrical vessel. All the studies were conducted at room temperature. Figure
2.6 shows the field emission scanning electron microscopy (a.k.a FESEM) analyses
of membrane support before and after the SLM experiment. Figure 2.6a shows
the image of dry membrane support and Figure 2.6b shows impregnated membrane
support. The empty pores are clearly visible in Figure 2.6a whereas pores are filled

with solvent in Figure 2.6b. Figure 2.6¢ shows the same membrane support after
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completion of 48 h experimental run and it reflects the loss of some solvent from
the surface of the membrane support. Figure 2.6d shows the cross sectional view of

membrane support after completion of 48 h experimental run.

DTS L BT 7
. il
{

s ;
'_p| I — EHT = 3.00 kV Mag= 1.00KX WD=33mm  Signal A= InLe| I

(¢) Support with LM in the pores after 48h (d) Cross sectional view of the support with
run LM in the pores after 48h run

Figure 2.6: FESEM analysis of PVDF membrane support

2.6.2 FS-SLM setup with electrochemical and electrodepo-

sition module

In order to augment the electrochemical/electrodeposition features in the SLM, a

minor adjustment has been done in the SLM unit which has been shown through
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schematic in Figure 2.7. Actual FS-SLM setup with in situ electrochemical reaction
or electrodeposition module used in this research work for the three phase experiments
is shown in Figure 2.8. Separate image of stripping sections of experimental setup
has been shown in Figure 2.9. The effective membrane area is 706.85 mm?2. For
electrochemical reaction two electrodes (one iron plate as anode another graphite
rod as cathode) were kept inside strip phase solution. The distance between the
electrodes was ~4 cm. The electrodes were connected to a DC voltage source for

supplying electric potential.

DC
power
)
source

Supported liquid membrane
sandwiched between two
flanges

Figure 2.7: Schematic of FS-SLM setup with electrochemical or electrodeposition
module
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Mechanical
DC power . Stirrer
source

Figure 2.8: Experimental setup of FS-SLM with electrochemical or electrodeposition
module

During electrochemical During electrodeposition
reaction reaction

Figure 2.9: Arrangement of strippping section in FS-SLM setup
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2.7 Model calculation

The following equations are used to calculate two phase equilibrium (2.1) and the
three phase transport performance by measuring the feed and strip phase concentra-

tion of metal in terms of % extraction and % recovery:

%Extraction = x 100 (2.1)
fin
Cs — C,
%Recovery = O—" x 100 (2.2)
fi'n.

where, Cy, and Cg;, are the initial concentrations of solute in feed and strip phases
respectively. Cy and C, are the concentrations of solute in feed and strip phases
respectively at any point of time of collecting the sample. The measurement of
efficiency of solute precipitation/deposition in strip phase is difficult by weighing
method. So, It was done indirectly from the feed phase and strip phase concentra-
tions, taking the assumption that at the time of experiment no metal was trapped
inside membrane phase. Following equation is used to calculate %precipitation or

%deposition of heavy metal in strip phase.

Cr. o) — Q)
%Precipitation/Deposition = 100 x {( i = C1) } (2.3)

2.8 Experimental optimization through RSM

Nowadays statistical tools are frequently used for optimization techniques to reduce
time and wastage of materials. Response surface methodology (RSM) is one such
useful tool that is used for optimizing the operating parameters and to improve
performance of processes. RSM mainly has three steps, viz. design of experiments,

response surface modelling through regression and optimization. The objective of
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RSM is to find out optimum response which is influenced by several independent
variables (input variables) or region where it satisfies the operating conditions [166,
167]. Central composite design (CCD) rule has been used to design and evaluate the
interactive effects of experimental variables. The total number of experiments N can

be found through the following equation:
N = 2% + 2k 4+ n, (2.4)

where k is the number of variables and n. is the number of central points. The
statistical model helps to find out the important factors as well as most significant
factor. It also helps to determine whether the experimental results are meaningful.

The following quadratic model is used in this work [168-171].

k ko k k
y=po+ Z Bizi + Z Z Bijit; + Z Bux? + ¢ (2.5)
i=1 1=1

i=1 j=1
where 3 is a constant, € is error, z; and x; represents independent variable, and
Bi, Bi and B;; are coefficients for linear, quadratic, and interaction effects respec-
tively. Analysis of variance (or commonly abbreviated as ANOVA) is one of the
most powerful statistical techniques that can be used to test the hypothesis that the
means among two or more groups are equal, under the assumption that the sampled
populations are normally distributed. ANOVA and residual analysis (abbreviated as
RA) were used to verify the quadratic model. Comparing the respective co-efficient
values of model variables it is possible to find out the interaction among the model
variables. Positive coefficient symbolizes a synergistic effect and negative coefficient
indicates an antagonistic effect [172]. A detailed account of the RSM procedure is
given in the Appendix D. Design Expert software (Version 7.0) has been used for

the above purpose.
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Chapter 3

Separation of Cr(VI) through
BLM and SLM

This chapter includes the theoretical background, results and discussion on trans-
portation of Cr(VI) through BLM and SLM. The primary goal of this work is to
explore the possibility of using environmentally benign solvent in a liquid membrane
setup in order to separate hexavalent chromium from industrial effluent and perform
experimental optimization of its parameters for mazimum performance. Vegetable
oils have been used for this purpose as they have the capability of extracting heavy
metals and they are well known for their biodegradability too. Additionally an extrac-
tant N-methyl-N,N, N-trioctylammonium chloride (a.k.a. aliquat 336) has been used
to enhance the efficiency of separation as it showed very good carrier property for
transport of Cr(VI). Di-sodium ethylene-di-amine-tetra-acetic acid (or Nag-EDTA)
was selected as stripping agent for its affinity towards metal. The efficiency is af-
fected by wvarious physico-chemical parameters which have been optimized for best
transport of solute.An initial two-phase study followed by elaborate three-phase bulk
liquid membrane study were confirmed by critically more industry-friendly supported
liquid membrane study. The prime physico-chemical parameters affecting the system

performance were identified for experimental optimization through response surface
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methodology using central composite design rule. A regression model along with anal-
ysts of variance evaluates whether the chosen parameters were of good agreement with

experimental results.

3.1 Theoretical background

3.1.1 Reaction mechanism

In this work di-sodium ethylene-di-amine-tetraacetic acid(hereafter abbreviated as
Nay-EDTA) was selected as a stripping agent and N-methyl-N,N,N-trioctylammonium
chloride(a.k.a aliquat 336) has been used as the extractant. Nay-EDTA is known for
its sequester behaviour with metal (tendency to bind with metal ions) i.e. EDTA
inhibits normal behaviour of metallic ion in combination with added materials, es-
pecially the formation of coordination compounds or chelates of metallic ions. The
chromate ion may exist in the aqueous phase in different ionic forms such as HCrO,,
CrO?~, Cr,02™ and HCr,O2™. It would later be revealed in Section 3.2.1.5 that opti-
mum value of pH, for extraction operation with 100 mg L= Cr(VI) aqueous solution,
is 4.5. Few researchers [117, 173, 174] suggested that HCrOj ion dominates in the
aqueous solution of 100 mg L~ Cr(VI). The following is the reaction mechanism

(173, 174] for different Cr(VI) species:

HQCI‘O4 ={H + HCI‘OZ (31)
HCrO; = H" 4+ CrO; (3.2)

The exchange reaction:
R4NTCL,,,y + HCrO; = (RyNT, HCrOy ) (org) + CI” (3.4)
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Figure 3.1 shows the reaction mechanism of LM operation. Metal oxide ion (HCrOy)
binds with aliquat 336 (expressed as R4yNTCI1™) and form solute-carrier complex(R,NT HCrO; )
at the interface of feed membrane side. Due to concentration gradient solute-carrier
complex diffuses through the membrane and get re-extracted by the stripping agent
(Nag-EDTA) to form Cr-EDTA complex at the strip membrane interface. Cr-EDTA

complex thereby diffuses back to the bulk of the strip phase.

Feed Phase Membrane Phase Strip Phase
(aqueous) (organic) (aqueous)
H2MO4 RyN*CI- Na, — EDTA

(R4N*,HMO3) (org) + Cl~(aq)

-
-

Feed-Membrane Interface
Strip-Membrane Interface

HY, ClI- (RyN*, HMO}) M — EDTA,Na't, H,0

(R4N+,HMO4‘) (org) + Na, — EDTA (aq) = R4N*Cl~(org) + M(EDTA)(aq) + 2Na* + H,0

R,N*Cl~(org) + HMOj (aq)

Figure 3.1: Reaction mechanism of three-phase BLM operation, M refers to metal
(Cr in this study).

3.2 Results and discussion

3.2.1 Two-phase equilibrium study

As discussed in Section 2.4, the concentration of Cr(VI) varies in wide range depend-
ing upon the type of industries. For an example, tannery waste typically contains 80
mg L1 of Cr(VI) in its effluent [175]. It is thus worth checking the concentration at

which the efficiency of extraction of Cr(VI) is maximum. Hence the aqueous solution
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for the two phase equilibrium study was prepared by diluting the stock solution ap-
propriately and working with various concentration of Cr(VI) in the range of 50-400
mg L~!. Two-phase extraction study has been performed as described in Section 2.4.
For selection of suitable solvent with high efficiency of extraction (and/or separation
factor). Dependency of efficiency upon various physical parameters were also exam-
ined. Effect of temperature on extraction of Cr(VI) had been studied at different
temperature, viz. 25°C, 30°C, 35°C, 40°C, 45°C and 50°C. It is observed (refer Ta-
ble 3.1) that effect of temperature on extraction is negligible in the above range of

temperatures. Hence, all the experiments were performed at room temperature.

Table 3.1: Efficiency of extraction of Cr(VI) in two phase extraction process at various

temperature
Temperature (°C) Extraction of chromium (in %)
25 99.19
30 99.08
35 99.13
40 99.50
45 98.95
50 99.05

3.2.1.1 Selection of solvent

The criteria of ideal solvent are its immiscibility with aqueous phases, low viscosity,
low volatility and high separation factor. Variety of vegetable oils, viz. coconut oil,
mustard oil, sesame oil, soybean oil and sunflower oil, were tested for extraction pur-
pose. Aliquat 336 [116, 176] had been added with these oils which would enhance
the extraction. Results are shown in Table 3.2. All solvents yielded over 95% ef-
ficiency in extraction. However, viscosity plays an important role for diffusion too.

Lower viscosity poses lower resistance to diffusion. The viscosity of vegetable oils, in
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the decreasing order of their values, are mustard oil > soybean oil > sesame oil >
sunflower oil > coconut oil. Hence coconut oil has lowest viscosity over other veg-
etable oils. Nevertheless, it has tendency to freeze at below 25°C. Thus the second
best option, i.e. sunflower oil, along with aliquat 336 has been selected as the ideal
solvent-carrier combination. Moreover efficiency of extraction of Cr(VI) is slightly
better with sunflower oil than coconut oil. Cost of sunflower oil is lower than coconut
oil but cost of soybean oil and sesame oil are almost same as sunflower oil.

Table 3.2: Efficiency of extraction of Cr(VI) in two phase extraction process using
various vegetable oils.

Name of oil Extraction of chromium (in %)
Coconut oil 95.91
Mustard oil 98.44
Sesame oil 99.72
Soybean oil 99.77
Sunflower oil 99.55

3.2.1.2 Effect of concentration of extractant

The experiments were carried out in absence of any extractant and it yielded only
20% efficiency in extraction. Hence presence of extractant is very much needed for
extraction of Cr(VI). Extractant forms a solute-carrier complex which is more soluble
and less viscous in the organic phase that eventually facilitates active transport of
solute through LM in three phase operation. This is also known as carrier mediated
transport. The subsequent experiments were carried out by varying the concentration
of aliquat 336 in the range of 0-3% (vol/vol) with different initial feed concentration
in the range of 50-400 mg L~!. The results are shown in Figure 3.2. It is observed
that increase in concentration of aliquat 336 (upto 1%) leads to an increment in
efficiency of extraction and then it levels off (from 1% to 3%). Aliquat 336 reacts

with Cr(VI) to form a Cr(VI)-aliquat 336 complex in the organic phase. Hence the
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mass transfer across the aqueous-organic interface is enhanced by the complexation
reaction. The efficiency attained an optimum at 1% (vol/vol) aliquat 336 which
indicates that the complex had reached its saturation capacity. Further increase in
concentration of extractant induces crowding effect [97, 98] in the solvent that reduces
the complexation in the organic phase. It is further observed that the optimum
extraction, at 1%(vol/vol) aliquat 336, for solution of initial feed concentration 50
mg L7t is 99.5%. The optimum value is reduced to 99.08%, 98.32%, 97.94% and
96.26% for initial feed concentrations 100 mg L=, 150 mg L~!, 200 mg L~! and
400 mg L' respectively. Also it can be stated from the above observation that
the rise in extractant concentration (from 1% to 3%) in organic phase can lead to
enhancement of extraction efficiency for higher solute concentration (150-400 mg
L~1) due to availability of more solute for extraction at higher solute concentration.
However in reality it did not happen (vide Figure 3.2) because increase in extractant

concentration also increases viscosity of organic phase (vide Table 3.3).
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Figure 3.2: Efficiency of extraction of Cr(VI) in two phase extraction process at vari-
ous concentrations of extractant in theorganic phase for various initial concentration
of feed; solvent = sunflower oil.
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Table 3.3: Viscosity of membrane phase with various concentrations of extractant in
sunflower oil at 25°C.

Concentration of extractant (% volume) Viscosity (Pa s)
1 0.0426
2 0.0481
3 0.0587

3.2.1.3 Effect of period of extraction

It is important to detect the period of completion of extraction and it is detected when
the organic phase is completely saturated with Cr(VI) or its complex. The period of
extraction indicates how much time one needs to allow for a batch of experimentations
to reach its completion. It also indicates the residence time of material in a process
vessel in industrial scenario where continuous operation is a norm. In this work a
few experiments were initially performed for as long as 15-20 h. The results (vide
Figure 3.3 ) indicate that the saturation point had been achieved much before 10 h.
The duration of experiments were reduced gradually. It is observed that over 90%
extraction had reached within one hour and over 99% at 10 h for upto 100 mg L~*
concentration of Cr(VT). In case of 150-400 mg L~ of Cr(VT) over 80% extraction had
reached within two hour and over 90% at 10 h. Therefore, the remaining two-phase

studies are conducted for 12 h duration.
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Figure 3.3: Efficiency of extraction of Cr(VI) in two phase extraction process at vari-
ous periods of extraction for various initialconcentration of feed; solvent = sunflower
oil, concentration of extractant = 1% (vol/vol).

3.2.1.4 Detection of appropriate stirring condition

Stirring is an important act in extraction operation as it induces sufficient turbulence
in the liquid medium that enhances eddy diffusivity and directly influences extraction
behaviour in positive direction. Various stirring conditions in the range of 50-250 rpm
were induced in a series of experiments, each for 12 h duration with different initial
concentrations of feed in the range of 50-400 mg L~ and 1%(vol/vol) aliquat 336 in
sunflower oil, while keeping all the other parameters constant. The results are shown
in Figure 3.4. It reveals that for solutions with initial feed concentrations 100 mg
L1 or less the efficiency of extraction reaches almost its maximum value (over 99%)
at 150 rpm and no appreciable increase in efficiency is observed beyond the speed
of 200 rpm. For higher initial feed concentrations the maximum value is reduced to
97% or less at 150 rpm and no appreciable increase in efficiency is seen either for
higher speed of stirring. Hence optimum speed of stirring is set at 200 rpm and no

emulsion is formed at this stirring speed.
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Figure 3.4: Efficiency of extraction of Cr(VI) in two phase extraction process at
various stirring condition for various initialconcentration of feed: solvent = sunflower
oil, concentration of extractant = 1% (vol/vol), period of extraction = 12 h.

3.2.1.5 Effect of pH of aqueous phase

The reaction mechanism, Equations (3.1)-(3.4), reveals that the role of proton is very
important in the extraction process, and hence the efficiency of extraction hugely de-
pends upon the pH of aqueous solution. It is observed that the nominal pH of a
solution with concentration of 50 and 100 mg L= Cr(VI) are 4.73 and 4.56 respec-
tively. A series of experiments, each for 12 h duration at 200 rpm with different
initial concentrations of feed in the range of 50-400 mg L~ and 1% (vol/vol) aliquat
336 in sunflower oil, were performed with variation of pH of aqueous solution in the
range of 2-10 by adding HC] and NaOH. The results are shown in Figure 3.5. It is
observed that the efficiency of extraction is significantly less at low pH. According to
the chromate chemistry [173, 174] species such as HyCroO; dominates the reaction
mechanism at low pH with concentration of Cr(VI) at 100 mg L™!. As a result the

solution might not ionise completely to form a complex with R4N* cation. Efficiency
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reaches its maximum value at pH ~ 4.5 (over 99% for initial feed concentrations of
100 mg L) which is very close to the nominal value of pH of 100 mg L~ Cr(VI).
The efficiency marginally decreases at higher pH condition due to decrease in proton

concentration [43, 122].
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Figure 3.5: Efficiency of extraction of Cr(VI) in two phase extraction process at vari-
ous pH of aqueous phase for various initialconcentrations of feed; solvent = sunflower
oil, concentration of extractant = 1% (vol/vol), period of extraction = 12 h, speed
of stirring = 200 rpm.

3.2.1.6 Effect of initial concentration of solute in aqueous phase

The influence of the initial concentration of Cr(VI) on the efficiency of its extrac-
tion had been studied in the range of 50-400 mg L' Cr(VI) in aqueous phase. The
results are shown in Table 3.4. It is observed that efficiency of extraction is un-
changed (98.7%) up to an initial concentration of 100 mg L~ Cr(VI) in aqueous
phase. The efficiency decreases thereafter with increase in initial concentration of
Cr(VI) in aqueous phase. This is due to over crowding of solute in aqueous solution,
as a result of which the availability of extractant is less for complexation reaction at

the aqueous-organic interface. It also causes steric hindrance to extraction of Cr(VI)
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at the aqueous-organic interface. It is thus customary to maintain the concentration

of Cr(VI) in aqueous solution within the range of 50-100 mg L.

Table 3.4: Efficiency of extraction of Cr(VI) in two phase extraction process at
various initial concentrations of Cr(VI) in aqueous phase; solvent = sunflower oil,
concentration of extractant = 1% (vol/vol), period of extraction = 12 h, pH = 4.5.

Feed concentration (in mg L™!)  Extraction of chromium (in %)
20 98.71
100 98.73
150 98.23
200 98.10
250 97.76
300 97.04
350 96.83
400 96.32

3.2.2 Three-phase BLM study

The configuration of BLM setup has already been discussed in Section 2.5. Effects
of various physical parameters on three phase BLM operation has been described
in the subsequent sections. As a starting point the relevant physical parameters
were maintained in three phase study at values as they had been optimized in the
two phase study. Samples were collected from both feed and strip phases at regular

interval. The solute concentration of collected samples were measured by AAS.
3.2.2.1 Effect of concentration of strippant in strip phase

The effect of the concentration of Nagy-EDTA on the efficiency of extraction and/or
recovery had been studied in the range of 0.005-0.04 M. The results are shown in Fig-

ure 3.6. Efficiencies of both extraction (95.45%) and recovery (26.47%) are maximum
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at 0.03 M Nay-EDTA and beyond this concentration both of them start declining.
This is due to crowding effect of Nao-EDTA at its higher concentration which inhibits
the transport of Cr(VI) from strip-membrane interface to bulk of strip phase. For

further experimentations the concentrations of strip phase was maintained at 0.03 M

Nao-EDTA.
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Figure 3.6: Efficiency of extraction and recovery of Cr(VI) in three phase LM based
separation process at various concentrationsof strippant in strip phase; solvent =
sunflower oil, concentration of extractant = 1% (vol/vol).

3.2.2.2 Effect of pH of strip phase

The effect of pH of strip phase (i.e. 0.03 M Nay-EDTA solution) on extraction and
recovery of Cr(VI) was examined by varying the pH within the range of 3-9. The
results are reported in Figure 3.7. Recovery of Cr(VI) increased with increase in
pH. The optimum value of pH was 6.5 where maximum recovery (34.5%) of Cr(VI)
had been achieved. Recovery decreased very slowly beyond pH of 6.5. Normally
Nay-EDTA is stable at lower acidic condition but at very low pH, H" competes with

metal ion M (i.e. chromium in this case) that creates problem in forming M-EDTA
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complex. On the other hand, metal tends to form insoluble hydroxides at high pH

condition and makes metal ions less accessible to EDTA.
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Figure 3.7: Efficiency of extraction and recovery of Cr(VI) in three phase LM based
separation process at various pH of stripphase; solvent = sunflower oil, concentration
of extractant = 1% (vol/vol), concentration of strippant = 0.03 M Nay,-EDTA.

3.2.2.3 Effect of speed of stirring

Effects of speed of stirring on transport of Cr(VI) needs to be re-evaluated in three
phase operation. Unlike the two phase operation where intense turbulence would
always benefit the operation, there are engineering problems associated with three
phase operation against such high intensity agitation. In order to minimize resistance
to mass transfer across the membrane phase, the thickness of the LM should be
very less. On the other hand the upper edge of glass barrier that separates the
compartments of BLM should lie between the levels of organic and aqueous phases.
That would ensure that the aqueous solutions do not mix with each other and at
the same time a bridge between two compartments can be established through the

organic phase. An intense agitation would risk spoiling of such arrangement. Few
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experiments were conducted by maintaining the speed of stirring between 60 and 500
rpm in both the compartments of the BLM. The results are shown in Figure 3.8. It is
observed that over 93% of extraction was achieved when speed was maintained at 120
rpm. Beyond the speed of 120 rpm there is no substantial improvement of efficiency
of extraction. On the other hand, recovery of Cr(VI) increased with increase in speed
of stirring and over 45% recovery was obtained when the solutions were stirred at
500 rpm. However, at such high agitation, emulsion is formed due to minor mixing of
either of the aqueous phases and its neighbouring membrane phase. Hence, a speed
of 400 rpm was believed to be the optimum for extraction (95.87%) and recovery

(42.64%) of Cr(VI) in three-phase study.
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Figure 3.8: Efficiency of extraction and recovery of Cr(VI) in three phase LM based
separation process at various speed ofstirring in aqueous phases; solvent = sunflower
oil, concentration of extractant = 1% (vol/vol), concentration of strippant = 0.03 M
Nao-EDTA, pH = 6.5.

3.2.2.4 Effect of period of operation

Period of operation (i.e. extraction and/or recovery) is another important param-

eter whose optimum would differ from what was obtained during two phase study.
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The two phase study could afford to bear intense agitation which yielded faster mass
transfer. Three phase operation, being agitated with much lower speed of stirring,
required more time for operation to be complete. Samples were however taken peri-
odically and the results are shown in Figure 3.9 . Both the extraction and recovery

achieved completeness after 48 h of operation at the values 95.86% and 35.67%,

respectively.
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Figure 3.9: Efficiency of extraction and recovery of Cr(VI) in three phase LM based
separation process at various periods ofoperation; solvent = sunflower oil, concentra-
tion of extractant = 1% (vol/vol), concentration of strippant = 0.03 M Nay-EDTA,
pH = 6.5, speed of stirring = 120 rpm.

3.2.2.5 Effect of concentration of carrier

The transport mechanism of BLM is quite complex and strongly dependant on con-
centration of extractant. Hence, the effects of concentration of carrier on simulta-
neous extraction and recovery of Cr(VI) are examined. The experimental results
are shown in Figure 3.10. It is observed that extraction and recovery are quite low
in absence of carrier. The extraction and recovery increased up to 1% (vol/vol) of

aliquat 336. The maximum extraction (94.47%) and recovery (35.33%) can be seen
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at the concentration of 1% (vol/vol) aliquat 336. Further increase in concentration
of carrier does not help as extraction is decreased gradually. When carrier is added
in the solvent to form Cr(VI)-aliquat 336 complex diffusive mass transfer through
feed-membrane interface is increased. The solute is saturated at 1% (vol/vol) aliquat
336. Further increase in concentration of carrier increases the viscosity of solvent.
On the other hand, recovery of Cr(VI) is almost constant beyond 1%(vol/vol) aliquat
336 due to the formation of stable solute-carrier complex. Thus the optimum con-
centration of carrier is 1% (vol/vol) aliquat 336. At higher concentration of carrier,
the increased viscosity of the membrane phase hinders extraction and the recovery
remains almost stagnant at that value. It can be concluded that Cr(VI)-aliquat 336
complex is formed till the saturation limit of the complex in the solvent. Further
Figure 3.11 shows the 'H nuclear magnetic resonance (a.k.a NMR) spectroscopy of
sunflower oil and aliquat 336 mixture with deuterated chloroform (CDCl3) as solvent.
The NMR spectroscopy was performed before the start of BLM experiment and after
the completion of BLM experiment. It is observed from NMR spectra that there has

been no chemical shift in LM composition before and after the BLM experiment.
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Figure 3.10: Efficiency of extraction and recovery of Cr(VI) in three phase LM based
separation process at various concentrationsof extractant in the organic phase; solvent
= sunflower oil, initial concentration of feed = 100 mg L', concentration ofextractant
= 1% (vol/vol), concentration of strippant = 0.03 M Nay-EDTA, pH = 6.5, speed of
stirring = 120 rpm, period of operation = 48 h.

3.2.2.6 Fed batch system

The study of fed batch operation in BLM is very useful in the context of industrial
scenario. It is carried out to check whether the same LM and stripping solution
have the capability to extract and recover more solute repeatedly in case feed phase
is topped up with fresh solute in higher concentration. In this experiment samples
were collected from feed phase once in every 24 h interval and make up solution
was added to the feed phase in order to increase the concentration of Cr(VI) in feed
solution up to 100 mg L~1. The results are shown in Figure 3.12. At the end of 24 h,
48 h and 72 h (before replenishing with fresh feed) the concentrations of Cr(VI) in
the feed phase became 6.58 mg L=, 19.7 mg L~! and 25.96 mg L~! respectively. The
concentration of Cr(VI) in the strip phase increased from 25.52 mg L™ (at the end of

24 h) to 43.38 mg L' at the end of 48 h. It did not show any more increase thereafter.
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Figure 3.11: 'H NMR spectra of organic phase containing sunflower oil and aliquat
336.

Marginal increase in the extraction may be explained by the quantity of organic phase
that had the capacity to extract more Cr(VI) before saturation. After three cycles of
depletion and re-fill of feed phase the efficiency of recovery in strip phase reached a
saturation point. However, after every batch fed in the reaction chamber the extent
of extraction was marginally decreased due to the enhanced viscosity of the solution

and crowding effect of solute-carrier complex as stated earlier.
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Figure 3.12: Efficiency of extraction and recovery of Cr(VI) in three phase LM based
separation process during fed-batch operation.

3.2.3 Three-phase SLM study

The three-phase SLM studies had been performed as described in Section 2.6. The
configuration of SLM setup has already been discussed in that Section 2.6. Effects
of various physical parameters on three phase SLM operation has been described in
the subsequent sections. As a starting point the relevant physical parameters were

maintained in this study at values as they had been optimized in the three phase

BLM study.
3.2.3.1 Effects of concentration of strippant and pH in strip phase

Various concentrations of Nag-EDTA within the range 0.005-0.04 M and pH of strip
phase within range of 4-9 had been experimented with to check their effects on the
efficiency of recovery. The results are shown in Figures 3.13 and 3.14 respectively. It is

clearly understood from the figures that both extraction and recovery are maximum
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at 0.03 M Nay-EDTA and at pH 6.5. Extraction and recovery were 67.78% and
58.25% respectively for 0.03 M Nay-EDTA and 82.5% and 71.54% respectively at pH
6.5. However, the %recovery got enhanced as compared to that in BLM operation
in both the cases. This was possible due to the structural advantage in SLM where
the thickness of membrane is very small compared to that in BLM and hence the
solute needs to diffuse through lesser distance across the two membrane interfaces.
The amount of hold up of solute in the LM phase is also small as compared to that in
BLM. Nevertheless the %extraction had been reduced in both the cases. It however
is not a matter of concern as the final recovery in the strip phase is the factor which

is of prime importance in case of three phase LM operation.
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Figure 3.13: Efficiency of extraction and recovery of Cr(VI) in three phase SLM based
separation process at various concentrations of strippant in strip phase; solvent =
sunflower oil, concentration of extractant = 1% (vol/vol), stirring speed = 120 rpm,
run time = 48 h.
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Figure 3.14: Efficiency of extraction and recovery of Cr(VI) in three phase SLM
based separation process at various pH in strip phase; solvent = sunflower oil, strip
phase conc. = 0.03 M, concentration of extractant = 1% (vol/vol), stirring speed =
120 rpm, run time = 48 h.

3.2.3.2 Effect of speed of stirring

Unlike in BLM the stirring speed could not be maintained at 400 rpm in the strip
phase of SLM because higher turbulence disturbs the stability of SLM whereby the
organic phase oozes out of the pores of PVDF membrane. The experiments were thus
carried out with stirring speed in range of 60-200 rpm in both the compartments.
The results are shown in Figure 3.15. As expected, the increase in stirring speed from
60 to 120 rpm manifest in higher %extraction and %recovery of Cr(VI) and reached
over 80% extraction and over 70% recovery of Cr(VI), much higher recovery than in

BLM. The speed of stirring was set at 120 rpm for all further experimentations.
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Figure 3.15: Efficiency of extraction and recovery of Cr(VI) in three phase SLM based
separation process at various speed of stirring in strip phase; solvent = sunflower oil,
strip phase conc. = 0.03 M, strip phase pH = 6.5, concentration of extractant = 1%
(vol/vol), run time = 48 h.

3.2.3.3 Effect of period of operation

As the agitation (i.e. speed of stirring) in SLM operation is lower than that in BLM
one requires higher period of operation in SLM if one desires to achieve the same
level of performance. The experiment in SLM was thus performed for a duration of
78 h. The results are shown in Figure 3.16. Maximum extraction and recovery of
Cr(VI) can be seen in between 48 h and 68 h respectively. The percent extraction
and recovery reached over 80% and 70% respectively. Interestingly it is also observed
that %extraction and %recovery show declining trend after 68 h of operation. This
is due to the fact that SLM loses its stability after prolonged period of operation
whereby the organic phase oozes out of the pores of PVDF membrane. This yields
a direct channelling between two aqueous phases of feed and strip sides. It is also

noticed that %extraction and %recovery of Cr(VI) do not significantly increase after
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48 h. Hence the run time of 48 h was selected for rest of the study.
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Figure 3.16: Efficiency of extraction and recovery of Cr(VI) in three phase SLM
based separation process at various periods of operation; solvent = sunflower oil,
strip phase conc. = 0.03 M, strip phase pH = 6.5, concentration of extractant = 1%
(vol/vol), speed of stirring = 120 rpm.

3.2.3.4 Effect of concentration of carrier

The effect of concentration of aliquat 336 in organic phase on extraction and recovery
were studied at concentration in the range of 0-3%. The results are presented in
Figure 3.17. The trend of profile is similar to that observed in three phase BLM
operation and the reasons are already stated in Section 3.2.2.5. However, the extent
of recovery is nearly twice (71.54%) of that observed in BLM operation (35.33%) due

to thinner membrane size.
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Figure 3.17: Efficiency of extraction and recovery of Cr(VI) in three phase SLM
based separation process at variousconcentrations of aliquat 336; solvent = sunflower
oil, strip phase conc. = 0.03 M, strip phase pH = 6.5, period ofoperation = 48 h,
speed of stirring = 120 rpm.

3.2.3.5 Fed batch system

The fed batch runs were carried out in SLM in the same fashion as they were carried
out in BLM. The results are shown in Figure 3.18. The trends of profile are similar in
both BLM and SLM operations, however, the concentration of Cr(VI) in strip phase
reaches 90.68 mg L~! in case of SLM operation within 72 h period as compared to
mere 43.3 mg L' in case of BLM operation in the same time duration. Unlike in

BLM, it didn’t reach any saturation point either.
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Figure 3.18: Efficiency of extraction and recovery of Cr(VI) in three phase SLM based
separation process during fed-batch operation; solvent = sunflower oil, strip phase
conc. = 0.03 M, strip phase pH = 6.5, concentration of extractant = 1% (vol/vol),
speed of stirring = 120 rpm.

3.2.4 Experimental optimization of operating parameters in

SLM

The procedure documented in Section 2.8 has been followed. It can be seen from
the experimental studies that the most influential parameters for three-phase LM
based separation of Cr(VI) are strip phase concentration, strip phase pH and con-
centration of carrier in LM. These three parameters are chosen for design plan as
input parameters. The output parameters are %extraction and %recovery of Cr(VI).
Design parameters and experimental results are tabulated in Table 3.5. The experi-
ments were conducted with strip phase concentration (denoted with A) ranging from
0.005 to 0.04 M, strip phase pH (denoted with B) ranging from 4 to 9 and carrier

concentration (denoted with C) ranging from 0.5% to 3% (v/v). The experimental
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results of %extraction and %recovery were analyzed and fitted with quadratic model
(Equation 2.5). The models of %extraction and %recovery are given by Equations

(3.5) and (3.6) respectively.

Y%Extraction =72.42 +6.97x A+393x B—-083x(C —-283x Ax B
+260x AxC+08)0x BxC —27.17x A> —9.44 x B> (3.5)

—12.82 x C?

Y% Recovery =58.93 +2.62 x A+2.79x B—1.01 x C+0.11 x Ax B
+133xAXxC+050x BxC —32.89x A2 —4.29x B> (3.6)

—12.01 x C?

The actual output parameters and their predicted ones against the input parameters
through the quadratic model have been shown in Table 3.5. ANOVA study of %ex-
traction and %recovery are shown in Table 3.6.

Fischer variation (F value), probability values (p value) and correlation coefficient
(R?) are used to check applicability of the proposed model. The p values < 0.05
confirm that model and variables are strongly significant on output responses. In
both cases the quadratic models, F values are quite high and p values < 0.0001 (vide
Table 3.6) indicate strong significance. It also signifies that there is only a 0.01%
chance to not follow the model. The model-predicted R? values of 0.9882 and 0.9441
are very much comparable with adjusted R? of 0.9951 and 0.9748 for %extraction
and %recovery respectively. The adequate precision value of the model indicates
the signal to noise ratio, whereas linear and quadratic model terms are compared to
explain their relative effects on output parameters. Desirable value of precision is
greater than 4. It can be seen from Table 3.6 that adequate precision value for both

models are quite high. It is also observed linear terms A, B and quadratic terms
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AB,AC, A2, B2, C? with p value < 0.005 have significant impact on %extraction,

whereas linear terms A, B and A%, C? with p value < 0.005 have significant impact

on Y%recovery.

Table 3.5: Design Arrangement and Experimental Responses for CCD.

factor 1:A, factor 2:B, factor 3:C, response 1: R1, response 2: R2,
Run strip phase strip phase carrier Yextraction Y%recovery

conc.(M) pH conc.(%vol.)  Actual Perd Actual Pred
1 0.04 9.0 3.00 33.91 33.63 16.76  16.08
2 0.04 4.0 0.50 28.22 2789 10.36  09.63
3 0.02 6.5 1.75 73.57 7241 6197  58.92
4 0.005 9.0 0.50 2547 2539 1260 11.64
) 0.02 6.5 0.50 58.65  60.42 4381 47.92
6 0.02 6.5 1.75 73.87 7241  61.07  58.92
7 0.005 9.0 3.00 20.64  20.14  09.13 07.96
8 0.04 6.5 1.75 50.05 5221  25.10  28.65
9 0.04 4.0 3.00 30.56  29.82 10.21  09.28
10 0.005 4.0 3.00 05.02  05.03 2.29 01.60
11 0.005 6.5 1.75 37.16 3827  19.38  23.42
12 0.02 6.5 3.00 b7.27 5877 4243  45.90
13 0.02 6.5 1.75 73.07 7241  61.57 < 58.92
14 0.02 6.5 1.75 73.77 7241  61.27  58.92
15 0.04 9.0 0.50 29.31 2849 15.64 1443
16 0.02 4.0 1.75 97.46  59.04  48.28  51.85
17 0.02 9.0 1.75 65.22  66.90 53.41  57.43
18 0.02 6.5 1.75 73.17 7241 61.17  58.92
19 0.02 6.5 1.75 73.07 7241  61.67  58.92
20 0.005 4.0 0.50 14.03 1349 08.49 07.28

Figure 3.19a and 3.19b present the residuals versus predicted response for the %ex-

traction and %recovery for Cr(VI) respectively. The scattering of all experimental

data points across the horizontal line of residual reveals that the suggested mod-

els are well fitted. The comparison between actual values and predicted values of

Y%extraction and %recovery are shown in Figure 3.20a and 3.20b respectively. The

predicted values obtained from the regression model are compared with the actual

ones from experimental studies to confirm the consistency and acceptability of em-

pirical models from individual response(Figure 3.20a and 3.20b). All design points
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are distributed along the diagonal line where over-estimated data are above the diag-
onal line and under-estimated data are under the diagonal line. The over-estimated
and under-estimated values are with in the range of £3%. This comparative study
indicates a negligible experimental error as the responses from the empirical model
are well-fitted in acceptable variance range. According to this results, the empirical
model obtained from CCD (Table 3.5) can be used as an analyst for the optimization
of the selected variables.

Based on analysis of the experimental data, the relation between the process factors
(i.e. strip phase concentration, strip phase pH and concentration) and desired re-
sponses (i.e.%extraction and %recovery of Cr(VI)) are plotted graphically in Figure
3.21.

The optimization study of all input variables was performed through desirability
function in Design Expert 7.0 software. The desirability value varies in a range of
0.0 (undesirable) to 1.0 (desirable), where a value between 0.5 and 1.0 is expected
for feasibility. The numerical optimization was performed with in specific ranges of
input variables Table 3.7. The outcome of the optimization result is tabulated in
Table 3.8. It can be observed from Table 3.7 that desirability value is 0.973. The ob-
tained optimum conditions were analysed experimentally and error percentage were

calculated as tabulated in Table 3.8.
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Table 3.6: ANOVA for respective response surface quadratic models.
Sum of Deglf ee Mean p value
Source squares © square F-value Prob>F Remarks
(S9) freedom (MS)
(DF)
%Extraction of Cr(VI)
Model 10082.31 9 1120.26  428.38  <0.0001
A 486.37 1 486.37  185.98  <0.0001
B 154.28 1 154.28 58.99  <0.0001 In this
C 6.86 1 6.86 2.62 0.1364 case A, B,
AB 63.88 1 63.88 24.43 0.0006 AB, AC,
AC 53.98 1 53.98 20.64 0.0011  A2% B2, C?
BC 5.16 1 5.16 1.97 0.1905 are
A? 2030.26 1 2030.26  776.36  <0.0001 significant
B2 244.97 1 244.97 93.68  <0.0001 model
C? 451.67 1 451.67 172.72 <0.0001
Residual 26.15 10 2.62
Lack of fit 25.64 5 5.13 49.94 0.0003
Pure error 0.51 ) 0.10
R*=0.9974, R2 ;,=0.9951, R?,=0.9882, Adequate precision=>58.927
%Recovery of Cr(VI)
Model 9919.45 9 1102.16  82.75  <0.0001
A 68.51 1 68.51 5.14 0.0467
B 77.90 1 77.90 5.85 0.0362
C 10.16 1 10.16 0.76 0.4030 In this
AB 0.094 1 0.094 0.007071 0.9346 case A, B,
AC 14.19 1 14.19 1.07 0.3263 A2 C%is
BC 2.00 1 2.00 0.15 0.7064  significant
A? 2974.72 1 2974.72  223.33  <0.0001 model
B? 50.52 1 50.52 3.79 0.0801
C? 396.72 1 396.72 29.78 0.0003
Residual 133.20 10 13.32
Lack of fit 132.61 5 26.52 225.40 <0.0001
Pure error 0.59 5 0.12

R2=0.9868, R2,=0.9748, R? =0.9441, Adequate precision=22.214

adj pred™
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Figure 3.19: Residual versus predicted graphs.
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Figure 3.21: Response surface plot of (3.21a) strip phase concentration and strip
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concentration and strip phase pH, (3.21d) strip phase concentration and carrier con-
centration, (3.21f) strip phase pH and carrier concentration for %recovery of Cr(VI).
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Table 3.7: Optimization constraints for %extraction and %recovery of Cr(VI).

Lower  Upper  Lower Upper

Name Goal limit limit weight  weight Importance
Strip phase e 0005 0.04 1 1 3
concentration
Strip phase pH in range 4 9 1 1 3
Carrier in range 0.5 3 1 1 3
concentration
%Extraction in range 5.028  73.871 1 1 3
%Recovery in range 2.29 61.972 1 1 3

Table 3.8: Optimization results for %extraction and %recovery of Cr(VI).

Strip phase Stri Carrier
concentration hasep 0 concentration %Extraction %Recovery Desirability
(M) L P (% volume)
0.02 7.10 1.72 73.1263 59.3862 0.973

Table 3.9: Error analysis between predicted and experimental results.

Responses Predicted value  Experimental value Error (%)
%Extraction 73.1263 70.524 3.5
Y%orecovery 59.3862 57.847 2.5
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3.3 Summary of studies on the separation of Cr(VI)

through BLM and SLM

v' Sunflower oil is found to be an ideal green solvent.

v' Maximum extraction over 95% and maximum recovery over 45% were obtained

in case of BLM.
v In case of SLM extraction and recovery were over 80% and 73% respectively.

v" Combination of sunflower oil and aliquat 336 has been found to be the best

solvent-carrier combination.

v' The two-phase study reveals that the optimum process conditions are 100 mg
L~ Cr(VI) in aqueous solution, 1% (v/v) aliquat 336, 200 rpm stirring and 12

h of operation.

v" Optimum process conditions for three-phase study are 0.03 M Nay-EDTA and

pH 6.5 in strip phase.

v' The fed batch operations have also been successful which indicates that it is

possible to design a continuous operation of LM based separation process.

v The most influential factors on transport of Cr(VI) i.e. strip phase concentra-
tion, strip phase pH and carrier concentration are experimentally optimized by

RSM following CCD rule.

v" The comparison between experimentally observed data and those predicted by

RSM model showed that all the values are in good agreement.
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Chapter 4

Electrochemical separation of

Cr(VI) using FS-SLM

This chapter presents separation of Cr(VI) using FS-SLM technology. A new type of
supported liquid membrane (SLM) has been used where stripping chamber has been
used as an electrochemical reactor. SLM set up with in situ electrochemical reac-
tor in stripping section is used to reduce hexavalent chromium (Cr(VI)) to trivalent
chromium (Cr(Ill)) by forming chromium-iron complex with the help of iron plate
which acts as anode in stripping section. The wastewater containing Cr(VI) has been
targeted for separation and reduction to precipitate in stripping phase which helps easy
removal of chromium (Cr), and also yield useful end product. Aliquat 336 has been
used as carrier for separation of Cr(VI). Various physico-chemical parameters have
been optimized to maximize transport and precipitation of chromium-iron complex in
stripping phase. The itmportant physico-chemical parameters have been selected for

response surface methodology to get optimum performance for %precipitation of Cr.

83
TH-2262_126107003



84 Chapter /. FElectrochemical separation of Cr(VI) using FS-SLM

4.1 Theoretical background

4.1.1 Reaction mechanism and transport methodology

The chemistry of chromate ion was elaborately discussed in previous work [177].
However, in this work NaCl is used as stripping agent in place Nay—EDTA because
presence of electrolyte is necessary in electrochemical reaction. Nevertheless, aliquat

336 has been used as a carrier and the exchange reaction is as follows:
R4N+Cl(‘org) + HCrO; = (R4N*, HCrOj ) (o) + C1™ (4.1)

The reaction mechanism is shown in Figure 4.1. The metal oxide HCrO, form
complex (RyNt,HCrOj;) with carrier aliquat 336 at the feed-membrane interface
[177]. The solute-carrier complex diffuses from feed membrane to strip membrane
interface due to concentration gradient. The solute is re-extracted from solute carrier
complex by stripping agent (NaCl) and binds with sodium ion to form HCrO; Na*
at strip membrane interface and diffuses back to bulk strip phase.

When electric field is applied to the strip phase, Fe?T ion is released from the anode
and water splits into H" and OH™ ion at the cathode.

In anode:

—_ 2 -
Feyy = Fe(;;) + 2e (4.2)

In cathode:

2HQO +2e = H2 + 20H (43)

Under basic condition:
Felf) + Cra07 (ag) + 4H,0q) + 40H{, ) = 3Fe(OH); | +Cr(OH); | (4.4)
As the Fe" ion is unstable, it tends to oxidize by reducing the Cr%* to Cr*T (refer
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Figure 4.1: Reaction mechanism

Equation 4.2 and 4.5) [178-181].

Under acidic condition:

6Fe] ) + Cr207 (aq) + 14H{,) = Fely) +2Cr( + TH20q (45)

(aq a (aq

OH™ ion binds with Cr®" and Fe* to form insoluble chromium-iron hydroxide [178,
179].

Co-precipitation:

Cr’t 4+ 30H™ = Cr(OH)3 | (4.6)

Fet 4+ 30H™ = Fe(OH)s | (4.7)

4.1.2 Model calculation

It is assumed that only diffusional transfer of chromium occurs across the membrane.
Due to fast chemical reaction, interfacial flux is neglected. As a result the metal

concentration at the interfaces will be equal to equilibrium concentrations [182]. The
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overall flux across the membrane can be described using the Fick’s first law of diffusion
(refer Equation 4.8):

Jorg = AL ([RyNT, HCrOS ;s — [ReNT, HCrO[];.5) (4.8)

org

where, [R4yNT, HCrOy |;¢ and [R4NT,HCrOy |;s are the concentrations of Cr-aliquat
336 complex at feed-membrane and strip-membrane interfaces respectively. A,,, is
the diffusional resistance of the complex in membrane phase.

Solution of Cr(VI) with concentration 100 mg L~ predominantly contains HCrO;*

ion whose permeability can be written as:

J

P=—"
[HCIOZl]f

(4.9)

where [HCrOj]; is the concentration of [HCrO; | in the feed phase (mg L~!) which

is not constant. Then the total flux J (mg cm™2 s7!) can be calculated according to

() (252

where V is the volume of aqueous solution and S is the effective surface area of

the following equation:

strip-membrane interface (cm?). Combining Eqgs. 4.9 and 4.10, and integrating with
following boundary conditions:
[HCrOy]¢ = [HCrOyg ]t at t=0
[HCrOy]f = [HCrOy ¢4 at t=t

The final equation may be expressed as follows:

v
In ((2alee ) o Vpy 411
. ([Hcro;]f,0> S (4.11)
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4.2 Results and discussion

4.2.1 Three-phase SLM study

In this section three-phase SLM study has been performed to extract and recover
Cr(VI). Previous study [177] of three phase SLM shows optimum concentration of
Cr(VI) in feed section was 100 mg L= Cr(VI). As observed by Bera et al. [175]
tannery wastewater contains 80 mg L~" of Cr(VI). Hence the concentration of Cr(VT)
in feed phase was maintained at 100 mg L~! while other parameters have been re-

optimized for the best precipitation of chromium in strip phase.
4.2.1.1 Selection of strippant

It is necessary that strip phase should have electrolytic property in an electrochemical
process. Di-sodium ethylenediaminetetra acetic acid (a.k.a Nay-EDTA), used in the
previously (Chapter 3 [177]), does not have electrolytic property. Hence, four types
of strip phase solutions such as H,SO, [123, 183], NH,Cl [184, 185], NaCl [185, 186,
and NaOH [3, 122, 187-189] have been investigated to find the better one suited for
the said purpose. The concentration of strip solution in each case was maintained at
0.1 M. The experimental results are plotted in Figure 4.2. The reduction of Cr(VI)
to Cr(III) and subsequent precipitation as chromium-iron hydroxide were possible in
case of NH4Cl and NaCl with 14.53% and 21.17% efficiency respectively. However
in case of HySO4 and NaOH as a strip solution no such precipitation was observed.
At high concentration of acid or alkaline solution, oxide or hydroxide layer is formed
on iron anode plate which inhibits iron plate for further formation of iron-hydroxide
complex [181, 190-193]. The percent recovery of Cr(VI) in strip phase for HySOy4
and NaOH are 2.58% and 32.90% respectively. NaCl, being a common edible salt, is
both physiologically as well as environmentally benign. Hence, NaCl was selected as

a stripping agent for further study.

TH-2262_126107003



88 Chapter 4. FElectrochemical separation of Cr(VI) using FS-SLM

35

/ no precipitation

30

25

20

15

10

% Precipitation/Recovery of Cr

NH,CI1 NaOH NaCl

Strip phase solution (M)

Figure 4.2: % Precipitation/Recovery of Cr with various strip phase solution; solvent
= sunflower oil, feed phase concentration of Cr(VI)=100 mg L.

4.2.1.2 Effect of pH of feed phase

The reaction mechanism (vide Figure 4.1) reveals that role of proton is very signif-
icant in case of extraction process. The pH of aqueous solution plays an important
role towards extraction of chromium. The experimental results are demonstrated
in Figure 4.3. The experiment was done in the range of 2-8 pH by appropriately
adding HCI and NaOH. At low pH the efficiency of extraction is significantly less as
a result the precipitation of chromium in strip phase is also less. This is due to the
dimerization reaction of HCrO} at acidic pH where CroO2~ predominates [173, 174].
As a result the complexation with R4N™ ion is not proper. The maximum extraction
and precipitation efficiency are 32% and 20.6% respectively at pH 4.5. Again the
separation efficiency of chromium marginally decreased with increase in pH of aque-
ous solution due decrease in proton concentration [43, 122]. At higher pH, CrO3~
dominates in the solution [174] which is less accessible than HCrO; for complexation

reaction with RyN™ ion [122, 194].
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Figure 4.3: % Precipitation of Cr with different feed phase pH; solvent = sunflower
oil, feed phase concentration of Cr(VI)=100 mg L.

4.2.1.3 Effect of concentration of strip phase

The reaction mechanism discussed in Section 4.1.1 (vide Figure 4.4) reveals that
Na™ plays an important role in stripping process as it forms HCrO; Na*t salt which
aids re-extraction of chromium at strip-membrane interface and subsequent diffusion
to the bulk of strip phase [189]. Hence, concentration of Na™ ion in strip phase
solution affects the rate of transport of chromium. The concentration of NaCl in
strip phase is varied from 0.05 M to 0.3 M. The results are shown in Figure 4.4. It is
observed that the extraction and precipitation of chromium increases with increase
in concentration of NaCl up to 0.15 M where the %extraction and %precipitation of
chromium reach 42.1% and 34.5% respectively. Further increase in concentration of
NaCl does not help as the efficiency appears to hit a saturation level. This happens
due to generation of high osmotic pressure in the SLM which causes leaching out of

aliquat 336 with sodium ions [186].
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Figure 4.4: Effect of concentration of NaCl in stripping solution on % extrac-
tion/precipitation of Cr; solvent = sunflower oil, feed phase concentration of
Cr(VI)=100 mg L.

4.2.1.4 Effect of pH in strip phase

Study reveals that OH™ also takes part in forming metal-carrier complex with aliquat
336 which helps metal ion to be extracted from strip-membrane interface to bulk strip
phase [176, 195-197] (refer Equations. 4.12 and 4.12).

RyNTOH, 4+ HCrO; = (RyN*, HCrO} ) org) + OH™ (4.12)

(org)

RyNTCL- 4+ HCrO; = (RyN*, HCrO}) org) + C1™ (4.13)

(org)

Hence the pH of strip phase was varied by adding NaOH to measure its effect on
the transport of chromium ions as well as its precipitation efficiency. The results are
shown in Figure 4.5. It appears that with increase in strip phase pH the efficiencies
of extraction and precipitation are increased and reached over 95% at pH 8. Further

increase of pH does not help as the transport of chromium reaches its saturation limit
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due to low concentration of chromium in the feed phase. At lower pH, the reactions
Eqgs.(4.5) and (4.6) explain the limitation in formation of chromium-iron complex as

discussed earlier [180, 181].
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Figure 4.5: Effect of pH of strip phase on % extraction/precipitation of Cr; solvent
= sunflower oil, feed phase concentration of Cr(VI)=100 mg L}, strip phase conc.=
0.15M.

4.2.1.5 Effect of concentration of carrier

In this study, concentration of carrier is varied from 0 to 3% (v/v) and the exper-
imental results are shown in Figure 4.6. Without the presence of any carrier the
separation efficiency of chromium is very low. As the concentration increases upto
1% (v/v) efficiency of extraction increases too, which eventually helps to increase the
precipitation efficiency. However further increase in carrier concentration does not
help. The viscosity (at room temperature) of carrier aliquat 336 (1.048 Pa s) is much
higher than viscosity of sunflower oil (0.036 Pa s). Hence at increased carrier con-
centration viscosity of LM increases. Higher viscosity of LM reduces the diffusional

rate of chromium due to increase of mass transfer resistance in the LM [177, 188].
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Figure 4.6: Effect of concentration of carrier on % precipitation of Cr; solvent =
sunflower oil, feed phase concentration of Cr(VI)=100 mg L~!, strip phase conc.=
0.15M, strip phse pH=S8.

4.2.1.6 Role of electric field for transportation of metal ion

The importance of electric field for the separation/transport of chromium ion has
been studied/ compared with the case when no electric field was used in strip phase
solution. The profile of concentration of chromium against time in the feed and
strip phases have been plotted in Figure 4.7. The concentration of chromium in feed
and strip phases reached ~51 mg L™ and ~45 mg L~! respectively after 8 h of
run when no electric field was applied. Whereas, the concentration of chromium in
feed phase decreased rapidly when electric field was applied and it reached ~ 3 mg
L~! after 8 h. Concentration of chromium in strip phase never rose above 2.5 mg
L~! on application of electric field and finally reached below detection limit. The
confirmation of presence of chromium in the precipitates in strip phase has been

discussed in Section 4.2.2.3.
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Figure 4.7: Three phase SLM with and without electric field; solvent = sunflower
oil, feed phase concentration of Cr(VI)=100 mg L™, strip phase conc.= 0.15M, strip
phse pH=8, concentration of carrier = Aliquat 1% (vol/vol).

4.2.1.7 Effect of electric potential across the electrodes

In electrochemical process electric potential is the parameter which controls the rate
of electrochemical reaction inside the reactor [190, 198-201]. The %extraction and
Yprecipitation of chromium were measured by varying electric potential within the
range of 0.5 to 4 V DC inside the strip phase. The transport of chromium reached
its saturation limit of ~97% at around 2.5 V DC (refer Figure 4.8). Further increase

of electric potential does not help.
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Figure 4.8: Effect of electric potential on % extraction/precipitation of Cr; solvent
= sunflower oil, feed phase concentration of Cr(VI)=100 mg L.~} strip phase conc.=
0.15M, strip phse pH=8, concentration of carrier = Aliquat 1% (vol/vol).

4.2.1.8 Required period of operation

The required period of SLM operation was identified through experimentation in
order to know how much time would be ideal to reach the saturation limit of extrac-
tion/recovery and/or precipitation. Some reliable information on this issue is already
available in Figure 4.7 which indicates that the saturation point is reached after 8
h of operation. Hence further experiment was carried out for 8 h and samples were
collected at fixed time interval of 1 h. The results are plotted in Figure 4.9. It is
observed that precipitation of chromium reached over 85% within 4 h and saturation
point of ~96% is reached by 6 h time. Increase in %precipitation is not significant
beyond 6 h and it settles at ~97% at 8 h time. The permeability value is obtained
from experimental results and concentration profiles of Cr(VI) at feed phase have
been used to fit the model equation (Equation 4.11). Both the experimental as well

as model values are plotted in Figure 4.9. The model is found to be in good agreement
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Figure 4.9: Saturation period of transport of Cr; solvent = sunflower oil, feed phase
concentration of Cr(VI)=100 mg L', strip phase conc.= 0.15M, strip phse pH=8,
concentration of carrier = Aliquat 1% (vol/vol), voltage = 2.5 V DC.

4.2.1.9 Effect of stirring in aqueous phase

A minimum degree of stirring is required for effective and efficient transport of

chromium. The effect of stirring was studied by varying the speed of stirring within

the range of 0-250 rpm. The results are shown in Table 4.1. It is observed that

precipitation of chromium reaches almost ~97% when stirring speed is 120 rpm.

Further increase in stirring speed does not help in significant improvement of %pre-

cipitation of chromium. Hence, the ideal stirring speed of 120 rpm is maintained in

all successive experimentations.
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Table 4.1: Effect of stirring condition of aqueous phases on transport of Cr; solvent
= sunflower oil, feed phase concentration of Cr(VI)=100 mg L™, strip phase conc.=
0.15M, strip phse pH=8, concentration of carrier = Aliquat 1% (vol/vol), voltage =
2.5V DC, period of operation = 6 h

Stirring speed (RPM) % Precipitation of Cr
0 17.89
60 88.09
120 96.73
200 96.40
250 96.94

4.2.1.10 Fed batch system

In fed batch process, feed phase is topped up periodically with fresh solution of high
solute concentration to bring the feed phase to initial concentration level, i.e. 100 mg
L~! in the present case. This top-up is done whenever the concentration of solute in
feed phase is found to be depleted below a certain level. This study is very important
to know whether the LM is able to bear the “shock loading” and how many such
top-up cycles can be treated by the same strip solution over and again. Samples
(i.e both feed and strip phase) are periodically collected and analyzed throughout
the experimentation cycles. The results are shown in Figure 4.10. After every 4 h,
make up feed was added to increase the Cr(VI) concentration to 100 mg L™'. The
“shock loading” is handled by the system however the efficiency decreases marginally
as the residual solute concentrations in feed and strip phases at the end of feed cycles
increased over the runs. The solute concentrations at the feed phase after 4 h, 8 h and
12 h were 13.3 mg L™, 18.5 mg L~! and 33.2 mg L~! respectively. Whereas, solute
concentrations of strip phase (which is not precipitated) increased from 0 mg L~*
(after 4 h) to 12.24 mg L' (after 12 h). As a result the %precipitation of chromium

slowly decreased too. With increase in concentration of chromium in the strip phase,
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corrosion of iron is lowered that eventually increases iron surface passivation. As

a result it increases the corrosion potential of iron and lower the corrosion current

202].
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Figure 4.10: Effect of stirring condition of aqueous phases on transport of Cr; solvent
= sunflower oil, feed phase concentration of Cr(VI)=100 mg L', strip phase conc.=
0.15M, strip phse pH=8, concentration of carrier = Aliquat 1% (vol/vol), voltage =
2.5 V DC, period of operation = 12 h, speed of stirring = 120 rpm.

4.2.2 Synthesis and characterization of chromium-iron oxide

The reaction mechanism discussed in Sec. 4.1.1 describes that insoluble chromium-
iron hydroxide forms at strip phase and the said insolubility property leads to pre-
cipitation of chromium-iron hydroxide. The precipitated complex was washed by
deionized water and oven-dried at 80°C for 12h. The dried sample was further cal-

cined at 500°C for 3h.
4.2.2.1 X-ray diffraction (XRD) spectroscopy

Powder X-ray diffraction (PXRD) pattern of CroO3—FeyO3 was obtained in air at

room temperature on a Rigaku (Model: SmartLab) XRD analyzer operating at 45
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kV and 112 mA using Cu Ko (A = 1.5406 A) radiation. The XRD results (vide
Figure 4.11) show that chromium oxide forms solid solution with Fe;O3 as discussed
elsewhere [203]. The chromium-iron complex is formed in the strip phase solution
as indicated by the slight shift in major peak of XRD (vide Figure 4.12) at 34.5-
37.5 degree. The characteristic peaks (vide Figure 4.11) at 26 exactly matches the
crystalline plane which is reported elsewhere [204].

The average crystal size is found to be 31 nm which was calculated from the peak of
XRD using Scherrer’s formula d=K\/B cos 6, where d is the diameter in angstrom,
K is the constant (shape factor), B is the half maximum linewidth, and A is the

wavelength [205].
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Figure 4.11: X-Ray diffraction data of chromium-iron oxide
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Figure 4.12: X-Ray diffraction of main peak spectra of hematite (1 1 0) of the Fe,O3
and CI’QOg—FeQOg

4.2.2.2 FESEM

Tests on Field emission scanning electron microscope (FESEM) (vide Figure 4.13)
was performed by Zeiss (Model: Sigma 300) with an accelerating voltage of 5 kV.
The samples were drop cast on aluminium and placed on a stub containing carbon
tape. The stub containing samples was coated with conducting gold layer using a

sputtering unit for 120 s before the analysis.
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Figure 4.13: FESEM image of chromium-iron oxide

4.2.2.3 TEM

Transmission electron microscopy (TEM) was also performed by JEOL (Model:
2100F) using carbon coated Cu TEM grid. The micrograph of synthesized parti-
cle are shown in Figure 4.14. The TEM image in Figure 4.14 shows that the range
of particle size is within 100 nm. An energy dispersive X-ray (EDX) in TEM (refer
Figure 4.15) was also done for elemental analysis. The sample was grinded, dispersed
in ethanol solvent and placed on carbon coated Cu TEM grid. The TEM-EDX anal-
ysis confirms the presence of oxygen, chromium, and iron with 25.90, 7.75 and 42.49

weight percent. Also copper has been detected due to use of Cu TEM grid.
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Figure 4.14: TEM image of chromium-iron oxide
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Figure 4.15: TEM-EDX spectra of chromium-iron oxide
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4.2.2.4 FTIR

Fourier-transform infrared spectroscopy (FTIR) (make: Shimadzu, model: IR Affinity-
1) of chromium-iron oxide (refer Figure 4.16) was done by mixing calcinated complex
with excess amount of dried potassium bromide (KBr). In general the metal oxide
symbolizes the peaks below 1000 cm™' due to inter-atomic vibrations [206]. The
transmission was recorded within the range of 400 cm™! to 1000 cm™!. The IR bands
near 418 cm™!, 457 ecm™!, 472 cm~! and 547 cm™! corresponds to the Cr-O bond
stretching vibration [206, 207]. A peak near 472 cm™! and 550 cm™! corresponds
to metal-oxygen stretching vibration [208-210]. All the observed peaks are well in

agreement with referred literatures.
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Figure 4.16: FTIR spectra of chromium-iron oxide
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4.2.3 Experimental optimization of operating parameters in

SLM

From experimental data, it is observed that the most influencial parameters for trans-
port of chromium are strip phase concentration (in M), strip phase pH and concen-
tration of carrier (% v/v) in LM. Hence, these three parameters have been chosen
as input factors with %precipitation of chromium as output parameter (R1). The
different ranges of input parameters are as follows: concentration of strip phase (de-
noted by A) with range of 0.05 to 0.3 M, strip phase pH (denoted with B) with
range of 2 to 10, concentration of aliquat 336(denoted with C) with range 0.1% to
3% (v/v). Other parameters are kept constant such as solute concentration in feed
phase at 100 mg L™}, electric potential at 2.5 V DC, speed of stirring at 120 rpm,
and run time at 8 h. Table 4.2 shows the experimental output with predicted ones
which were calculated from input parameters through the quadratic model. Table 4.3
shows ANOVA study of %precipitation of chromium. The regression model equation

for %precipitation of chromium is given by Equation 4.14.

%Precipitation of Cr =51.81 + 11.04 x A+ 21.45 x B —4.36 x C
+1059x AXx B+64lx AxC —524x BxC (4.14)

—20.97 x A2 +5.58 x B? — 5.89 x (?

To check the applicability of model, fischer variation (F value), probability values
(p value) and correlation coefficient (R?) are used. As evident from the calculated
model F-values (i.e. 16.07) and very low p values < 0.0001 (vide Table 4.3), model
is highly significant (for model significance p-value should be < 0.05). Whereas, the
predicted R? of 0.8344 is in reasonable agreement with the adjusted R? of 0.8771 for
precipitation of chromium. The signal to noise ratio a.k.a adequate precision value

greater than 4 is desirable. The adequate precision for precipitation of chromium is
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13.14 which is quite high against minimum desirable value of 4. The scattering points
of predicted values across the horizontal line of residuals (vide Figure 4.17a) are in
the range of 3% which suggests that model is well fitted. Figure 4.17b presents
the correlation between predicted values and actual or experimental values of %pre-
cipitation of chromium. Experimental results are found in actual values whereas,
predicted values are evaluated from model. This predicted values were compared
with experimental results to verify consistency and acceptability of empirical model
(vide Figure 4.17b). The scattered points over and under the diagonal line reflects
the overestimation and underestimation of design points. ANOVA (vide Table 4.3)
is used to check significance and fitness of model.

In order to understand the interaction between parameters or the relation between
input factors (i.e. concentration of NaCl in strip phase, pH of strip phase and concen-
tration of aliquat in sunflower oil) required for optimum condition for %precipitation
of chromium is illustrated in Figure 4.18.

The statistical optimization study of all three parameters with specific ranges (see
Table 4.4) is done by design of experiments with the help of Design Expert 7.0
software. The calculated optimum parameters with predicted results are as follows:
concentration of strip phase should be 0.23 M, pH of strip phase should be 10, and
the concentration of carrier should be 0.75% (v/v). The resulting precipitation of
chromium is expected at 86.22%. The desirability value of optimized outcome is
1.00. The desirability value ranges between 0.0 (undesirable ) and 1.0 (desirable).
The experiment was done as per the optimized parameters and the precipitation of

chromium was found to be 88.48%. The error is only 2.55%.
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Table 4.2: Design Arrangement and Experimental Responses for Central Composite

Design (CCD)

factor 1:A, factor 2:B, factor 3:C, response 1: R1,

Run strip phase strip phase carrier Yoextraction
conc.(M) pH conc.(%vol.)  Actual  Perd

1 0.17 6.00 1.55 51.24  51.81
2 0.17 2.00 1.55 2429  35.94
3 0.05 10.00 0.10 49.84  46.36
4 0.05 2.00 3.00 11.34 3.10
5 0.30 10.00 3.00 68.26  70.42
6 0.17 6.00 1.55 51.97  51.81
7 0.30 10.00 0.10 68.42  76.79
8 0.17 6.00 0.10 48.14  50.28
9 0.30 2.00 0.10 .24 2.24
10 0.30 2.00 3.00 13.2 16.82
11 0.05 6.00 1.55 11.24  19.80
12 0.17 6.00 3.00 44.29  41.56
13 0.17 6.00 1.55 51.57  51.81
14 0.17 0.00 1.55 91.07  78.83
15 0.17 6.00 1.55 51.86  51.81
16 0.05 10.00 3.00 9.17 14.33
17 0.17 6.00 1.55 51.39  51.81
18 0.05 2.00 0.10 16.21  14.18
19 0.30 6.00 1.55 51.03  41.88
20 0.17 6.00 1.55 51.68  51.81
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Table 4.3: Analysis of variance (ANOVA) for respective response surface quadratic

models
Sum of (])Dfeézze_ Mean p value
Source squares dom square  F-value Prob>F  Remarks
S pp M9

%Precipitation of Cr

Model 9822.34 9 1091.37  16.07  <0.0001

A 1218.31 1 1218.31 17.94 0.0017
B 4598.88 1 4598.88  67.72  <0.0001
C 190.27 1 190.27 2.80 0.1251 In this
AB 897.82 1 897.82 13.22 0.0046  case A, B,
AC 329.09 1 329.09 4.85 0.0523 AB, A? are
BC 219.35 1 219.35 3.23 0.0125  significant
A? 1208.81 1 1208.81 17.80 0.0018 model
B2 85.55 1 85.55 1.26 0.2879
& 95.32 1 95.32 1.40 0.2635

Residual 679.11 10 67.91

Lack of fit 678.73 5 135.75  1769.90 <0.0001

Pure error 0.38 5 0.077

R?=0.9353, R2,=0.8771, R? _,=0.8344, Adequate precision=13.143

adj D

Table 4.4: Optimization constraints for %precipitaion of Cr

Lower  Upper  Lower  Upper

Name <@ limit  limit  weight weight Portance
Concentration :
of Nacl in strip in range 0.05 0.3 1 1 3
phase (M)
pHofstrip —  onge 2 10 1 1 3
phase
Concentrgtlon in range 0.1 3 1 1 3
of carrier
(volume%)
Y%precipitation  maximize 7.27 91.07 1 1 3
of Cr
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Figure 4.17: Residual versus pericted graphs 4.17a and predicted versus actual graphs
4.17b for %precipitation of Cr.
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4.3 Summary of studies on electrochemical sepa-

ration of Cr(VI)

v' SLM technology with in situ electrochemical reactor in stripping section has
been successfully implemented for the production of chromium-iron hydroxide

which may be calcinated to produce chromium-iron oxide.

v During production of chromium-iron complex the separation of Cr(VI) from

feed phase and its reduction to Cr(III) is also performed simultaneously.

v' For electrochemical reaction iron plate was used as an anode and graphite rod

was used as cathode.

v The optimum parameters found for SLM study are: Concentration of Cr(VI)
in feed phase 100 mg L=!, pH of feed phase 4.5, concentration of NaCl in strip
phase 0.15 M, pH of strip phase 8, concentration of aliquat 336 as carrier in LM
1% (v/v), electric potential 2.5 V DC in strip phase, stirring speed 120 rpm in

both aqueous phases, and 6 h of run time.
v" The maximum %precipitation of chromium is ~97%.

v" The influential parameters such as strip phase concentration, strip phase pH
and carrier concentration have been picked up for experimental optimization

by RSM using CCD rule.

v' The predicted output from RSM study is shown in good agreement with ex-

perimental results.
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Chapter 5

FS-SLM based simultaneous
separation and electrodeposition of

Ni(IT) and Zn(IT)

This chapter provides simultaneous separation and deposition of Ni(1l) and Zn(II).
A new type of supported liqguid membrane setup has been developed in this work. The
setup consist of an in-situ electrodeposition unit in strip phase which helps “stripped”
nickel and zinc from synthetic wastewater get electrodeposited on the cathode surface.
This type of separation technique not only helps to separate toxic heavy metals from
wastewater but also yields an useful end product in the form of electroplated material.
Two types of carrier, i.e., trioctyl amine and di-(2-ethyhexyl)phosphoric acid, have
been used in the organic phase to separate zinc and nickel. The separation has been
done indwidually as well as in a condition of binary pollutant in the feed phase. Var-
tous physicochemical parameters have been optimized to maximize the transport and
deposition of metals on the cathode surface. Face-centered central composite designs
in response surface methodology have been performed on varied ratios of binary pol-
lutant and their carriers in order to obtain optimum performance of the separation

unit.

111
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5.1 Theoretical background

5.1.1 Reaction mechanism and transport methodology

Reaction mechanism will differ with different extractants. However, the reaction
mechanism as discussed below is applicable for trioctyl amine (TOA) as extractant.
The medium with hydrochloric acid helps metal ion to form MCI;™ in feed solution
and binds with carrier R3N to form R3NH"Cl~ complex in the organic phase, where
M represents the metal (nickel or zinc) and R represents the octyl group of TOA, i.e.,
R=CHj;. The complex of metal ion binds with carrier to form a metal-carrier complex
(RsNHTMCI27), which diffuses across the organic phase up to the strip-membrane
interface due to a concentration gradient. The metal-carrier complex releases metal
ion that binds with ammonium chloride in the strip phase to form a metal-ammonium
complex, viz., M(NH3),Cly. The carrier diffuses back to the feed-membrane interface
and again binds with another metal ion. This process continues until the strip phase
solution gets saturated with metal ion. When an electric potential is applied to the
strip phase, the metal ions present in the strip phase get deposited on the cathode

surface. The reaction mechanism [211-220] is as follows:

M*+ 4+ 4C17 = MCI3~ (5.1)

2R;NH'Cl™ + MCI3~ = (RgsNH),MCI3~ + 201~ (5.2)
(RsNH*);MCI3~ + 2NH,Cl = 2RzNH*C1™ + M(NH3),Cl, + 2HCI (5.3)
2H,0 — 4H" + Oa(g) 1 +4e~ (anode) (5.4)

M(NHj3)2Cly + 2¢™ — M (electrodeposition on cathode) + 2NH;z 4+ 2C1~  (5.5)

The reaction mechanism is pictorially represented in Figure 5.1.
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Figure 5.1: Reaction mechanism.

5.2 Results and discussion

5.2.1 Two-phase equilibrium study

The two-phase equilibrium study was carried out at room temperature with the

method described in Section 2.4.
5.2.1.1 Selection of solvent-extractant combination

The selection of carrier is a crucial task in any liquid membrane based separation
process as it enhances the capability of solvent in transporting the solute. Hence,
various extractants have been added in sunflower oil to study their capacity to extract
metal from the two phase liquid mixture. The results are tabulated in Table 5.1. It
is observed that D2EHPA enables 97.42% extraction of Zn(II) while TOA yields a
maximum efficiency of extraction of Ni(II) with a mere 16.05%. At the same time,
D2EHPA yields very low efficiency (9%) for Ni(Il) extraction. The performance of
TOA is comparable with both the solutes, viz., 16.05% with Ni(IT) and 22.78% with
Zn(I1).
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Table 5.1: Two phase equilibrium study: Efficiency of various extractants in extract-
ing metal ions using sunflower oil as solvent.

Extraction of Ni(II) using 1% Extraction of Zn(II) using

Carrier (v/v) extractant 5% (v/v) extractant
TOA 16.05 22.78
D2EHPA 9.00 97.42
Aliquat 336 10.74 50.11
TBP 8.14 11.44

5.2.1.2 Effect of initial concentration of solute in aqueous phase

The relevant experiments were carried out with initial concentrations of solute in the
aqueous phase in the range of 50-500 mg L~!. The extraction of both the metals
are highest at low initial concentration (see Table 5.2). About 30.52% Ni(II) and
98.13% Zn(II) were extracted in the organic phase at the lowest initial concentrations
(< 100 mg L7'). As the concentration of solute increases in the aqueous phase,
the availability of extractant to form a solute-carrier complex in the organic phase
depletes due to over crowding of the solute. It is thus fair to maintain 50-100 mg L~*
of initial concentration of the solute in the aqueous phase.

The extractant D2EHPA is highly efficient on extraction of Zn(II), and the prevalent
operating conditions yield above 97%. It is not worth devoting any further effort to
optimize operating parameters in search of any higher value of efficiency of extraction
of Zn(II). It is rather beneficial to dedicate the rest of the studies to optimize two

phase operating parameters for Ni(II) extraction.
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Table 5.2: Two-phase equilibrium study at various initial concentrations of metals in
aqueous phase: Extraction of metal ions in organic phase composed of 5% Extractant
(v/v) in sunflower oil.

Feed concen-  Extraction of nickel (in %) using  Extraction extraction of

tration(in mg TOA as extractant zinc (in %) using D2EHPA
L1 as extractant
20 30.52 98.13
100 29.95 97.42
200 29.14 95.13
300 27.92 92.73
400 26.83 89.13
500 86.55

5.2.1.3 Effect of pH of aqueous phase

The reaction mechanism (Equations 5.1-5.5) reveals that the metal ion required ex-
cess chloride ion to form the metal-chloride complex. The presence of HCI in the
aqueous phase helps the metal ion to form a metal-chloride complex. Hence, the pH
of the aqueous solution is an important parameter to increase the efficiency of the
extraction of Ni(II). The pH has been studied in the range of 2-8 by adding HCI
and/or NaOH. The results are plotted in Figure 5.2. At lower pH, the extraction of
Ni(II) is less. The maximum extraction of Ni(II) is achieved at pH 5. The maximum
extraction of Ni(IT) for initial concentrations of 50 and 100 mg L~ are 16% and 15%,
respectively. With further increase in pH (> 5), extraction of Ni(II) decreases. In
the case of lower pH, excess Cl™ ion hinders the metal ion to bind with the carrier to
form a metal-carrier complex; whereas at higher pH, NaOH reacts with metal ion to
form insoluble metal hydroxide that results in metal ion being less accessible to the

carrier.
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Figure 5.2: Two phase equilibrium study at various initial concentrations of Ni(II)
in the aqueous phase: effect of pH of the aqueous phase on extraction of Ni(II) in
the organic phase.

5.2.1.4 Effect of concentration of extractant

Extractant forms a complex with a solute that facilitates the transport of solute
across the SLM. An increase in concentration of the extractant leads to formation of
more solute-carrier complex that results in an increase in the extraction efficiency.
The results of the study of extraction at various initial concentrations of solute are
plotted in Figure 5.3. The concentration of extractant was within the range of 1-8%
(v/v). It is observed in Figure 5.3 that 30% extraction is achieved at 5 vol% TOA at a
lower initial concentration of solute (50-100 mg L), whereas a higher concentration
of TOA (6-8 vol%) is needed in the organic phase to achieve the highest extraction
efficiency in the case of a higher initial concentration of solute (200-400 mg L~1). At
a higher solute concentration, the availability of solute is more, and hence it requires

more extractant to form the solute-carrier complex.
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Figure 5.3: Two phase equilibrium study at various initial concentrations of Ni(II) in
the aqueous phase: effect of concentration of TOA in sunflower oil on the extraction
of Ni(II) in the organic phase.

5.2.1.5 Effect of period of extraction

The study of the period of extraction helps to detect the time required for the process
to reach its maximum extraction efficiency also known as its saturation point. The
experiments were carried out for 15 h, and samples were taken periodically. The
results are shown in Figure 5.4. It is observed that extraction of Ni(II) is increased
up to 12 h and thereby reaches its saturation limit. The saturation limit of extraction

is higher at lower initial concentrations of the feed.
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Figure 5.4: Two phase equilibrium study at various initial concentrations of Ni(II)
in the aqueous phase: saturation period of extraction of Ni(II) in the organic phase.

5.2.1.6 Detection of appropriate stirring conditions

Stirring creates turbulence in the liquid content, which results in enhancement of
diffusivity and increased extraction rate. The range of stirring speed was 50-250 rpm
in the experimental runs. The results are demonstrated in Figure 5.5. An increase in
the stirring rate increases the extraction of Ni(II) up to 200 rpm. A further increase

in stirring speed does not help. The saturation limit is set at 200 rpm.
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Figure 5.5: Two phase equilibrium study at various initial concentrations of Ni(II)
in the aqueous phase: saturation stirring conditions for the extraction of Ni(II) in
the organic phase.

5.2.2 Three-Phase SLM Study

5.2.2.1 Selection of strippant

Selection of the strippant is an important factor, as it is directly related to the recov-
ery of solute. As the aim of the study is to electroplate/deposit the recovered solute
in the strip phase, the strippant solution should have electrolytic properties. Hence,
three types of strippants, viz., HoSO, [150, 221, 222], NH,Cl [184, 185] and NaCl[185]
have been tested for recovery as well as deposition of metals. The concentration of
the strip phase was 0.1 M with either electrolyte. The results are tabulated in Table
5.3. It is observed from the figure that the % deposition of Zn(II) in HySO4, NH,Cl,
and NaCl solutions are 26.71%, 76.98%, and 62.19%, respectively, while the same for

Ni(II) are 23.51%, 83.68%, and 67.68%, respectively. The maximum deposition of
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both the metals on the cathode plate is observed for NH,Cl as a strippant. Hence,

further studies have been done using NH,Cl as a stripping solution.

Table 5.3: Three Phase SLM-EP Study: % Deposition of Metal on Cathode Plate
Using Various Strippants.

Strippant Deposition of nickel (in %) using  Deposition of zinc (in %)

solution TOA as carrier using D2EHPA as carrier
HyS04 23.51 26.71

NH,Cl 83.68 76.99

NaCl 67.68 62.20

5.2.2.2 Selection of suitable cathode

Graphite has been used as an anode for this study. The deposition of metal/solute on
the cathode plate depends on the characteristics of the cathode plate. The complex
of extracted metal ion and carrier at the strip-membrane interface releases metal
ion in the bulk strip phase as an ammonium-metal complex (refer to section 5.1.1).
When the electric potential is applied in the strip phase, metal is deposited on the
cathode plate. As a result, the concentration of metal ion in the strip phase remains
very low. Two types of metals, viz., copper and stainless steel, have been used as
the cathode plate to check the deposition efficiency of metals. The results are shown
in Figure 5.6. It is observed that the deposition of Ni(II) on copper and stainless
steel plates are almost 85% and 62%, respectively, after 12 h of run time, of which
76% (on copper plate) and 54% (on stainless steel plate) deposition were over within
the initial 6 h. On the other hand, deposition of Zn(II) on copper and stainless
steel plates are almost 77.9% and 53.3%, respectively, after 12 h of run time, of
which 72.3% (on copper plate) and 48.4% (on stainless steel plate) deposition were
over within initial 6 h. A higher deposition rate on the copper plate is due to the
electrical conductivity of copper (5.96 x 107 S m™!), which is higher than that of

stainless steel (1.45 x 105 S m~'). Hence, the copper plate has been selected as a
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cathode. It is well-known that the electrodeposition/electroplating process is a very
fast process; hence, The SLM augmented with an electroplating feature (henceforth

referred to as the SLM-EP method) technology is the rate determining step.
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Figure 5.6: Three phase SLM-EP study: % electrodeposition of metals on two dif-
ferent materials of the cathode at the following operating conditions: concentration
of metal in feed phase = 100 mg L, pH of feed phase = 5.

5.2.2.3 Importance of surface area of cathode

It is also understandable that the surface area on the cathode should play an im-
portant role of the deposition of metal on it; and a higher surface area should lead
to higher deposition. In order to obtain a quantitative analysis of such deposition
of metal, cathode plates of three different sizes, viz., 13 cm?, 26 cm?, and 52 cm? |
have been used for the experiments. Moreover, the SLM study was conducted with
consecutive fed-batch runs where electroplating was repeated on the same plate. The
results are tabulated in Table 5.4. Deposition of Ni(II) on Plate I (13 cm?) is 33.01%
after the second run, on Plate IT (26 cm?) is 28.09% after the third run, and on Plate

I1I (52 cm?) is 27.09% after the fifth run. The accumulated metal on cathode plates
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I, IT, and IIT are 16.80 mg, 24.20 mg, and 43.60 mg, respectively. On the other hand,
deposition of Zn(IT) on Plate I (13 cm?) is 39.39% after the second run, on Plate II
(26 cm?) is 34.55% after the third run, and on Plate III (52 cm?) is 30.68% after the
fiftth run. The accumulated metal on cathode plates I, II, and III are 17.10 mg, 24.40

mg, and 41.10 mg, respectively. The results are comparative with zinc and nickel.

Table 5.4: Three Phase SLM-EP Study: % Electrodeposition on cathodes of different
values of effective surface area.

Effective - .
surface of Deposition of metal (in %) Total
Metal Plates  copper deposition
plate in Runl Run2 Run3 Run4 Runb5 (in mg)
cm?)
I 13 91.12 33.01 16.80
Ni II 26 93.28 56.13  28.09 24.20
I11 52 94.63 86.18 70.63 44.77  27.09 43.60
| 13 89.97 39.39 17.10
Zn 11 26 92.32 55.20 34.55 24.40
I11 52 95.34 80.66 67.36 41.31  30.68 41.10

5.2.2.4 Saturation point in period of operation

It was desired to measure the period of SLM operation in order for it to reach
its saturation point. The experiment was carried out for 12 h, and samples were
collected periodically to check the concentration of metal. The results are shown in
Figure 5.7. It is observed that over 88% of Ni(II) and ~ 80% Zn(II) were deposited
on the cathode within initial 6 h of operation, and the deposition approaches its
saturation limit between 6 and 8 h with ~ 92% deposition. Deposition does not

increase significantly thereafter and reaches saturation of ~ 93% at 12 h.
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Figure 5.7: Three phase SLM-EP study: saturation period of %electrodeposition of
metals on the copper cathode plate.

5.2.2.5 Effect of pH in feed phase

As observed in section 5.2.1.3, the pH of feed phase is an important parameter for
improving the separation efficiency of metal from the feed phase to the membrane
phase. The reaction mechanism suggests that an acidic environment (i.e., pH < 7)
is required in order to maximize extraction of metal ions from the feed phase to the
strip phase. The results are reflected in Figure 5.8, which is similar to Figure 5.2. The
experiment was carried out in the pH range of 2-8. It is observed that deposition of
metals is increased with an increase in pH from 2 to 5. Whereas, a further increase
in pH (i.e., from 5 to 8) decreases the metal deposition. The reasons are already
explained in section 5.2.1.3. The maximum deposition of Ni(II) and Zn(II), viz.,

almost 84% and 76%, respectively, were observed at pH 5.
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5.2.2.6 Effect of pH in strip phase

The pH of a metal deposition electrolyte is crucial because it can influence the con-
ductivity of the solution and the metal deposition rate [223]. The nominal pH of
0.15 and 0.2 M NH,4CI solution are ~ 5.3 and ~ 5.8, respectively. Electrodeposition
of metal operates in a relatively narrow pH window [223] as confirmed in Figure 5.9.
The metal deposition is almost invariably accompanied by ammonia evolution and
its loss, as this will drive the solution toward a more acidic zone since hydrogen ions
are left in the system in excess. In some cases, the redox values of the metal ion (or
complex holding it) can be affected by a change in pH and it influences the overall
process. Olper and Maccagni [211, 212] argued that the pH of the electrolyte has
to be maintained in the range of 5.8-6.5 to avoid formation of chloroamine. In the

present study, the effect of pH was studied in the range of 2-9 by adding NaOH.
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It is observed that the deposition of Ni(II) and Zn(II) are maximum at pH ~ 5.3-5.8,
i.e., at the nominal conditions of the strip phase. At low pH, the concentration of
NHj; in the strip phase is also low. As a result, M™* tends to form complexes with Cl
ions. As the pH increases, NHJ begins to dissociate and more NH3z becomes available

in the system [220]. As a weak acid, NH,Cl acts as a pH buffer on its own.

NH} = NH; 1 +H* (5.7)

The reactions stated in Equations 5.6 and 5.7 act as a proton source while keeping
the concentration of free NHj relatively low. The maximum percentage of metal

deposition was found to be almost ~ 92-93% at 0.15-0.2 M NH,4Cl in the strip phase.
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Figure 5.9: Effect of pH of strip phase
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5.2.2.7 Effect of concentration of carrier

Carrier plays an important role in the overall transport of solute from the feed phase
to the strip phase. To study this effect, the carrier concentration in SLM was varied
from 0-8 vol % in the case of transport of Ni(II) using TOA and from 0-5 vol %
in case of transport of Zn(II) using D2EHPA. It is observed from Figure 5.10 that
deposition of metal increases with an increase in carrier concentration. Deposition
of Ni(II) reaches ~ 93% at 5 vol % of TOA, whereas deposition of Zn(II) reaches ~
93% at 3 vol % of D2EHPA. A further increase in carrier concentration does not aid
in any significant increase in deposition of either metal. This observation is similar

to the two phase study in Section 5.2.1.4.
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Figure 5.10: Effect of concenration of carrier (%vol/vol)

5.2.2.8 Effect of concentration of strip phase

The reaction mechanism in Section 5.1.1 suggests that the transport mechanism is

coupled counter transport where the metal binds with the ammonium ion in the strip
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phase to form the ammonium-metal complex. The concentration of NH,4Cl in the
strip phase solution will affect the transport of the metal ion. The results are shown
in Figure 5.11. An increase in the strip phase concentration leads to an increase in
deposition of metal ion on the cathode plate. The maximum deposition of both the
metals are almost same, viz., 93% at 0.15 M NH4CI for Ni(II) and 92% at 0.2 M
NH,CI for Zn(II). A further increase in the strip phase concentration does not help.
It may be noted that after 94% of deposition of metal, the concentration of metal in
the feed phase in very low (~ 5 mg L™!). Hence the metal ion does not get enough

driving force to bind with the carrier for complexation and transport.
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Figure 5.11: Effect of concentration of NH4Cl in strip phase
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5.2.2.9 Role of electric field for transportation of metal ion

The importance of the electric field in the strip phase solution for deposition of metal
on the cathode plate has been studied and compared with the case when no electric
field was used in the strip phase solution. The change of concentration of the metal
ion in the feed and strip phases with and without an electric field in the strip phase
has been shown in Figure 5.12. It may be observed that the concentration of Ni(II)
in the feed phase decreases to ~ 43 mg L~!, while that of strip phase increases to
~ 48 mg L' in 12 h time when no electrical field has been applied. On the other
hand, when the electric field is applied in the strip phase, the concentration of Ni(II)
drops to ~ 6 mg L' in the feed phase in 12 h time while it remains very low (at ~
1.5 mg L™1) in the strip phase throughout the operation. A similar phenomenon has
been observed in the case of Zn(II) electroplating too. The concentration of Zn(II)
in the feed phase decreases to ~ 41 mg L1, while that of the strip phase increases
to ~ 51 mg L1 in 12 h time when no electrical field has been applied. On the other
hand, when the electric field is applied in the strip phase, the concentration of Zn(II)
drops to ~ 7 mg L™! in the feed phase in 12 h time while it remains very low (at ~
0.6 mg L) in the strip phase throughout the operation. The confirmation of metal
deposition on the copper cathode plate has been confirmed through energy-dispersive
X-ray spectroscopy (EDX) in field emission scanning electron microscopy (FESEM),
viz., FESEM-EDX (see Figure 5.13).
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Figure 5.12: Three phase SLM-EP study with and without an electric field.
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5.2.2.10 Effect of electric potential across the electrodes

It is quite natural that electrodeposition of metals on the cathode should have a direct
relation with the electric potential applied across the electrodes. Cyclic voltammetry
(CV) (potentiostat, Autolab, PGSTAT 302N) was carried out in a three electrode cell
where the Ag/AgCl electrode was the reference electrode, platinum was the counter
electrode, and the copper plate was the working electrode and ammonium chloride
was the supporting electrolyte. The results are plotted in Figure 5.14. The main
aim is to find out the metal deposition voltage on the copper plate. The negative
scan shows the cathodic reduction. The deposition voltage of Ni is observed from the
deflection of the curve in the region -0.75 to -0.9 V [224, 225] whereas the deposition
voltage of zinc is detected from the deflection of the curve in the region -0.65 to -0.8
V [226]. In both cases, the CV diagram shows a broad peak due to the low metal
concentration in the electrolyte solution. A further increase in voltage in both of
the cases were associated with evolution of hydrogen due to decomposition of water
[227]. Necessary experiments were carried out by varying the electric potential in
the range of 0.5 to 4 V DC. The results are shown in Figure 5.15. With an increase
in electric potential, the percentage deposition of metals increases and ultimately
reaches a saturation limit of ~ 93% at 3 V DC. Hence, 3 V DC has been selected as

the optimum parameter.
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Figure 5.14: Cyclic voltammogram recorded with a copper electrode for deposition
of Ni (red dashed line) and Zn (blue solid line).
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Figure 5.15: Effect of electric potential.
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5.2.2.11 Effect of stirring in aqueous phase

Effective and efficient transport of the metal requires some agitation in the aqueous
phases whereby the diffusion is enhanced in the bulk. The effect of speed of stirring
of the aqueous phases has been studied in the range of 0-250 rpm. The results are
shown in Figure 5.16. It is observed that deposition of metal on the cathode reaches
~ 93% when the stirring speed is 120 rpm. A further increase in stirring speed
does not yield any significant improvement on deposition. Hence, 120 rpm has been

selected as the optimum stirring speed.
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Figure 5.16: Effect of stirring condition of aqueous phases

5.2.3 Simultaneous separation of metals

Based on the studies on single heavy metal pollutants and their experimental results
thereof, we are able to zero in on a set of optimum operating conditions. Hereafter it
is worth studying the efficacy of the operating conditions on simultaneous extraction

and electrodeposition of the binary pollutant at various ratios of Zn(II) and Ni(II)

TH-2262_126107003



134 Chapter 5.  Electrodeposition of Ni(I1l) and Zn(II)

in the feed. However, unfortunately, the best extractants for two heavy metal pollu-
tants are different, viz., D2EHPA is best for Zn(II), while TOA is best for Ni(II). It is
thereby desired to test the individual efficiency of the extractants TOA and D2EHPA
in transporting the metals Zn(II) and Ni(II) from a binary component mixture at
varied ratios of metals. The extractants have also been employed with varying pro-
portions to detect the ideal ratio of pollutant(s) and carrier(s) for the best transport

and recovery. Other parameters were maintained as optimized before.

5.2.3.1 Simultaneous transportation and electrodeposition of metals us-

ing TOA as carrier

In this study, binary pollutant conditions have been set with varied ratios of Zn(II)
and Ni(II) in the feed phase. The results of simultaneous extraction and deposition
of metals are tabulated in Table 5.5. The transport and deposition of Ni(II) is
preferential over Zn(II). The higher the ratio of Ni(II)/Zn(II), the higher would be the
preference of Ni(IT) over Zn(II). The kinetics of the transport and deposition of metals
at a solute ratio of Zn(II)/Ni(II) = 1:4 have been measured. The results are reported
in Figure 5.17. The trends of % deposition of Ni(II) and Zn(II) are as expected. Most
of the metals were deposited on the cathode plate within 6 h as the concentration
of metals at the beginning was very high. The concentration gradient reduces with
time, and the deposition rates are reduced. The metal deposition reached 93% and

49% for Ni(II) and Zn(II), respectively, after a 12 h run.

5.2.3.2 Simultaneous transportation and electrodeposition of metals us-

ing D2EHPA as carrier

The set of experimentations, as described in section 5.2.3.1 has been repeated with
D2EHPA as the carrier. The results of simultaneous extraction and deposition of
metals are tabulated in Table 5.5. The transport and deposition of Zn(II) is pref-
erential over Ni(II). The higher the ratio of Zn(II)/Ni(II), the higher would be the

preference of Zn(II) over Ni(II). The kinetics of transport and deposition of metals at
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solute ratio of Zn(II)/Ni(II) = 4:1 have been measured. The results are reported in
Figure 5.18. The trends of % deposition of Ni(II) and Zn(II) are as expected. Most
of the metals were deposited on the cathode plate within 6 h as the concentration
of metals at the beginning is very high. The concentration gradient reduces with
time, and the deposition rates are reduced. The metal deposition reached 21.87%

and 89.5% for Ni(II) and Zn(II), respectively, after a 12 h run.
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Figure 5.17: Saturation period with TOA
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Table 5.5: Three phase SLM-EP study: % extraction and %electrodepositon of Zn(II) and Ni(II) from their mixed feed in various
ratios using 5% (v/v) TOA and 3% (v/v) D2EHPA as carriers.

extraction of Zn(II)

extraction of Ni(IT)

total extraction of

total deposition of

(in %) (in %) metals (in %) metals (in %)

Zn(1I)(in Ni(II)(in ~ Zn(II)/Ni(II) using using using using using using using using
mg L71) mg L71) TOA D2EHPA TOA D2EHPA TOA D2EHPA TOA D2EHPA

100 73.81 93.64 73.81 93.64 73.21 93.07

100 93.84 52.84 93.84 52.84 92.30 51.40

20 20 1:1 66.20 77.81 80.32 32.50 73.26 95.15 71.49 53.48

40 60 2:8 53.40 71.68 89.16 37.50 74.85 51.17 73.11 49.55

20 80 1:4 50.96 95.78 95.86 41.71 86.88 44.53 85.08 82.84

60 40 3:2 65.71 87.39 85.28 27.00 73.54 63.23 71.73 61.85

80 20 4:1 70.18 90.20 64.70 23.46 69.08 76.85 67.27 75.98
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5.2.3.3 Experimental optimization of proportions of solute and carriers

in SLM-EP

It is further desired to study whether a mixture of carriers is more useful in efficient
transportation and electrodeposition of a mixture of metal ions. A series of experi-
ments were carried out with various ratios of metal ions in the feed with various ratios
of carriers in the sunflower oil in order to find out the best combinatorial proportions
of compositions in the feed and organic phases. Face centered CCD in RSM has
been employed to design the experiments and to optimize the ratios of carriers, i.e.,
D2EHPA and TOA, and metals (i.e., Zn(Il) and Ni(II)). Other parameters such as
pH of aqueous solutions (i.e., feed and strip), concentration of strip solution, stirring
speed, and run time are already optimized from previous studies. The design input
parameters are concentration of D2EHPA (referred to as A) with range of 1-5% (v/v),
concentration of TOA (referred to as B) with a range of 1-8% (v/v), concentration
of Zn(II) (referred to as C) with a range from 20-100 mg L™! in the feed phase, and
concentration of Ni(II) (referred to as D) with a range from 20-100 mg L~! in the
feed phase. Other parameters remained unchanged, such as pH of the feed phase at
5, concentration of the strip phase (NH4Cl) at 0.2 M, speed of stirring at 120 rpm,
and run time of 12 h. The actual output parameters from the experiments and their
predicted ones against the input parameters through the quadratic model are shown
in Table 5.6. Table 5.7 shows the ANOVA study of %deposition of Zn(II) and %
deposition of Ni(II). The regression model equation for %deposition of Zn(II) and
%deposition of Ni(IT) are given by Equations 5.8 and 5.9, respectively.

The Fischer variation (F value), probability values (p value), and correlation coef-
ficient (R?) are examined in order to verify the significance of model. The p-value
should be <0.05 for the model to be significant. The F-values were calculated from
a quotient of coefficient mean square and residual mean square. As evident from
the calculated model, F-values (i.e., 87.96 for %deposition of Zn(II) and 29.01 for

%deposition of Ni(II)) and very low p-values <0.0001 (see Table 5.7), the model is
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highly significant. Further, the predicted R? of 0.9056 is in reasonable agreement
with the adjusted R? of 0.9767 for deposition of Zn(II), and in case of deposition of
Ni(II), a predicted R? of 0.8436 is also very much reasonable to the adjusted R? of
0.9311. The signal to noise ratio (called as adequate precision value) >4 is desirable.
The adequate precision for deposition of Zn(II) and deposition Ni(II) are 29.20 and
15.80, respectively, which are quite high against the minimum desirable value of 4.
Residuals versus predicted graphs for %deposition of Zn(IT) and Ni(II) are plotted
in Figure 5.19a and 5.19b. Scattering points of predicted values within the range
of +3% across the horizontal line of residuals suggest that models are well fitted.
Figure 5.20a and 5.20b presents the correlation between the predicted values and the
actual or experimental values of %deposition of Zn(II) and Ni(II). Actual values are
experimental data obtained from a particular run, whereas predicted values are eval-
uated from the model. This predicted values were compared with the experimental
results to verify consistency and acceptability of the empirical model (refer to Figure
5.20a and 5.20b). The scattered points over and under the diagonal line reflects the
overestimation and underestimation of design points. ANOVA (see Table 5.7) is used
to check the significance and fitness of the model.

In order to understand the interaction between parameters or the relation between
input factors (i.e., concentrations of D2EHPA and TOA in sunflower oil and con-
centration of Zn(II) and Ni(II) in the feed phase) required for optimum conditions
for %deposition of Zn(II) and Ni(II) are illustrated in Figures 5.21 and 5.22, respec-
tively.

The statistical optimization study of all four parameters with specific ranges (see
Table 5.8) is done by design of experiments with the help of Design Expert 7.0 soft-
ware. The calculated optimum parameters with a predicted result is tabulated in
Table 5.9. The desirability value of the optimized outcome is 1.00. The desirability
value ranges between 0.0 (undesirable) to 1.0 (desirable). The predicted results of

%deposition of Zn(II) and Ni(Il) are compared with the experimental results with
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the error percentages tabulated in Table 5.10.

%Deposition of Zn(Il) =75.32 + 13.84 x A — 1.50 x B+ 13.87 x C' — 0.64 x D
+157TxAXxB+136xAXxC—-099x Ax D
— 076 xBx(C—-064xBxD+139xCxD

—16.34 x A2 +0.85 x B> —8.21 x C? + 0.44 x D?
(5.8)

%Deposition of Ni(IT) =64.22 — 0.17 x A+ 11.99 x B —0.35 x C + 17.76 x D
4+ 043 x AXx B+045x AxC+08 xAxD
+0.12xBxC+311lxBxD—-011xCxD

+4.04 x A2 —19.20 x B2 +4.98 x C?> —13.74 x D?
(5.9)
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Table 5.6: Design Arrangement and Experimental Responses for CCD

Input A: Input B: Input C: Input D: response 1: R1, response 2: R2,
Run  D2EHPA TOA Concentration of Concentration of %deposition of Zn(II) %deposition of Ni(II)

(%volume)  (%volume) Zn(IT)(mg L~1) Ni(II)(mg L) Actual Perd Actual Perd

1 3 4.5 60 60 75.66 75.32 66.43 64.22
2 3 4.5 20 60 52.69 53.24 65.89 69.55
3 3 4.5 60 60 75.91 75.32 66.52 64.22
5 8 20 20 50.33 53.88 31.42 30.50

S d 8 100 20 81.31 80.06 31.12 31.18
6 1 8 100 20 45.53 44.54 28.28 31.46
7 3 4.5 60 60 75.52 75.32 66.41 64.22
8 3 1 60 60 76.27 77.67 18.56 33.03
9 1 8 20 100 24.76 23.00 71.93 72.84
10 > 1 20 100 50.31 48.73 46.31 43.35
11 1 1 20 20 30.26 27.16 18.26 15.93
12 1 1 100 20 47.37 50.91 18.67 14.32

Continued ....
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Table 5.6-Continued from previous page....

Input A: Input B: Input C: Input D: response 1: R1, response 2: R2,
Run  D2EHPA TOA Concentration of Concentration of %deposition of Zn(II) %deposition of Ni(II)

(%volume)  (%volume)  Zn(II)(mg L™!) Ni(Il)(mg L)  Actual Perd Actual Perd
13 3 4.5 60 20 75.81 75.12 27.63 32.72
14 ) 1 20 20 50.76 50.93 13.44 12.11
15 3 8 60 60 75.51 74.68 67.16 57.01
16 3 4.5 60 60 75.66 75.32 66.57 64.22
17 3 4.5 60 100 75.15 76.40 69.01 68.24
18 3 4.5 60 60 75.52 75.32 66.29 64.22
19 1 1 100 100 64.34 58.22 40.55 41.69
20 5 8 100 100 80.33 80.86 71.84 74.39
21 1 8 20 20 24.22 23.82 31.29 32.58
22 ) 8 20 100 50.22 49.12 71.11 74.16
23 d 1 100 20 80.95 80.14 13.00 12.31
24 1 1 20 100 25.22 28.90 45.11 43.75
25 1 8 100 100 47.03 49.29 71.23 71.26

Continued ....
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Table 5.6-Continued from previous page....

4!

Input A: Input B: Input C: Input D: response 1: R1, response 2: R2,

Run  D2EHPA TOA Concentration of Concentration of %deposition of Zn(II) %deposition of Ni(II)
(%volume)  (%volume)  Zn(II)(mg L~!) Ni(Il)(mg L™')  Actual Perd Actual Perd
26 > 4.5 60 60 75.15 72.82 65.26 68.09
27 3 4.5 60 60 75.34 75.32 66.07 64.22
28 > 1 100 100 80.67 83.50 45.67 43.08
29 3 4.5 100 60 80.98 80.99 68.19 68.86
30 1 4.5 60 60 42.26 45.15 66.93 68.43
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Table 5.7: ANOVA for respective response surface quadratic models
Sum of Deglf ee Mean p value
Source squares freeodom square  F-value Prob>F  Remarks
9 opy (M9)
%Deposition of Zn(II)
Model 10572.45 14 755.18 87.96 <0.0001
A 3445.61 1 3445.61  401.33  <0.0001
B 40.23 1 40.23 4.69 <0.0469 In this
C 3465.00 1 3465.00  403.58  <0.0001 case A. B
D 7.33 1 7.33 0.85 0.3700 C. AB ’AQ’
AB 39.53 1 39.53 4.60 0.0487 ’CQ a’re ’
AC 29.78 1 29.78 3.47 0.0822 significant
BC 9.17 1 9.17 1.07 0.3179 del
BD 6.57 1 6.57 0.76 03956  0¢°
CD 31.00 1 31.00 3.61 0.0768
A? 691.46 1 691.46 80.54 <0.0001
B? 1.87 1 1.87 0.22 0.6478
C? 174.49 1 174.49 20.32 0.0004
D? 0.50 1 0.50 0.058 0.8129
Residual 128.60 15 8.59
Lack of fit 128.60 10 12.86 350.06  <0.0001
Pure error 0.18 5) 0.037
R?=0.9880, R2,=0.9767, R?,.,=~0.9056, Adequate precision=29.201
%Deposition of Ni(IT)
Model 12609.62 14 900.69 29.01 <0.0001
A 0.53 1 0.53 0.071 0.8981
B 2587.44 1 2587.44 83.33  <0.0001 In this
C 2.14 1 2.14 0.069 0.7964 B. D
D 5676.45 1 5676.45  182.81  <0.0001 C%S]g B
AB 3.00 1 3.00 0.097 0.7601 Dé i ’
AC 3.25 1 3.25 0.10 0.7508 ..
AD 11.61 1 11.61 037 05500 Sienificant
BC 0.24 1 024 0007654 09314  model
BD 154.57 1 154.57 4.98 0.0414
CD 0.21 1 0.21 0.006741  0.9357
A2 42.25 1 42.25 1.36 0.2616
B2 954.81 1 954.81 30.75 <0.0001
C? 64.33 1 64.33 2.07 0.1706
D? 488.91 1 488.91 15.75 0.0012
Residual 465.76 15 31.05
Lack of fit 465.60 10 46.56 1425.74  <0.0001
Pure error 0.16 5 0.033
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Residuals vs. Predicted
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Figure 5.19: Residual versus predicted graphs.
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Predicted vs. Actual
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Figure 5.20: Predicted versus actual graphs.
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timum %deposition of Zn(II).
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Table 5.8: Optimization constraints for %electrodeposition of Zn(II) and Ni(II)

Lower Upper Lower Upper

Name Goal limit limit weight  weight Importance
C;anlcjezrgﬁngon in range 1 ) 1 1 3
COI;?%Z“O“ inrange 1 8 1 1 3
Concentration :

of Zn(TI) in range 20 100 1 1 3
Concentration :

of Ni(II) in range 20 100 1 1 3
%Deposition of  maximize  24.22 81.31 1 1 3

Zn(I1)

%Deposition of  maximize 13 71.93 1 1 3

Ni(II)

Table 5.9: Optimization Results for %electrodeposition of Zn(II) and Ni(II)

Variable Value
Concentration of D2EHPA (% vol/vol) 3.01
Concentration of TOA (% vol/vol) 4.87
Concentration of Zn(II) (mg L) 93.25
Concentration of Ni(II) (mg L) 88.27
Electrodeposition of Zn(IT) (%) 82.45
Electrodeposition of Ni(II) (%) 74.29
Desirability 1

Table 5.10: Error analysis between predicted and experimental results

Responses Predicted value ~ Experimental value  Error (%)
%Deposition of Zn(IT) 82.45 80.22 2.69
%Deposition of Ni(II) 74.29 71.73 3.44
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5.3 Summary of studies on electrodeposition of
Ni(II) and Zn(II)

v' A new type of design mechanism has been successfully implemented for extrac-

tion and recovery with deposition/electroplating of Ni(IT) and Zn(ITI).

v" The integration of the electrodeposition module in the strip phase of SLM not
only helped to increase the separation efficiency but also proved to be a way to

generate a value added product.
v" The copper plate was found to be an ideal cathode.

v The optimum parameters of the two phase studies are 100 mg L~ of Ni(II)
as the initial concentration, pH of 5 in aqueous solution, 5% (v/v) of TOA as
the carrier /extractant in the organic phase, stirring speed of 200 rpm, and run

time of 12 h.

v In case of Ni(Il), the optimum parameters of the three phase SLM studies
are 100 mg L=! of Ni(IT) in the feed phase, pH 5 in the feed phase, 0.15 M
of NH,Cl in the strip phase, 5% (v/v) of TOA in the sunflower oil, 3 V DC
electric potential in the strip phase, stirring speed of 120 rpm in both phases,

and 8 h of run time.

v' In case of Zn(II), the optimum parameters of the three phase SLM studies are
100 mg L' of Zn(II) in the feed phase, pH 5 in the feed phase, 0.2 M of NH,CI
in the strip phase, 3% (v/v) of D2EHPA in the sunflower oil, 3 V DC electric
potential in the strip phase, stirring speed of 120 rpm in both phases, and 8 h

of run time.

v The maximum deposition of Ni(IT) and Zn(IT) were found over ~ 93% for both

the cases.
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v In the case of binary pollutants, the mixture of Zn(II) and Ni(Il) with a 1:4
ratio, yields a maximum total deposition at 85% with TOA as the carrier,
whereas the mixture of Zn(II) and Ni(Il) with a 4:1 ratio, yields a maximum

total deposition at 75.98% with D2EHPA as the carrier.

v' Experimental optimization with face centered CCD in RSM was done for the
binary pollutants (i.e., Zn(II) and Ni(II)) with mixtures of binary carriers (i.e.,
TOA and D2EHPA) as parameters to optimize deposition of Zn(II) and Ni(II),

which also showed good agreement with the experimental results.
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Chapter 6

Conclusion and future scope

This chapter summarizes the inferences drawn from the present research work and
provides recommendations towards future direction for separation of heavy metal from

wastewater.

6.1 Conclusion

The performance of LM towards separation (i.e. extraction and recovery) of heavy
metals from wastewater has been investigated in this thesis. The heavy metals i.e.
Cr(VI), Ni(Il) and Zn(II) were separated from their aqueous solution using different
LM techniques. The experiments were accomplished using two-phase equilibrium
study, three-phase BLM study and three-phase FS-SLM study. Various physico-
chemical parameters have been optimized to maximize the transport of heavy met-
als. A series of experiments were carried out to find the efficiency of LM through
various techniques. For easy waste management a novel technique has been imple-
ment where a separate module has been included in strip phase of FS-SLM system to
precipitate/deposit the heavy metals to convert them as value added product. The
prime physico-chemical parameters affecting the system performance were identified
for experimental optimization through RSM using central composite design rule. A

regression model along with ANOVA evaluates whether the chosen parameters were
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of good agreement with experimental results. The major conclusions are summarized

below:

v" Among the various solvent sunflower oil come out as best green solvent in LM

based separation process for heavy metals.

v' BLM process is well suited for lab scale study. The up-gradation of BLM
process to pilot/industrial scale is restricted due to much lower value of surface

area to volume ratio of LM.

v' In case of separation of Cr(VI), combination of sunflower oil and aliquat 336

was found best solvent-carrier combination.

v/ In FS-SLM study for separation of Cr(VI), combination of PVDF-sunflower
oil-aliquat 336-Nay-EDTA was found suitable.

V' Nap-EDTA was found to be best stripping agent and the yield of %extraction
and %recovery of Cr(VI) were 80% and 73% respectively in FS-SLM study.

v Electrochemical reaction was successfully carried out for synthesis of chromium-
iron oxide using FS-SLM technology where, the separation efficiency of Cr
reached around 97%.

v' FS-SLM with in situ electrochemical reaction helps to reduce hexavalent chromium
(Cr(VI)) to trivalent chromium (Cr(Ill)) by forming chromium-iron complex
which converts liquid waste to solid waste as a useful value added product for

end user.

v' In case of separation of Ni(II), combination of PVDF-sunflower 0il-TOA-NH,Cl
was found suitable, whereas in case of separation of Zn(II), combination of

PVDF-sunflower oil-D2EHPA-NH,C1 was found suitable.

v NH4Cl was found best stripping agent for electrodeposition of Ni(II) and Zn(II)

on cathode plate.
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v' Application of electroplating technology on SLM system converts the liquid

waste into an useful end product in the form of electroplated material.

v' For each study the out come of optimized parameters using RSM technique
have been used for experimentation and the error percentage were found with
in 3.5%. The error percent between model and actual value proves that the

chosen parameters were good agreement with experimental results using RSM

technique with CCD and ANOVA.

6.2 Recommendations for future work

Separation of heavy metal using F'S-SLM technology is still emerging area and there
is huge scope for work in future. Some other topics related to the ones presented in

this thesis that needs to be addressed in future are the following:

v Development of a mathematical model for simulating the solute-transport mech-
anism through LM, including process chemistry, speciation dynamics and metal

recovery etc. would be an useful exercise.

v' FS-SLM study was carried out with binary pollutant (i.e. Ni(II) and Zn(II))
condition. The work can be extended using more than two pollutants and using
multiple carriers with their synergistic effect on the transportation efficiency can

be evaluated.

v" The FS-SLM configuration, used in the present work, yielded promising results
for separation of heavy metals. Therefore, similar studies using other configu-
rations such as hollow fiber SLM, spiral wound SLM and series of two or more

SLMs can be carried out.

v Detailed stability criteria of SLMs may be studied.
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154 Chapter 6. Conclusion and future scope

v' In the present work, chromium-iron oxide nanoparticle was synthesized as a
recovery of metal towards value added product. The same technique can be

used for other metals also.

v" In the present research work, electroplating was done only for Ni(II) and Zn(II).
However, the same electroplating technique can be used for separation of other

metals also.

v' All the experiments in this research work were carried out in batch and fed-

batch mode. The efficacy of a continuous mode SLM can be studied in future.
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Appendix A

Analysis of concentration of
Cr(VI), Ni(Il) and Zn(II) using
Atomic Absorption Spectrometer

(AAS)

A.1 Working principle of AAS

The principle of AAS is based on Beer-Lamberts law. The electrons of the atoms of
an element can be exited to higher orbitals by absorbing light of a given wavelength.
This amount of energy (or wavelength) is specific to a particular electron transition
in a particular element. As the quantity of energy put into the flame is known, and
the quantity remaining at the other side (at the detector) can be measured, it is
possible, from Beer-Lambert law, to calculate how many of these transitions took
place [1].

To analyze a sample in AAS, the sample solution is atomized and transforming the
metals present in the sample to unexcited ground state atoms, which absorbs light

at specific wavelengths. A light beam from a hollow cathode lamp whose cathode
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186 Appendiz A. Atomic Absorption Spectrometer (AAS)

is made of the element to be detected is passed through these atoms. Radiation is
absorbed, transforming the ground state atoms to an excited state. The amount
of radiation absorbed depends on the amount of the sample element present [2].
Working principle of AAS can be represented by a block diagram as shown in Figure
Al

[ Focusing lenses ]

< N

Radiation
source

[Monochromatorb[ Detector ]

[ Amplifier
Signal
processor

Figure A.1: Schematic diagram showing the working principle of AAS

A.2 Procedure for analysis of Cr(VI), Ni(II) and
Zn(I1) by AAS

Analysis of Cr(VI), Ni(II) and Zn(II) by AAS is done using flame atomic absorption

mode. The following step by step procedures were followed for its analysis [3]:

A.2.1 Preparation of the sample

The collected samples from experimental runs were directly used for measurement of

concentration in AAS without any further processing.
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A.2.2 Preparation of standards

Standards were prepared freshly every time an analysis was made. A stock solution of
100 mg L=t of Cr(VI), Ni(II) and Zn(II) were first prepared from the traceCERT®
standard stock solution (1000 mg L~'). To prepare this, 100 ul of traceCERT®
standard stock solution was taken in a 100 ml volumetric flux and then diluted to
100 ml adding Milli-Q® deionized water. The standards of Cr(VI), Ni(II) and Zn(II)
were then prepared from this stock solution by adding required amount of stock
solution (i.e. Cr(VI) or Ni(II) or Zn(I1)) in Milli-Q® deionized water.

A calibration curve was first prepared by injecting the standard samples (as prepared
above) into the AAS. The standard samples of heavy metals (i.e. Cr(VI) or Ni(II)
or Zn(II)) are evaporated by the desolvation process using flame atomiser where the
solvent is completely evaporated. To attain the atomisation of samples, fuel and
oxidants are used, for example, acetylene and air which produces at 2200-2300 °C.
The concentration of Cr(VI), Ni(II) and Zn(II) were detected at 357.9 nm, 232 nm
and 213.9 nm respectively. Unknown samples were injected after the calibration was
over. The calibration curve was prepared each time an analysis was made from the
fresh standards. The accuracy of the instrument is 0.1-0.8% in terms of RSD in mg

L~ level [3].
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Appendix B

Composition of sunflower oil

Sunflower oil mainly contain high polyunsaturated fatty acid [1]. The typical fatty

acid contents of sunflower oil is given in Table B.1 [2, 3].

Table B.1: Composition of fatty acids in sunflower oil.

Name of components Quantity (%)
Palmitic acid (C16:0) 5.94
Palmitoleic acid (C16:1n7) 0.95
Stearic acid (C18:0) 2.53
Oleic acid (C18:1n9c¢) 68.88
Linoleic acid (C18:2n6) 21.58
Linolenic acid (C24:0) 0.31
Arachidic (C20:0) 0.28
Eicosenoic acid (C22:1n9) 0.23
Behenic acid (C24:0) 0.49

*[0- saturated, 1- mono saturated, 2- poly saturated, n6- Omega-6, n'7-

Omega-7 and n9- Omega-9]
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Appendix C

Leakage test for BLM set-up

The BLM cell as described in Chapter-1I was tested for leakage in the following

manner.

v" One compartment of the cell was filled with clear water and the other with a

colored (crystal violet) solution.

v' Both the aqueous phases were stirred continuously for 24 hours at a stirring

speed of 500 rpm.

v" The intensity of color in the aqueous phases was then measured with UV-vis

spectrophotometer at a wave length of 584 nm.

The results of the leakage test are furnished in the Table C.1 below:

Table C.1: Result of leakage test of BLM set-up

Time (h) Absorbance of clear ~ Absorbance of colored
water water
0 0 0.0147
24 0 0.0145
191
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Appendix D

Response surface methodology

(RSM)

Response surface methodology (RSM) is a design of experiment (DOE) based method.
RSM is an useful tool for developing, improving, and optimizing processes using sta-
tistical and mathematical techniques. The objective of RSM is to optimize response
(or output variable) which influence by several independent variable (or input vari-
ables). RSM is based on fitting the mathematical models (linear, square polynomial
functions and others) to the experimental results from the designed set of experi-
ments and verification of the model obtained by the statistical techniques. The main
objective of RSM is to obtain the optimum operational conditions for the system
or to acquire a region that satisfies the operating specifications. The response can
be represented graphically, either in the three-dimensional space or as contour plots
that help visualize the shape of the response surface. The general approach of RSM
for process optimization includes: conducting screening experiments; moving the ex-
perimental region near the optimal point [1, 2]. The simulation and optimization of
physico-chemical processes using RSM consists of various steps which illustrated in

the flow chart shown in Figure D.1.
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Figure D.1: The procedure of the model development with RSM
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