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Abstract

In this research, a thorough study on ligquid membrane based separation of arsenic has
been conducted and a hybrid SLM-electrocoagulation technigque has been developed
for the removal of arsenic from water using environmentally and physiologically benign
solvent, viz. sesame oil. The application of sesame oil for removal of arsenic is itself a

novel approach as it is being reported for the first time in seientific community.

In this work, the liguid membrane is composed of a pseado-binary mixture of sesame oil
and Aliquat® 336 as they are procedurally identified as best solvent-extractant combo.
A thorough study on the properties of the said pseudo-binary mixture has been con-
ducted to understand their molecular interactions and transporl properties by deter-
mining the surface tension (at 25°C ), density and viscosity over a temperature range of
25°C - 60°C under atmospheric pressure. The experimental data have been fitted into
various equations and empirieal relations to understand the trend of the data, An ob-
served negative trend in most cases indicates that the components of the mixtures form
a strong bond which is difficult to dissociate. In addition, a new relation is established
between density, surface tension, viseosity and intermolecolar free length that is linear in
nature: This pseudo-binary mixture fits well into this relation with R? value in the range
of 0.9709 and the slope is pegative, which is in corroboration with the findings obtained
from the spectroscopic, thermedynamic and ultrasonic properties of the pseado-binary

mixture.

As arsenic mostly oceurs in inorganic exyanions of trivalent arsenite, Ast), and/or
pentavalent arsenate, AstY); two-phase equilibrium study has been conducted for the
extraction of As!'"™, As™and combined As!"™-As{V)in ratios of (1:1), (1:2), and (2:1).
From the distribution coefficient data, it is concluded that all the species of arsenie
form complex with Aliquat® 336 in the stoichiometric ratio of 1:1. The extraction equi-
librium constant reveals As'YMo be most favourable for extraction into organic phase.
The statistical and machine learned modelling approach are implemented in predicting
the optimum process condition that would epsure highest yield in terms of optimum
extraction%. The experimentally observed oplimum extraction efficiency of the process
is compared with the statistical model and machine learned model. Genetic Algorithm

based optimization tool with Artificial Neural Network (ANN) is useful for this purpose.
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Three-phase flat-sheet, supported liquid membrane (FSSLM) based separation technique
have been applied for simultaneous separation and recovery of individual arsenic species
and combined arsenic species of Asand AstYin three different ratios of (1:1), (1:2)
and (2:1). The parameters studied in this work include concentration of receiving phase,
extractant concentration, pH of receiving phase and stirring spead. The experimentally
observed optimum extraction and recovery efficiency of the process are compared with
the statistical and machine learned models. ANN and Genetic Algorithm are applied
here as well. The mathematical modelling further provides insight into the transport
mechanism of arsenic through the phases, Formation of ditferent complexes between ar-
senic and Aliquat® 336 have been detected from this study. The extraction equilibrium
constant and the permeability coeflicients imply that the transport efficiency of As(Mis
better than that of As™), The error percentage of statistical approach is in the range
of 0.45 to 247 and ML based analysis is in the range of 0.21 to 11.9 for extraction and

recovery of all the arsenic species,

In the hybrid SLM-electrocoagulation setup, a pair of iron and graphite electrodes have
been augmented within FSSLM setup where the electrodes are placed in the receiving
phase for electrocoagulation to veeur Lthat leads to the [ormation of iron-arsenic complex.
This technique has been employed for the first time in arsenic contaminated drinking
water. The removal mechanism of arsenic is two-fold with concentration gradient across
the interphases [ollowed by co-precipitation and adsorption by iron hydroxide /oxide
formed in the electrocoagulation process. It is revealed that pH of the feed and receiving
phases play significant roles in enhancing the removal efficiency of the eombined arsenic
species in an effort to reduce the arsenic concentration below 10 ppb in the treated water
as per WHO guidelines on drinking water. The iron-arsenic complex characterized by
SEM-EDX, TEM-EDX, FTIR and XRD indicated the formation of various phages of
iron hydroxide/oxide such as goethite, hematite, lepidocrocite and magnetite. Further,
the FTIR spectra stipulated the conversion of As!"to AstYdue to oxidation reactions

occurring during electrocoagulation process.

Nine adsorption sotherm models vie. Langmuir model, Freundlich model, Redlich-
Peterson model, Sips isotherm, Temkin model, Dubinin-Radushkevich isotherm, Jo-
vanovic model, Halsey isotherm and Harking-Jura model and six adsorption kinetic
models viz. pseudo first order, pseado second order, Elovich model, fractional power

function, intraparticle diffusion and liquid film diffusion model have been explored to
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understand the adsorption phenomenon in depth. Dubinin-Radushkevich model and
Freundlich isotherm model fits well with the adsorption data that supgests o heteroze-
neous and physieal adsorption process occurring in all {he combined ratios of arsenic
ions. The Temkin model fits well with the adsorption data of combined Ast™.AsMVhip
the ratio of (1:2) predicting that the binding energies decrease linearly with the surface
coverage due to indirect interactions between the adsorbate-adsorbent in the adsorption
process and the positive variation in adsorption energy points to an exothermic physical
adsorption process. However, the same isotherm model does not support either of the
arsenic adsorption data of AsU™E& AstVindicating that the adsorption is characterized
by a non-uniform distribution of binding energies. All the adsorption modelling has been
validated through statistical error analysis. On the other hand, peeudo firsl order model
is found to fit the kinetic data for all based on the statistical error analysis. The final
iron-arsenic precipitate is a saleable value-added product and has found its application

in construction material as well as an insecticide.

The hybrid SLM-electrocoagulation technigue has heen repeated on real groundwater
samples collected [rom various locations of the Indian states of Assam (above 100 ppb)
and West Bengal (below 100 ppb), viz. Jorhat, Mariani and Titabor in Assam; and [rom
Bardhaman and Baruipur in West Bengal. The said nine adsorption isotherm models
and six adsorption kinetics models were tested on them. Characterization of iron-arsenic
complex has also been carried out. Results have been discnssed.

All the experimentations in this research work have been conducted following response

surface methodology (RSM) using face-centred central composite design.
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Chapter 1

Introduction and Literature
Review

T]IIS chapter navigates the complexities of arsenic contamination, spanning from
its occurrence and conventional removal techniques to the innowative realm of Liguid
membrane-baged separation and a proposed hybrid technique. The integration of ex-
perimental design, statistical analysis, and machine learning underscores the research’s
contemporary significance. Readers are invited to explore the chapter's relevance, ob-
jectives, and the promise it holds for addressing environmental challenges, encapsulating
a compelling journey through arsenic removal methodologies and a forward-looking ap-

proach to sustainable solutions.

1.1  Occurrence of arsenic and its impacts
The occurrence of arsenic in various environments, both natural and buman-influenced,

can have significant impacts on human health and the ecosystem. Here are some key

points regarding the occurrence of arsenic:
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Geogenic sources: Arsenic occurs naturally in the Earth’s erust and is often associated
with rocks and sediments. It can be released into the environment through natural

processes such as weathering of rocks |1, 2]

Anthropogenic sources: Human activities contribute signilicantly to arsenic contam-
ination. Industries like mining, smelting plants, and the burning of fossil fuels
release arsenic into the air and water. Pesticide application, especially historical
practices, has led to the presence of arsenic in soil and water. The use of arsenic
in wood preservatives and other products has contributed to its dispersion in the

environment [3].

Occurrence in Various Deposits: Alluvial lacustrine deposits, voleanic deposits, geother-
mal sources, mining wastes, and landfills may contain elevated levels of arsenic

4, 5.

Association with Minerals: Arsenic is a constituent of over 300 minerals and is com-

maonly found in ores of metals such as copper, lead, zine, gold, and uranium [6).

The oceurrence of arsenic from beth natural and buman-induced sources poses signif-
icant challenges to environmental and human health, Arsenic has a history of use in
various produets including, medicines for treating ailments like uleers, tuberculosis, and
syphilis. Tt was also used in insecticides, fungicides, rodenticides, wood preservatives,
desiceants, glass, alloys, semiconductors, pigments, and pharmaceuticals [7]. Efforts to
mitigate arsenic contamination involve regulatory measures, remediation strategies, and
a shift away from the use of arsenic-containing products. However, due to extensive
research revealing its toxic impacts, recent investigations have prompted the discontin-
uation of manufacturing, production, or utilization of arsenic in any consumahble form,
marking & pivotal shift in mitigating its adverse effects on human health and the envi-
ronment. Arsenic is highly toxic to humans and animals, even in trace amounts. Chronic
exposure Lo arsenic is associated with various health issues, ineluding skin lesions, ean-
cers (skin, lung, bladder), cardiovascular diseases, and neurological effects. Due to its
health hazards, regulatory bodies in many countries have established limits for arsenic
levels in drinking water and food products, Furthermore, being a metalloid, arsenie
is challenging to eliminate completely, leading to efforts to transform it into inscluble

forms by combining it with metals such as iron as many impurities of lead, iron, and
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selenium are found to have traces of arsenie [7]. This process helps reduce the mobility

ol arsenic in the environment.

T'he natural contamination of arsenic in water especially groundwater is reported world-
wide with maximum reports from Asia and Europe along with Africa, and parts of
North America, South America and Australia [8]. The African nations are severely
allected by arsenic as both surface and groundwater are contaminated. The African
nations affected by arsenic are Botswana, Burkina Faso, Ethiopia, Ghana, Morocco,
Nigeria, South Africa, Tanzania, Togo, and, Zimbabwe [9]. In Australia, the source of
arsenic is reported to be pyrite sediments containing hydroxides and iron oxyhydroxides
and gold mines in parts of Victoria region and New South Wales [10-12]. Buropean
countries that reported high arsenic coneemtrations in gronndwater are Greece, Hun-
gary, Romania, Croatia, Serbia, Turkey, and Spain [13]. Recently a study by Zuzolo et
al. [14] reported arsenic contamination of groundwater sources in the central parts of
Italy. In parts of the USA, the main sources of arsenic contamination in groundwater
are geothermal fluids and voleanic activities [15]. In Mexico, groundwater is the main
source of drinking water. and high arsenic concentration is reported in proundwater in
different parts of Mexico [16, 17]. A new study by Alarcon-Herrera et al. [16] suggested
that 8.81 million people are now exposed to high arsenic groundwater. Similarly, regions
of Guatemala El Salvador also have high arsenic content that is volcanogenic [18, 19].
High concentrations of arsenie in the groundwater of Bolivia are due to the voleanic for-
mations in the Neogene period [20]. Similarly, the source of arsenic in the groundwaters
of the Argentinian Chaco-Pampean plain [21] are the tertiary acolian loess-type deposits
in the Pampean plain and fluvial sediments of tertiary and quaternary age maybe the

source [20)].

The developed nations including USA and Canada have lower levels of arsenic contam-
ination in groundwater compared to the Asian countries [22]. It has also been reported
that the arsenic pollution-prone zones are mostly located in the sedimentary basins
close to the modern mountain belts and deltaic areas [8]. Moreover, tropical climate
regions experience more arsenic contamination due to the climate thal aids the release
ol arsenic from arsenic compounds [23]. Asian countries mostly affected by groundwater
arsenic contamination include Afghanistan, Armenia, Azerbaijan, Bangladesh, Cambo-
dia, China, Georgia, India, Indonesia, Iran, Iraq, Japan, Jordan, Kazakhstan, Kyrgyes-

tan, Laos, Malaysia, Mongolia, Myanmar, Nepal, Pakistan, Philippines, Russia, Saudi
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Arabia, Sri Lanka, Thailand, Turkey, Turkmenistan, Uzbekistan, Vietnam, Tajikistan,
and Korea. The signilicantly arsenic-allected countries are India, Bangladesh, China,
Pakistan, and Vietnam [8]. The source of arsenic in these countries is Holocene allu-
vial sediments consisting of floodplain and deltaic sediments containing organic matter
with high alkalinity arsenic-rich sediments [8], whereas in Japan the source of arsenic is

voleanic sediments, Holocene coastal sands, and quaternary alluviom aquifer (24 26).

In India, a population of over 50 million people is reported Lo be at risk from ground-
water arsenic contamination. Currently, the river Ganga is reported to be one of the
world's most polluted rivers, containing a number of toxing, and toxic heavy metals
including arsenic, chromium, cadmium, lead, copper, and mercury, as well as pesticides
and pathogenic microbes [27]. Around 20 states including West Bengal, Jharkhand, Bi-
har, Uttar Pradesh, Assam, Gujarat, Haryana, Madhya Pradesh, Punjab, Arunachal
Pradesh, Karnataka, Tamil Nadu, Himachal Pradesh, Telangana, Andhra Pradesh,
Odisha, Nagaland, Tripura, Manipur, and Chhattisgarh are now affocted by arsenic con-
tamination [8]. A few of the union territories such as Delhi, Daman and Diu, Puducherry,
and Jammu and Kashmir are also reported to be affected by arsenic [8]. On the basis
ol the souree of arsenic, contaminated groundwater can be classified into alluvial terrain
and hard rock terrain. Alluvial aquifers are the primary source of arsenic consisting of
90% of the groundwaters in India oceurring in the states of Assam, Bihar, Jharkhand,
Manipur, Uttar Pradesh, and West Bengal. While hard rock aquifers consist of only
10% which includes the states of Karnataka and Chattisgarh. In Karnataka, arsenic is
found to be associated with sulfide mineralization, especially arsenopyrite and mainly
restricted to the gold mineralized areas covering parts of Raichur and Yadgir districts. In

Chattisgarh. it has been reported from the acid voleanie associated with Kotri lineament
[8].

Based on the chemical properties of water such as pH, redox potential, and presence of
other contaminants, arsenic can be found to be present in the organic and/or inorganic
form in water. In the environment, arsenic can oceur in different oxidation states (-111,
0, +1I1, and +V). In natural water or surface water, arsenic mostly occurs in inorganic
form as oxyanions of trivalent arsenite, ﬁm{””, or pentavalent arsenate, AsV) Biolog-
ical activity in surface waters significantly polluted by industrial wastes often leads to
the production of organic arsenic such as monomethylarsonous acid and dimethylarsi-

nous acid, AsU'", or monomethylarsonic acid, dimethylarsinic acid, and arsanilic acid,
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AstV)[21]. Trivalent arsenic has been reported to be more harmful and toxic than the
pentavalent form due to its reactivity with sulphur-containing compounds and penera-
tion of reactive oxygen species [28]. Inorganic forms of arsenic are found to be potent

toxins (7],

Diseases caused by arsenic poisoning have been reported worldwide with over 12% of
the population in Chile exhibiting dermatological manifestations due to consumption
of high arsenic-containing drinking water [20]. Exposure to arsenic via drinking water
{groundwater) has been reported to cause “blackfoot disease”™ in Taiwan [30]. The first
case of arsenic-induced skin lesions was reported at the Department of Dermatology,
School of Tropical Medicine, West Bengal, India in 1983 [31], as this place was suffering
from the problem of arsenic-contaminated groundwater for decades [32-34]. Other minor
incidents of arsenice posoning from groundwater have also been reported [rom Minnesota,
USA [35], Millard County, Utah [36, 37], Ontario, Canada [38], Nova Scotia, Canada
[39], New Zealand [10], and Nakajo, Japan [41]. 1t was observed and reported by Karim
[42] that there was a high concentration of arsenic in the urine, hair, and nails of the

affected people in different arsenic-contaminated water in Bangladesh.

The toxicological impact of arsenic can be broadly classified into acute and sub-acute
types. Acute arsenic poisoning might occur due to ingestion of contaminated food or
drink and requires prompt medical attention [13]. The early symptoms of acute arsenic
poisoning are burning and dryness of the mouth and throat, dysphasia, abnormal pain,
nausea, diarchen, and hematuria, Muscular cramps, [acial edema, cardiac abnormalities,
and shock can develop rapidly as a result of debydration [44]. The illness oceurring from
chronic arsenic exposure is known as “arsenicosis” and in 1996, it was first reported in
Bangladesh [45]. The four stages of arsenicosis, or chronic arsenic poisaning that have

been recognized are as follows: [46, 17]

Preclinical: The presence of arsenic in the body that can be detected in urine or body

fisse samples with no symptoms.

Clinical: Various effects on the skin such as darkening of the skin (melanosis) olten
observed on the palms. Even dark spots on the chest, back, limbs, or gums have
been reported to be observed in patients. Oedema (swelling of hands and feet) is
often seen. A more serious symptom is keratosis, or hardening of skin into nodules,

often on palms and soles as shown in Fig, 1.1. World Health Organization (WHO)
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Freuae 1L Images of patients’ palins and soles suffering from severe arsenic polsoning
[53, 5],

has estimated that 510 vears of exposure to arsenic may lead the affected person

to this stage.

Complications: Clinical symptoms become more prominent and internal organs are af-
fected including enlargement of the liver, kidneys, and spleen have been reported.
Some research indicates that the oceurrence of conjunctivitis, bronchitis, and dia-

betes may be linked to arsenic exposure at this stage.

Malignaney: Formation of tumours or cancer affecting the skin or other organs, and

may develop gangrene as well.

Arsenic poisoning has also been reported to affect children by eausing infant mortality,
impaired intellect, and motor dysfunction [18 52]. The toxicological effects of arsenic
have led to an exponential rise in scientific research for its removal in the past few

decades,

1.2 Conventional techniques for removal of arsenic

Over the wvears, arsenic removal techniques have been thoroughly explored, and the
prime factors for removal depended on the pH, redox state, cost, and availability. Some
ol the commonly used techniques include co-precipitation, oxidation, sorption and ion

exchange, electrochemical and membrane-hased.

The co-precipitation technique involves the addition of coagulants such as lerric chloride
and aluminium sulphate to form hydroxide complexes that Hoceulate as agplomerates

and adsorb arsenic especially As™Y). This leads to the formation of arsenic-based wet
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sludge that needs to be disposed off. Moreover, it requires the oxidation of As("ito
AsMag precipitated AsV has been reported to be more stable than As!"[55]. Further,
lime softening of water with calciwm carbonate, magnesium hydroxide, and or lerrie
hydroxide has been found fo remove arsenate through adsorption [56]. Palfy et al. [57]
investigated the treatment of arsenic with hydrogen peroxide, ealcium oxide, ferric sul-
phate, and Portland cement as precipitation agents for removal and waste neutralization
of arsenic, The addition of these chemicals increased the solubility of arsenic and from
the leachate analysis, it was found that lime precipitation in combination with cement
solidification provided a safe material. A combination of lime and ferric compounds used
in the treatment of arsenic via precipitation are also reported by Shi [58], Tahija and
Huang [59], Meng el al. [60] and Wang and Reardon [61]. Other precipitation agents
including lanthanum salt [62], Fenton's reagent [63], and bacterial strains [64] are also

available in the published literatures.

The oxidation method involves the nsage of oxidizing agents such as ozone, chlorine,
hydrogen peroxide, and permanganate Lo oxidize the Impurities along with arsenic to
form non-toxic compounds that are later removed through fltration. Ozone may readily
convert Ast™ iy AstYIbut it leads to the formation of additional disinfectant hyprod-
ucts [65]. Further, assimilable organic carbon (AOC), often formed along with other
disinfectant byproducts, may pass throngh membrane processes such as nanofiltration
due to its low molecular weight and small size [66 68]. Chlorine is a good oxidant for
f"'.s':"'}[ﬁ!]]. Hydrogen peroxide is another oxidant that is limited by reactions with cal-
cium hydroxide [70072]. Permanganate is another oxidant that has been reported to
work better than chlorine. However, this technique requires the addition of oxidants,
and after oxidation, these processes require the addition of salts such as ferric sulfate to
stabilize the arsenate complex generated [7]. Another alternative oxidation technique
for arsenic treatment explored by Garcia et al. [73] is a photochemical oxidation pro-
cess to convert As!Minto AstYalong with precipitation or filtration of AstV)adsorbed
on Fel™) gxides. This technique was further developed and tested by a Swiss Federal
Institute of Aquatic Science and Technology in a partnership project with Bangladesh
[74]. However, the underlying chemistry is found to be very complex, and the removal
efficiency is reported to be affected by the changes in the chemical matrix, or by changes

in the operative conditions.

Sorption and ion exchange technologies involve the use of activated alumina, iron-coated
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compounds, and ion exchange resins by passing the water through an in-line eolumn con-
Laining solid active media that removes arsenic by sorption. This solid media could be ac-
tivated alumina, granular activated earbon, pranular ferrie hydroxide, iron oxide-coated
sand, and iron filings or ion exchange resin. Though activated alumina is readily and
commercially available, it is reported to be less efficient and tends to generate arsenic-rich
wastes during backwashing for regeneration. Further, regeneration of activated alumina
requires the use of strong chemicals adding to the cost and toxicity. Moreover, the
presence of iron and manganese in water requires pretreatment. Iron-coated compounds
such as iron-coated sand are inexpensive and capable of removing both As0™Mand As(V),
However, it requires standardization and produees toxic by-produets. Similarly, fon ex-
change resing can be used for arsenic removal as they have high adsorption capacity,
independent of pH, and specilic arsenic removal resin is also available, However, ion
exchange resing are highly expensive and the presence of solphate and total dissolved
solids might interfere with the process [75]. Other major limitation of these processes
is the generation of both liquid and solid residuals through regeneration streams, spent
backwash, spent regenerant, spent rinse streams, and /or spent resins that are disposed

off in sanitary sewers, evaporation ponds/lagoons, and hazardous waste landfill [7].

(Mher affordable approaches employing electrochemical methods include electrocoagula-
tion. Kumar et al. [76] found that anodic oxidation and in-situ generation of adsorbents
{such as hydrous ferric oxides and hydroxides of aluminium) during electrolysis lead to
the removal of arsenic while working with iron, aluminium, and titanium anodes. A
review by Hansen et al. [77] elaborated on the available technologies for electrocoagu-
lation of arsemic from solution comparing continucus-flow reactors with turbulent How
and airlift reactors using sacrifieial anodes. It has been observed that increasing the
current density beyond a maximum value Jdid net improve the process [urther due o
the passivation of the anode. Further, few researchers have explored the electrochem-
ical reduction of inorganic As!™and As™in aqueous solutions to maximize the yield
of elemental arsenic at the cost of the highly toxic arsine gas [78-81]. T'wardowski [7]
reported a method for As!""'removal from mineral acids by electrochemical reduction
to arsenic. I'his was deposited on a three-dimensional earbon cathode, using a divided
cell and cathode potentials that prevented the further reduction of arsenic to arsine gas.
Bejan and Bunce [80] found that AsV)was inactive and could be removed via the elac-

trochemical method by prior chemical reduction to As!in the system using a carbon
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eathode and IrO,/Ti anode to study the electrochemical reduction of As(Mand As(™in

acidic and basic solutions.

Amongst the membrane-based methods, nanofiltration is one of the methods that can
be used to meet regulations for lowered arsenic concentrations in drinking water with
low pressure [82]. Waypa et al. [83] studied the removal of both AsVand As{'™from
synthetic [reshwater and from surface water sources using nanofiltration and reverse
osmogis over a range of operational conditions. Urase et al. [B4] further studied the
effect of pH on the rejection generated from these membrane processes. Vrijenhoek and
Waypa [85] investigated the behavior of the membrane and found that the separation of
arsenic species was due to @ combination of size exclusion, preferential passage of more
mobile ions, and charge exclusion. Saitida et al. [86] studied the impacts of operating
conditions in arsenic removal by nanofiltration and observed that the arsenic rejection
was independent of transmembrane pressure, crossflow velocity, and temperature. The
presence of other inorganic contaminants had an insignificant influence on arsenic rejee-
tion. Seidel et al. [87] used porous naneliltration membranes 1o study the dilference in
rejection between As™and AsU'. The rejection of As!/Mwas less than the rejection
of Asand the removal of AstVivaried between 60% and 90%. Oh et al. [88] studied
the feasihility of removing the arsenic by low-pressure nanofiltration that was applied in
rural areas with an electricity supply shortage using a manually operated bicyele pump.
Sato et al. [89] also explored the efficiency of nanofiltration for arsenic removal and
found that 95% of As'™and 75% of As"™eould be removed without any modifications

tor the source water chemical compositions and without any chemical additives.

Reverse osmosis membranes are another alternative for arsemic remnoval in water. Kang
e al. (9] studied the effect of pH on arseniec removal using reverse osmosis and con-
cluded that arsenic remowval is almest proportional to the removal efficiency of NaCl.
Further, the removal of As(Y)is much higher than As"Mgver the pH range of 3-10 and
the pH of the solution plays a significant role in arsenic removal, especially for Ast", In
a study conducted by Ning [91], the efficacy of arsenic removal through reverse osmosis
was examined. The results indicated highly effective removal of AstY). Additionally,
suceessful removal of As{Mwas observed at high pH levels with the application of anti-
scalants. Brandhuber and Amy [92] extensively studied arsenic removal from drinking
water using several membrane filtration methods via bench and pilot testing. 'They sum-

marized that reverse osmesis or nanofiltration membranes are capable of sustaining high
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rates of arsenie. Coagulation could be used as a pretreatment when membranes of rela-
tively large pore size such as microfillration or ultrafiliration are applied for substantial
arsenie removal. Moreover, preoxidation of As!™he As™) fullowed by nanofiltration may
increase the efficiency of arsenic removal. However, the limitations of using membranes
for arsenic removal are the cost-effectiveness of the treatment. Removal of a single con-
taminant such as arsenic makes it an expensive affair. The application of membrane
technology is justified when the removal of total dissolved solids is essential due to the
presence of contaminants such as sulphates, nitrates, carbonates, and requires treat-
ment. In addition, the discharge of the concentrate ean be a problem and the water loss

associated with the concentrate stream lead to membrane fouling and reduction in Hux.

On the other hand, liquid membrane-based separation processes (93| offer a compelling
alternative to their solid membrane counterparts, particularly in scenarios demanding
selective separation of solutes present in trace quantities within a solution. Unlike tradi-
tional solid membranes, liguid membranes demonstrate enhanced Hexdibility and adapt-
ability, enabling precise ¢ontrol over the separation process. Notably, the ability of
liquid membranes to selectively transport solutes uphill, even in the presence of minimal
concentrations, enhances their applicability for challenging separation tasks [9]. The
findings underscare the potential of liquid membrane-based approaches as a promising
avenue for advancing separation technologies, offering a versatile solution for scenarios

where stringent selectivity and uphill transport are imperative,

1.3 Liquid membrane-based separation technique

A membrane is a physical, semipermeable barrier that allows single or selected multiple
species to pass through between two phases. These barriers are usually inorganic solids
or polymers, used for the purification of gas, water, and particle filtration. However,
in a liguid membrane-hased system, a liguid barrier is used that is usually an organie
phase immiscible with water and separates the two aqueous phases. Two phase liguid-
liguid extraction based study forms the stepping stone towards liguid membrane hased
separation technique, that is often used because of its simplicity, low cost and selective
separation. Liguid-liquid extraction consists of two different immiscible liquids, usually
polar and non-polar salvent, for separation of compounds or metal complexes based

on the relative solubility. There is a transfer of the analytes from one liquid phase

TH-3557_156107008



Chapter 1: Introduction and Literature Heview 11

to another, usnally from agqueous to organie phase due to differences in their chemical
potentials. Liguid-liguid extraction {a.ka solvent extraction) is based on the ability
ol the target species to distribute itsell in dilferent ratios between the two immiscible
liguid phases. This distribution ratio is the ratio of the concentration of the solute in

the organic phase to the concentration of the solute in the agqueous phase,

The configuration of a typical liguid membrane-based system is a feed (or source) phase
containing the target component (or solute), an organic liquid phase (a.ka liquid mem-
brane) containing an complexing agent (a.k.a extractant) that selectively and temporar-
ily binds itself to the target element, and a stripping or sink phase (a.d.a. receiving
phase). Often, the hiquid membrane 15 an organic solvent dividing the two aqueous so-
lutions or vies versa. Based on the nature of the application, the source and receiving
phase may be aqueous with the organic phase in between like aqueons /organic /aqueons

or it can be an erganic,/aqueous/organic combination.

During diffusion, the target component 12 bound to the extractant, forms a complex,
and is transferred through the liquid membrane into the receiving phase where the
solute is released due to decoupling off the complex. 'Thus, the target element can be
extracted and recovered simultaneously in a single step. Since the process is based on
concentration difference it does not require pressure or voltage for separation. Hence
the liquid membrane-based separation techmique is an arrangement of two liquid-liquid
extraction units in series innovated for the separation of hydrocarbons [95], extraction
of copper [96] and removal of phenolie compounds and organie acids [97]. Another
ardvantage is that the diffusion coefficients of the solutes in liquids are larger in magnitude
than in solids. Separation based on liquid membrane has found its application in the

following:

e Separation of aromatic hydroearbons [98],
e Removal of heavy metals [99-102],
e Fxtraction of plant metabolites [94], and

e Separation of trace compounds such as amino acids [1003, 104].
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Traditionally the chemical solvents such as kerosene [105] and toluene [106] are used as
solvents which build the ramework of liquid membranes. However they introduce po-
tential risk of toxicity, rendering them unsuitable for various applications, particularly
in contexts such as drinking water purification. In contrast, natural solvents like veg-
etable oils exhibit o safer profile, making them more suitable alternatives in situations
where potential human exposure is a critical concern. Bhatluri et al. [107] studied the
liquid membrane-based simultaneous separation of cadminm and lead from wastewater
using coconut oil as solvent. Similarly, Chakrabarty et al. [108] worked on the sepa-
ration of mercury using coconut oil as the environmentally benign solvent . Secondary
metabolite of plant like catechin have been extracted from tea leaves by Manna et al.
[109] using sunflower oil as liquid membrane. Further, transport of textile dyes [110] and
phenolic wastewater treatment by extraction of phenols using sesame oil have also been
reported elsewhere [111]. Extractants (a.k.e carriers) are added to bind themselves to
the target component and inerease the efficiency of the liguid membrane in fransporting
the tarzet species from one phase to another, Several organic extractants have heen
reported to have the capability of removing arsenic from its solution. These include
acidic extractant such as bis(2,4,4-trimethylpentyl) dithiophosphinic acid (Cyanex 301)
(112], neutral extractants viz, trioctylphosphine oxide (Cyanex 923) [106] and tributyl
phosphate (TBP} [113], and basic extractants such as trioctylamine (TOA) [114] and
methylrioctylamonium chloride (Aliguat 336) [115 118].

1.3.1 Physical properties of liquid membrane

The measurement and analysis of volumetric (density) transport (viscosity) and ther-
modynamic properties (excess Gibbs® energy, change in enthalpy and entropy) of liguid
membrane or pgendo-binary mixtures of diluent and extractant helps in understanding
the intermolecular forces acting within them. This in turn throws light upon the bulk

behaviour of the mixtures.

Excess molar volume and viscosity deviation derived from density and viscosity data,
respectively provide an understanding of solute-solvent interaction and find extensive
application in solution theory and molecular dyoamics. Prior arts of density and vis-
cosity studies on pseudo-binary mixtures of a few extractants with conventional organic

solvents such as benzene, chlorobenzene, heptane, hexane have been found elsewhere
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(109, 111, 119 136]. Srirachat et.al. [119] studied the effects of polarity and tem-
perature on the pseudo-binary mixtures of D2ZEHPA and organic solvents. Similarly,
Koekemoer et.al. [120] determined the density and viscosity of psendo-binary mixture
of D2ZEHPA and aliphatic kerosene. Litaiem and Dhahbi [121, 122] studied the physico-
chemical properties of Aliquat 336 with formamide [121] and Aliquat 336 with dimethyl
carbonate [122]. The densities and viscosities of psendo-binary mixtures of TBP with
cyclohexane and n-heptane was studied over a temperature range of 15-35 °C by Fang
et.al.[123]. Similar research work on TBP was reported elsewhere [124 128]. Density,
viscosity, and excess molar volume of psendo-binary mixtures were extensively studied
by Oswal and Patel [129] (TOA with cyelohexane), Yamamoto et.al.[130] (TOA with
propionic acid) and Fang et.al. [131] (diluent TOA with n-heptane, n-octane, n-nonane,

and n-decane) who conducted the experiments at various temperatures.

In order to reduce the level of taxicity, these orpanic chemical solvents were replaced by
environmentally benign diluent such as vegetable oils in this study. Extensive research
has been carried out by Keshav et. al. [132] and Manna et.al. [109] using sunflower
oil as a diluent. Similarly, sesame oil mixed with TBP has been used by Kazemi et.al.
[111] as liguid membrane in wastewater treatment. Moreover, several research works
have been carried out on the properties of vegetable oils [133- 136]. However, studies on

the pseado-binary mixtures of vegetable il and these extractants are carely found.

Further, the surface tension is also an important physicochemical property that reveals
the information about the bulk behaviour of the mixtures and their surface structure
that might affect heat and mass transfer at the interface. It s the attractive foree that
acts upon the sarface layer by the molecules of o lguid to draw the surface molecules
towards the bulk of the liquid which leads to minimum surface area. Li et al. [137]
studied the variation of surface tension and deviation of exeess surface tension of pseudo-
binary mixtures of ionic liquids and TBP for the temperature range of 20-50"C under
atmospheric pressure. Khattab et.al. [138] studied the variation in density, viscosity,
surface tension and molar volume of mixture of water and propylene glycol within a

temperature range of 20-50°C under atmospheric pressure.

The ultrasonic velocity, isentropic compressibility, intermolecular free length and acous-
tic impedance are calculated from the experimental data of density, viscosity and surface

tension at 25°C. These derived parameters are correlated and thereby provide a better

TH-3557_156107008



Chapter 1: Introduction and Literature Heview 14

understanding of the intermolecular interactions in the pseudo-binary mixtures [139].
The ulirasonic velocity iz related (o the surface tension and density of the mixtures
(based on Auerbach’s relation[140]) and inversely proportional to the intermolecular
free length and isentropic compressibility. Isentropic compressibility is a density re-
sponse function which actually is the change in volume cansed by mechanical pressure
occurring at constant entropy. It is a measure of intermolecular interactions and de-
termines the orientation and structural arrangement of the liquid molecules. Molecules
are loosely packed, in liquid state, with intermolecular spaces between them. As the
name suggests, intermolecular free length is the distance between the surfaces of the
neighbouring molecules, Thus, it indicates the interaction between the extractant and
aolvent based on the distance between them due to which the structural arrangement
of the neighbouring molecules get transformed. Acoustic impedance is the obstruction
exerted by the mixture to the acoustic How through the particles caused by pressure
(acoustic) applied to it. It helps in determining acoustic transmission, reflection and

absorption of sound at the boundary of two different liguids in a2 mixtare:

1.3.2 Transport mechanism in liguid membrane

The mass transfer in the liguid membrane-based separation technique is based upon
the mechanism of solution-diffusion through the membrane. The transport mechanism
of arsenic ions from feed phase to receiving phase via membrane phase i3 shown in
Fig. 1.2. The different transport mechanisms based on the diffusional modes through
a liguid membrane are passive transport, facilitated transport (vide Fig. 1.2b), and
coupled transport (active transport). In passive transport, the solute simply
diffuses from the feed to reeciving phase along their concentration gradient, and the
rate of transport is limited by the equilibriom condition between the feed and strip
phase. It is preferred to use when only one species is soluble in the organic phase.
In facilitated transport, the target solute undergoes a reaction with the extractant to
form an extractant-solute complex that diffuses through the membrane. Although the
resistance Lo diffusion is greater for the complex, the phase equilibrium shifts forward
by several orders of magnitude that ultimately leads to an increase in overall mass flux.
However, there are some criteria to be fulfilled by this type of system i.e., the extractant
should only be miscible in the organic phase and not in the agueous phases and also,

the complex formation rate should not be too high, as backward extraction reaction

TH-3557_156107008



Chapter 1: Introduction and Literature Heview 15

(A} Ondinary diffusive transport of component, (1) Mechanism of carrier mediated (or facilitated)
As throngh LM transport in LM with mobile carrier

{2} Mechanism of carrier mediated transport in (0} Mechanism of coupled co-transpart of arsenic
LM with mobile carrier-oxidation and reduction in LM.

(1) Mechanism of coupled counter transport of
arsenie in LM,

Ficure 1.2: Schematic of transport mechanism - arsenic jons (As) coupled with ex-
tractants {K).

at the strip phase interface could become the rate-limiting step. In coupled transport,
the extractant couples the transport of two species through the liquid membrane. When
both the species undergo diffusion in the same direction from feed to receiving phase it is
coupled co-transport (vide Fig. 1.2d), whereas when they diffuse in opposite directions,
it is coupled counter-transport (vide Fig. 1.2e). The main advantage of this mode
of transport is that one species can diffuse against its concentration gradient {(uphill
transport ).

1.3.3 Types of liquid membrane

Based on the configuration, there are mainly three different types of liqnid membrane-
based separation processes, viz. bulk liquid membrane (BLM), supported (or immo-
bilized) liquid membrane (SLM), and emulsion liquid membrane (ELM) [141]. BLM
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comprises of feed and receiving aqueous phases divided by a barrier and a bulk organic
liguid phase on top of both the agueous phases or viee versa as shown in Fig. 1.3. BLMs
have a very simple design for carcying oul liquid membrane operations, but there are a
ferw limitations such as small membrane surface, and bulk amount of liguid membrane

required that limits its application at an industrial scale [142].

{A) Organic phase lighter than aqueous phase (8) Organic phase beavier than agueous
Pl

Freune 1.3: Schematic of Bulk Liguid Membraue (BLM) setup

As the name suggests SLMs contain solid support that might be porous, polymerie,
or ceramic in nature compriging the organic phase and dividing the feed phase and the
receiving phase aqueous solutions. The pores of the solid membrane are completely filled
with the organic phase by capillanity, making it a relatively stable and heterogeneous
solid-liquid membrane. This solid support makes the configuration very stable and highly
resistant to mechanical forces. The SLM system can be further classified into thin flat-
sheet supports(FS5SLM) as shown in Fig. 1.4a, hollow fibers {(HFSLM) as shown in Fig.
L.4b, and spiral wound modules depending on the type of solid support used for the
liquid membrane [143].
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Feed Flat sheet Receiving

phase F5-5LM phase

(A) flat-sheet SLM
Shell flow

(B} follow fibre SLM

Figure 1.4: Supported Liguid Membrane

The eonfiguration of ELMs is the feed phase or the source containing an internal receiving
anqueous phase coated by an outer layer of organic liquid membrane stabilized with
surfactants as shown in Fig. L5 These are dispersed as very small droplets having a
size of 1 —10pm. This water foil emulsion highly increases the surface area and improves

the transport rate of target species through the membrane [141].
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Ficure 1.5: Schematic of Emulsion Liguid Membrane (ELM) sctup.

1.3.4 Applications of liquid membrane

Any liguid membrane based separation fechnique is first initiated with a two-phase

separation fextraction procedure.

Numerous published works exist that detail the separation of diverse metallic and non-
metallic solutes, viz. arsenic [115), copper [144], cobalt, nickel, iron, cadmium, mercury
[145, 146] and biomolecules [147]. Similar liquid-liquid extraction-based studies for the
removal of arsenic have been carried out by multiple research groups to investigate the
behavior of both organie and inorganic arsenic from various systems [148, 149]; to under-
stand the removal of arsenic from sulphuric acid solution[15()] and for determination and
speciation analysis of inorganic arsenie[151]. SLM system for the removal of AsMand
AsMyas developed by Guell et al. [115], who used 0.1 M HCI solution as the receiving
phase, Aliquat 336 as the extractant and a mixture of dodecane/dodecanol at pH 13 as
the organic solvent. This SLM system was used to separate As™Mirom AsMand 44% re-

covery was obtained with real tap water due to the presence of other chemical compounds
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that could negatively influence the As!Y)recovery, This led to a comparison between two
membrane-based systems [152] using natural water and operating at neutral pH values.
The performance of two anion-exchange membranes (AIEMs) was compared to that of
the SLM previously described [152]. Moreover, a study on the As"ions transport un-
der the optimal operational conditions for As™M)at pH 7 was observed. The particular
SLM system developed with Aliquat 336 as extractant and NaCl solution as receiving
phase efficiently separated As™and AstY). AsMV)removal from sulfuric acid solutions
was studied using Cyanex 921 (trioctylphosphine oxide) and sodium sulfate as the ex-
tractant and the receiving phase and fat commercial polyvinylidene fluoride (PVDF)
membrane as support for the SLM system [105]. Through this SLM system, Perez et al.
[105] established the steps of transportation oceurring in SLM. Firstly, the metal ions
propagated from the feed to the non-stirred boundary layer of the membrane. Then, the
formation of the complex AsV) extractant took place at the feed solution-SLM inter-
face. The AsViCyanex 921 complex diffused through the SLM, AsMMwas stripped at
the SLM stripping solution interface, and, fnally, arsenic fons spread in the non-stirred
boundary layer at the strip membrane interface. The experimental system showed good
selectivity in arsenic removal, thus opening new prospects for wastewater purification
from As{Yions. Another arsenic-separating SLM system was studied by Tsai et al. [153]
to remove As0Mand Gall’) using ethylhexylphosphonic acid mono 2-ethylhexyl ester
and a hydrophobic polytetrafluoroethylene (PTFE) membrane as the solid support. In
the patent of Takigawa el al. [154] an SLM system was developed with a polybenzimi-
dazale membrane using extractant mixbure in its pores for the separation of hazardous
metal jons such as arsenic, cadmium, antimony, palladiom, ete. Thioxine was proposed

as a complexing agent for some of the preselected toxic chemical ions, including arsenic.

HIFSLM based studies have been done by Lothongkum et al. [116] for the removal of
arsenic and mercury from natural-gas-co-produced water from the Gulf of Thailand.
Toluene was used as the diluent and several extractant compounds were investigated
that include Aliquat 336, Cyanex 923, and Cyanex 471 (tri-isobutylphosphine sulphide).
The influence of sulpburic acid as a co-extractant on the coneentration in the feed solu-
tion as well as that of the receiving solution (NaOH, distilled water, HNOy, H:50,, and
thiourea) was also studied [116]. Pancharcen et al. [118] also worked on HFSLM based

treatment of arsenic ions from produced water. Similarly, Prapaswat et al.[106] studied
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the separation of Ast™and As™)based on mass transfer theory. In another work, Sang-
tumrong et al.[114] separated Hg'!) and As"Wions from chloride media with HFSLM
gystem by using tri-p-octylamine triocthyamine (TOA) dissolved in toluene as an ex-
tractant compound. NaOH was used in the stripping solution and HCL in the feed phase.
Commercial microporous polyvpropylene ibers were used a= support in the HFSLM sys
tem. "The fabrication of a microfluidic membrane extraction system incorporating hollow
fiber membranes for the continuous micro-scale extraction of arsenic was proposed by
Hylton et al.[155]. Polymethyl methacrylate (PMMA) was used as the material for
device assembly and commercial polypropylene was used as a solid membrane for the
hollow fiber. The selective organic liguid (dibutyl butylphosphonate (DBBP) /tributyl
phosphate (TBP) mixture} was fixed within the pores of the hydrophobie membrane
to form the liguid membrane. In this way, a cost-effective real-time monitoring device

conld be developed for arsenic detection in water using HESLM.

ELM studies have been conducted for the separation of As!™and AsMby Li et al.
[156] using a system formed by monosuecimide L113A, liquid paralfin, and kerosene as
surfactant, stabilizer, and solvent, respeetively. The external phase was HCI solution,
while the internal phase was KOH solution. This system promoted the permeation
of As™Dthrough the membrane into the internal phase by the AsCly formation [157],
where it was hydrolyzed to AsOg® . Around 95% of As!"was recovered at optimum
conditions. Similarly, Mousavi et al. [158] studied the extraction of As™Y)from water with
a lahoratory-scale ELM. The constituents of the experimentation included an aqueous
solution of sodium sulphate used as internal phase, Span 80 (gorbitan mono-oleate)
as emulsifier, 0.IM Cyanex 921 as carrier, paraffin as membrane solvent, and water
containing H ppm AsMand 1.5 M sulphuric acid at different concentrations as the
feed phasze. 1.5 M reagent concentrations were nsed ab a stirring speed of 500 rpm. This
resulted in extraction of about 40% of arsenic [158]. Kiani et al. [159] presented research
on the altrasound-assisted preparation of stable water in an oil emulsion. The influence
of different parameters, such as the surfactant type on droplet dimension, extraction
amount, emulsifier content, and sonication time, was investigated for the removal of
AsWoxide by oxidation of AsMoxide. Sulphuric acid was used as the feed phase,
with sodium sulphate as the internal phase reagent, Cyanex 921 as carrier, Span 80
(sorbitan mono-oletae) as lipophilic emulsifier, Tween 20 (polvoxyethylene (20) sorbitan

mondo-laurate) as hydrophilie surfactant, and ligquid paraflin as membrane solvent.
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1.4 Proposed hybrid technique for arsenic removal

Multi-component separation by supported liguid membrane (SLM) process is an added
advantage that led to extensive research work done by Chakrabarty et al. [160], Bhatluri
et al. [H07], and Mondal et al. [101] for simultaneous separation of mercury and ligno-
sulfonate, cadminm and lead, nickel and zine, respectively, Extraction of nickel through
SLM was also carried out by Sulaiman et al. [161, 162]. Further, the electrocoagulation
process is another efficient technique for the separation of heavy metals. This has been
theroughly researched for the removal of toxic metals/pollutants including arsenic from
water [163] and iron electrodes have been reported to give maximum efficiency in the re-
moval of As'"and As®V)through oxidation and adsorption [76]. Based on the literature
review, it has been found that the transport efficiency of As'"is low in comparison to
As™V by the FSSLM technigque: In a novel approach, as intended in this research, the
FSS5LM in combination with electrocoagulation provides selective uphill extraction and
recovery of low concentrations of arsenic ions by creating an ever-unsaturated condition
in the receiving phase. Removal efficiency is thus improved without the addition of any
chemical coagulant or adsorbent which makes it a simple cost effective process. The
additional advantage of the combinatorial nsage of two techniques is selective electro-
coagulation which would otherwise be impossible in electrocoagulation alone. Due to
the structural limitations, FSSLM is preferred over HFSLM while integrating it with
electrocoagulation. This research work incorporates the said combinatorial process for
removal of arsenic by hybrid proeess, viz. liquid membrane-based separation technique
coupled with electrocoagulation method. The oplimization of the parameters affecting
the removal efficiency of arsenic and different adsorption isotherm and kinetic models
are intended to be studied to understand the removal mechanism of arsenic by this tech-
nique. To the best of the authors’ knowledge, such a hybrid technique has not been

reported for the removal of arsenic jons from water.

After the recovery of arsenic as an arsenic-iron precipitate, it is inevitable to conscien-
tiousty dispose of this complex which i3 also sustainable, One of the disposal techniques
suggested by Mudgal was mixing with livestock waste such as cow dung [164). 'This lead
to the biological degradation of dissolved arsenic species into arsine gas, generating a
more toxic product through this process. Another disposal technique includes drying

the raw shudge followed by dumping it in small pits or sanitary landfills [165]. Both
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these disposal techniques are unsustainable as it leads to further contamination through
leaching or generation of even more toxic gases by biodegradation. A sustainable way
ol disposing of arsenic-based sludge is to stabilize and solidify it in a caleium silicate
hydrate matrix forming cement [166] or in Portland cement [167]. The arsenic ions are
adsorbed by caleium and silicon compounds leading to a homogeneous dispersion of As
ions in the formed matrix [166]. It has been reviewed that for the past few years, indus-
tries have been favoring the formation of insoluble iron-arsenic complexes and allowing
it to sediment at the bottom of residue ponds for arsenic disposal due to the complexes’
long-term stability in acidic pH and oxidizing conditions [168]. A preliminary literature
survey reveals that the arsenic-iron complex may be expected to precipitate once an iron
electrode is emploved. This eomplex has been reported to be a non-hazardous stable
compound with long-term stability due to the ability of iron oxyhydroxides to trap ar-
senic [169] for years over acidic conditions and oxidizing environment [55]. Tt finds its
application in construction materials [170]. This itself is a novel approach to gathering

this value-added by-product,

1.5 Arsenic-Infested Groundwater: Locations for Sample

Collection

It has been found that arsenic is naturally present in the groundwater of Indo-Ganga
plains and West Bengal lies in the lower part of the Ganga basin where 9 out of 18
districts have been reported to have arsenic concentrations above 50 ppb [171]. In 1983,
arsenic was lirst detected in Bardhaman, The blocks of Purbasthali, Kalna, and Katwa
in this distriet were identified to contain arsenic-contaminated groundwater. On further
investigation, it was found that high concentrations of arsenic were found in the villages
of Mandra, Srirampur, Chandpur of Purbasthali-1, Phaleva village of Purbasthali-IT,
Dainhat municipality of Katwa-1l and Atkatia mouza of Kalna-1L Tt was reported that
people residing in Purbasthali blocks were most affected by arsenic [172]. This block
contains 13 villages and all the villages were reported to be severely affected by arsenic.
As Purbasthali is surrounded by the Bhagirathi, Ajay, and Damodar rivers, its under-
ground water tables were reported to be contaminated with arsenic. This region was
found to be extremely rich in alluvial soil content and the depth of the contaminated

agquifers was in the range of 15-82 meters with thickness in the range of 40-6{ meters
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[173]. Hence this block is the focus of this study. The source of arsenic in this region is
geopenic and it was further established that this natural contaminant gels distributed
around the major flood plains as a result of the sedimentation processes [174]. The
awareness created by researchers and scientists lead to active water testing in this re-
gion for which most of the arsenic-contaminated tube wells and band pumps have been
marked and most of them are not in use anymore. Though Mandra village was severely
affected by arsenic [174], a groundwater sample was collected from Srirampur village as
arsenic-contaminated water is still available here even at a depth of 50 meters. This
particular source was not nsed for drinking purposes as the presence of arsenic in it was

known by the local users,

Anather worst arsenic-affected area to be reported in West Bengal is the Ramnagar
block of Baruipur in South 24 Paraganas district [175]. The arsenie origin was related
to the sediments deposited in the late Holocene that consisted of clay, peat, sand, and
gilt in this loeation. The clay and peat layer were reported to contain more arsenic
than the sand and silt layer. Further, the constituents of the sand laver were concluded
to be the canse of arsenic contamination of groundwater as its components included
conted iron oxy-hydroxides with residual magnetite, ilmenite, illite, chlorite, biotite,
and siderite, storing varied concentrations of arsenic in it [175]. The mobilization of
arsenic from these minerals into the aguifers was attributed to the microbial activity in
the sediments that changed the pH leading to redox reactions for which desorption of

arsenic from these minerals and contamination of groundwater ocourred [175).

Recently, Jorhat has been the focus of many researchers as it is an important academic
and business center for North East India with the presence of the oil and tea industry.
T'he rapid growth and development have transformed the region to contain a mix of
rural, semi-urban, and urban localities where the majority of the population depends
on groundwater for drinking and other domestic purposes [176]. A group of researchers
investigated the groundwater system of the entire Jorhat district to understand the geo-
chemical associations and measure the quantity of arsenic and Huoride in the svstem
[177]. The pH varied from 6-10 within the area studied by Saikia et al. [177] and the
groundwaler was reported to have high iron content with arsenic in the range of (0.5-162
pph [177]. Titabor and Majuli regions within the Jorhat district were said to contain
maximum arsenic concentrations [177]. The pH in the western part of Jorhat district was

reported to be in the range of 5.2-7.7 with high iron content and arsenic concentration
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varying from 4.7-70) ppb [176]. Further, a group of scientists led by Ghosh[178] explored
the presence of arsenic-resistant bacteria in contaminated sites of Northeast India that
lie in the Ganga-Brahmaputra-Meghna delta. This research work highlighted the role of
bacteria in arsenic mobilization through the scavenging of iron from siderophore. The
bacteria present in the sediments depend on iron and acquire it from a siderophore. This
leads to the release of arsenate as the iron gets dislodged from the mineral. The arsenate
gets converted to arsenite either through anaerobic respiration or aerobic detoxification
reactions by the resistant microbes. This leads to the dissemination of As!"™into the
groundwater [178]. This was later confirmed by Das et al. [179] to be the primary
cause that exacerbated arsenic contamination in the Titabor region of the Jorhat dis-
trict. The reported arsenic concentration range of 50-356 ppb found in the Titabor
subdivision is in accordance with this study. The common and primary mechanism for
arsenic mobilization is the reductive dissolution of iron oxides /hydroxides coupled with
microbial degradation of organic matter in the sediments. Often, anionic competition for
adsorption sites between phosphate and arsenate leads to the precipitation of minerals
with phosphorus (in the form of phosphate) and the enrichment of arsenic by dissolu-
tion in groundwater [180]. Various research works and studies conducted so far exhibit
the intertwined relationship of iron with arsenic which has been explored in the hybrid

technigue.

A part of this research work involves two case studies based on the application of the
hybrid technique for arsenic removal from groundwater samples. These samples were
collected from two states of India, namely, West Bengal and Assam, in order to determine
the efficiency of this hybrid technique in arsenic removal from groundwater samples. A
thorough study by Nickson et al. [181] emphasized the spread of arsenic in several
districts of Assam including Barpeta, Bongaigaon, Cachar, Darrang, Dhemaji, Dhubri,
Goalpara, Golaghat, Hailalandi, Jorhat, Kamrup, Karimganj, Lakhimpur, Marigaon,
Nagaon, Nalbari, Sibsagar, and Sonitpur. The percentage of arsenic source > 50ug 1!
was reported to be 28% in Cachar and 23% in Jorhat [181]. It was later established by
Shah et al. [182] that the lowland valley areas covered with Holocene newer alluvinm
deposits were mostly affected by arsenic, Later, the arsenic contamination was further
confirmed in Barpeta, Dhemaji, Darrang, Karimganj, and Sonitpur [183]. The source
of arsenic established by researchers in these provinces were reduetive dissolution [184];

reducing conditions due to heavy sediment load and presence of organie matter[185];
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heavy deposition of sediments caused by surface erpsion of surrounding hills and ereating
aquilers [186]; transportation by the nearby river [187]; and natural deposits in the earth

along with industrial and agricultural pollution [188].

1.6 Application of experimental design

The COST approach often overlooks parameter interactions, reducing optimization
chances. Experimental design involves randomly varying parameters, predicting inter-
actions among variables for a cost-effective approach. This method facilitates variable
modification, enabling canse-and-effect relationship identification, serving as a basis for
developing new research objectives. The main concepts for developing an experimental

design include:

Blocking: Process of restricting random trials by performing experiments with one
setting of the factor and then all the experiments with the other setting.

Randomization: The order of the experiments to be performed to eliminate unknown

elfects or uneontrolled variables.

Replication: The repetition of the experiments to be able to reproduce precise results

and overcome biases/errors.

Hence the Design of Experiment (DOE) is a tool for planning, conducting, and analy:-
ing controlled tests to evaluate the effects of multiple input factors on parameters. [t
efficiently identifies interactions compared to the one factor at a time (OFAT) approach.

DOE is performed through the following steps:

s Screening a design to narrow the field of variables under assessment by acquiring
an understanding of the inputs and outputs being investigated through process

flowehart.

¢ Developing a design to study the response of a combination of factors and lactor
levels to determine the appropriate measure for the output and identify a region

of values where the proeess is close to optimization.
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¢ Creating a design matrix for the factors being investigated to generate a model
for the responses that would contain all the possible combinations of high and low

levels [or each input [actor for Lhe corresponding responses.
o Fnsuring the stabilily and repeatability of the whole system.
DOE can be applied when more than one input factor is found to influence output(s).

It ean also be used to fipure input{s) /output({s) relationships and develop a predictive

equation for further analysis.

By employing the design of experiments;

[dentification of the key factors in a process is possible.

Fxploration of settings that would ensure acceptable performance for the process

can be conducted.

Investigation into the key, main, and interaction effects in the process is facilitated.

[dentification of settings that result in reduced variation in the output becomes

achievahle,

DOE can be classified into four main types:

e Factorial designs are the preliminary designs often used to identify the important
factors for a process /experiment by screening for the important factors, and/or by
characterizing how the known factors interact and affect the process. There are
full factorial and fractional Factorial designs with different resolutions including
Plackett-Burman and Taguchi desigons, These designs are often used as a starting

point for more complex response surface modeling.

e Response surfaces are randomized designs classified into central composite design,
Box-Behnken design, one-factor, and miscellaneous is a eollection of designs in-

cluding 3-level factorial, hybrid, pentagonal, and hexagonal designs,

o Mixture designs are when there are variations in the relative proportions of com-
ponents in the experiment affecting the response of the system. This design is

classified into lattice, centroid, sereening, and optimal designs.
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¢ Custom designs are created according to the requirements of the experiments es-

pecially when the standard designs cannot be accommodated Lo the experimental

data. The dilferent types of this design include optimal, user-defined, historical,

and simple sample.

Full factorial designs encompass all main and interaction effects, while {ractional factorial

designs reduce sample size, compromising statistical analysis. Plackett-Burman designs

lack variable interactions, Taguchi designs offer Hexibility with simpler structures, and

Box-Behnken designs predict with precision at the center of the factor space.

Tapre 1.1: List of few DOE applications related to amsenic removal and liguid membrase from
the literature review

Authors (year) DOE applied Research work Rel.

Bayuo et al.(2023) RSM-CCD As(lIl} removal using acti- [189]
vated carbon from maize plant

Zialame et al. (2023) RSM-CCD As(III} removal using nano-  [190]
magnetic compound

A.Theam & 8. Bun RSM-CCD As(TIT) removal in airlift. reac-  [191]

(2023) tor with Fe*?

Irshad et al. (2023) RSM-CCD As removal by Bacillus XZM  [192]
Composite

Meoghanjooghi et al. RSM-CCD Arsenic Removal by CTAB- [193)]

(2023) modified Zeolite

Lie et al. (2023) Box-Behnken As(V) removal by Ti electro- [194]
coazulation

S.K.Mondal & P. Saha RSM-CCD Separation of Cr'® using lig-  [100]

(2018) uid membrane

Mondal et al.(2019) RSM-CCD SLM based separation and re-  [101]
covery of Ni & Zn

Traiwongsa et RSM-CCD Hg ions separation by non- [195]

al.(2023) toxic organic liquid membrane

Part of this work RSM-CCD Hybrid technigque for removal [196]

(2023) of As(111) & As(V)

One-factor response surface designs focus on a single continuous factor. Miscellaneous

response surface designs are discouraged due to limitations. Mixture designs analyze
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component proportions, and screening/optimal designs are for formulation work. Cus-
tom designs suit higher-order models, spreading replication throughout. When standarnd
desipns vield excessive runs, custom desipns are preferred for existing dala analysis.
Central Composite Design (CCD) of Response Surface Methodology, also known as the
Box-Wilson design, is chosen for this study due to its advantages over other designs.
Based on factorial designs with center and axial points, CCD fits quadratic models,
offering 3-5 levels for each factor. Face-centered CCD, with 3 levels for each factor,
employs a systematic approach to generate an empirieal model, predicting the interae-
tion effects of independent variables, The number of levels is a crucial eriterion, and
face-centered CCD is selected for its elficiency. This cost-effective, high-resclution, sat-
urated design provides valuable insights into variable roles, optimizing experiments for
comprehensive understanding and effective parameter estimation [197]. Tablel.1 enlists

the applications of DO from the literature review.

1.7 Significance of statistical analysis and machine learn-

ing based approach

Statistical analysis helps to understand the trend and pattern of the data obtained from
the experiments by adding meaning and justification to the research work. It is an es-
sential tool for scientific research that is nsed for planning, designing, collecting data,
analysing, interpreting, and reporting research findings with experimental biases and
errors, It provides an ebjective approach to relate the independent variable(s) to the
dependent variahle(s) through cause-ellect relationships. Statisties help one Lo make
sense of and gather large amounts of information by identifying patterns and trends in
data, This further aids in making predictions and informed decisions related to exper-
iments. However, statistical analysis can be complex and difficult to understand, and
even skewed to support a particular viewpoint or agenda. Maoreover, it can provide an
inference regarding a particular situation or phenomenon, and may not be representative
of the larger picture, leading to an illusion of precision and accuracy, even when the data

is uncertain or inconclusive.

The statistical approach can be broadly classified into three categories: deseriptive, cor-

relational, and inferential analyses. Descriptive statistical analysis mainly quantifies and
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characterizes the unknown data at the very beginning of an analysis by measuring cen-
tral tendency and variability. Measures of central tendency include the mean, median,
and mode that hipghlight the performance level of a group of scores, and measures of
variahility including the range, variance, and standard deviation summarize the spread
of seores among participants. Through measures of central tendency, information on the
level of performance is obtained, while measures of variability disclose the consistency of
that performance. Correlational analysis expresses the extent of the relationship between
the input and output variables without establishing about canse and effect. Pearson or
Spearman’s coefficient is used to quantify the strength of the relationship with statis-
tical significance. Correlational analysis mostly predicts a linear relationship between
the process parameters and the response. In addition, it cannol be accurately applied
to prediet curvilinear relationships. So inferential statistical analysis is incorporated to
make predictions and draw conclusions based on the deseriptive summeary and correla-
tion between the data obtained from the analyses. This analysis can be classified into
hypothesis testing through Z-test, t-test, F-test, Mann-Whitney test, and analysis of
variance (ANOVA) test and regression analysis including linear regression, nominal re-
gression, logistic, and ordinal regression. 'T'he standard fHlowchart for statistical analysis
is illustrated in Fig. 1.6.

A few of the recent works related to amsenic removal incorporating statistical analysis
are mentioned here. Statistical analysis has been performed by a group of researchers
to explore the impact of different modified biochars on the rice and paddy soil con-
taining arsenic, cadmium, and lead [198], Normality and homogeneity of the data were
first checked, followed by a one-way analysis of variance along with Tukey's multiple
comparison test. Further, correlational analysis was carried out with redundancy anal-
yais, In addition, principal component analysis was done to determine the statistical
correlations between the parameters studied [198]. A group of scientists implemented
statistical analysis to study the removal of arsenie from water by adsorption using iron-
coated adsorbents. These adsorbents were produced by the hydrothermal carboniza-
tion of olive pomace. The optimization of the process parameters for better efficiency
was performed through statistical analysis that included the Shapiro-Wilk test to check
normality, Levene's test to check the homogeneity of variances, one-way and two-way
analysis of variance followed by Tukey post hoc test [199]. Moreover, rice bran composi-

tion and its nutritional aspects were explored Lo remove arsenic contend by percolating
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cooking water through statistical analysis [200]. The median and range of the data were
determined with analysis of variance and Tukey's test of the studied variables. Through
the mean and the standard deviation data, the limit of detection was also established
[200]. Various kinds of research work have been carried out following the same protocol
ol standard statistical analysis. Another research work includes the evaluation of ar-
senic removal plants placed in parts of West Bengal [201]. Simple analysis of variance,
paired t-test and independent t-test have been performed in this work to investigate the

efficiency of the arsenic removal plants [201].

Machine learning (ML), on the other hand, is an approach for analysing data that au-

tomates the construction of analytical models. As a subset of artificial intelligence, it
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asserts that models have the eapability to self-learn from data with minimal human
intervention. In case of data analysis, it is possible (o employ machine learning tech-
nigues Lo the experimental results and obtain a black-box model Lhal maps independent
variables to the dependent variable(s). The significance of such a model is the fact that
the machine-learned model is an ever-evolving model which can take a new set of ex
perimental results at a future time and capture the alterations in the process behavior,
if any. The machine learning approach employs a set of computational tools that can

recognize the pattern of a process given a particular dataset.

Artificial Neural Network (ANN) is one such tool that can map a relationship between
inputs and outputs of a process and then use it to anticipate the process behaviour[202].
ANN comprises of input, hidden, and output layers as shown in Fig. 1.7. These layers are
interconnected to each other by functions ¢(-) that mimic neurons. Each neuron consists
of an activation function [202] followed by a summing junction. The inputs u;, assigned
weight wy, and biag b; are combined into an arpument that is fed into the activation
function. There are various options for activation functions, and the best fitting funetion
depends upon the type of dataset which needs to be detected through trials. These
nenrons act on the data and extract useful information from the dataset [202, 203].

A mean squared error (MSE) function yields the error between the experimental and
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predicted values and helps to predict the accuracy of the model,

E:n=:l E}L: {yﬂ“- = yP"i}
T

MSE - (1.1)

where m is the number of input datasets, n is the number of oulpul nodes, vy is the
value of the output with subscripis e and p referring to experimental and predicted
respectively. The number of nodes in the hidden layer is optimized to minimize the

MSE.

Further, different techniques are available for nonlinear optimization, such as Nelder-
Mead simplex Method, Trust-Region method, interior search Method, and genetic algo-
rithm ((GA) method[2(04]. Since ANN is not necessarily a differentiable funetion and it
can predict the value of the objective function in-a constrained region, the GA fulfills

both requirements as it is a non-derivative constrained optimization technique.

A genetic algorithm (GA) is based on the natural selection theory of biological evaluation
[203]. In GA, a problem is initiated with a given population group, which evaluates
based on the fitness function towards the optimum solution. GA-based optimization
involves several steps such as selection (selecting the number of individuals based on
fitness function from population to breed the new population), crossover (generating
the new data point by combining the information of two data points from selected
data), and mutation (random change in the information of & new data point similar to
the mutation in the biological world). As the simulation proceeds, the GA converges in
the more suitable population (set of data points) and eventually leads to the optimum

solution based on the fitness functions.

The convenience of reviewing large volumes of data and discovering specific trends and
patterns is one of the advantages of wide applications of ML-based analysis. In addition,
ML-based algorithms are good at managing multi-dimensional and multi-variety data in
a dynamic environment. As ML alporithms gain experience, il improves their accuracy
and efliciency. This leads {o better prediclions and optimization of the model with the
increase in the volume of the data. Tlowever, the limitations of the ML-based approach
include huge data acquisition as massive data sets are required to train and test models,
which should be unbiased and of good quality. Another major challenge is the selection
of necessary algorithms for the specific study and the ability to precisely interpret the

results generated by the algorithms. Farther, ML is highly susceptible to errors if small
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data sets are used for training a model. As this would lead to biased predictions coming

from & biased training set which might be difficult to detect.

A few of the recent arsenic removal research work implementing machine learning are
stated here, As'Y)removal efficiency from wastewater using various metal-organic frame-
works (MOFs) were predicted through Light Gradient Boosting Machine Learning, Ex-
treme Gradient Boosting, Gradient Boosting Decision Tree, and Random Forest ap-
proaches [205]. A group of scientists developed an ANN maodel to predict the efficiency
of arsenic removal by different adsorbents [206]. A few statistical evaluation metrics such
A8 Mean sgquare error, roof-mean-square error, Pearson’s correlation coefficient, and de-
termination coefficient were used to identify the best-performing model [206]. The level
of arsenic contamination in the groundwaters of Jharkhand, India was assessed using
various machine learning models including decision trees, random forests, multilayer
perceptrons, and Naive Bayes algorithms [207]. Further, the Pearson correlation was
applied to find a relationship between arsenic occurrence and considered parameters
[207]. Two advanced machine learning algorithms (boosted regression trees and random
forests) were implemented to understand the factors influencing surface water vulnera-
bility towards arsenic pollution by Mohammadi et al. [208]. In another research work
based on As removal by Roy et al. [209], an ANN maodel developed from batch experi-
mental data sets provided reasonable predictive performance of arsemic adsorption. The
model with high aceuracy had an ANN architecture consisting of 7-3-2 neurons in the
input, hidden, and output layers including the bias in the first two layers [209].

Statistical analysis and ML-based approaches are both data-dependent methods but

there are o few fundamental differences between the two.

o Statistical analysis has more of a numerical approach based on mathematical and
statistical information. whereas, ML is mostly antomated through algorithms that
self-comprehend and train itself using the provided data without much human

intervention.

e Statistical analysis is primarily based on the concepts of probahbility and derivatives
while ML is involved with the concepts of penetic algorithms and artificial neoral

networks.

TH-3557_156107008



Chapter 1: Introduction and Literature Heview 34

¢ Statistical analysis is divided into deseriptive, correlational, and inferential analy-

ses. ML is classified iolo supervised, unsupervised, and reinforeement learning,

e Statistical analysis is mainly used to find the distribution pattern, characterize
the data, investigate the correlation between variables, and explore the cause-
and-effect relationship between them. However, the ML-based approach primarily

focuses on prediction by generating a model from trained and tested datasets.

e The different approaches of statistical analysis lunction on the basis of assump-
tions related to the data including normality, homogeneity, homoscedasticity, mul-
ticollinearity, ete, but, ML-based approaches are not dependent on any such as-

sumptions.

Combining both approaches for data analysis helps to overcome the limitations of indi-
vidual statistical and machine learning-based approaches and these analyses have heen

performed in this research work.

1.8 Relevance and objective of the thesis work

Though there are several traditional methods for the removal of arsenic from water, there
are some limitations in each method. In recent times, the membrane-based process has
become an efficient method to concentrate or remove pollutants from the source. The
solid membrane-based methods have certain disadvantages such as membrane fouling
leading Lo low Hux rates and low selectivily. While liguid membrane-based technigue
being highly selective, provides a large surface area in small-sived equipment and re-
duces the separation time as extraction and recovery processes occur simultaneously.
Moreover, the diffusivity of solute in liquids is several orders of magnitude higher than
polymeric membranes which results in the requirement of less number of separation
stages, saving of reagents, and overall reduction of costs. Further, the use of extractants
increases the mass transfer rate leading to very high separation factors. Based on the

literature survey presented, the following unfullilled areas were ohserved.

¢ Fovironmentally benign solvent as the liquid membrane for the extraction and
recovery of arsenic is vet to be explored especially when the treated water may be

used for drinking purposes.
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¢ Recovery and reuse of arsenic removed from water is yet to be explored.

The main aim of this research is to study the application of a liquid membrane-based
separation technique for the removal of arsenic from water which could be achieved

through the following measurable ohjectives:

v Identification of environmentally benign solvent, extractant, and strippant for max-
imum extraction and recovery of AsM AstV) and combination of Ast"Wand
As™Vin various ratios (viz. 1:1, 1:2, and 2:1) by two-phase equilibrium and three-

phase FS5LM study.

v To study the volumetric, acoustie, thermodynamic and spectroscopic properties
of eombinations of identified solvent and extractant under regular experimental

conditions, i.e. within a temperature range of 25-60°C under atmospheric pressure.

v Study the effects of various parameters such as extfractant concentration, receiving
phase concentration, pH, temperature, and stirring speed on extraction and recov-
ery of arsenic in two-phase equilibriom and three-phase FSS5LM experimentation,
and analyze the results through statistical and ML-based approaches.

v" Development of a mathematical model for simulating the solute fransport mecha-
nism through the liquid membrane that can be used for performing initial caleu-

lations for any scalability measures.

v Development of a hybrid technique by integrating FSSLM with electrocoagulation
techniques to enhance the recovery efficiency of arsenie species and to gain insights
into the interactions cceurring among the arsenic species for complex formation

through adsorption isotherm and kinetics modelling,

¥ Clase studies with application of the proposed technigue on real groundwater sam-

ples from arsenic prone areas of eastern and north-eastern India,
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Chapter 2

Theoretical Background

TJIIR chapter elucidates the principle concepts of liguid membrane-based method-
ologies utilized for selectively transporting arsenic betweon phases. It emphasizes the
crucial role of equations governing the modelling of liquid membrane properties in com-
prehending and enhancing the separation process. The significance of understanding
the reaction mechanisms between arsenic and Aliquat 336, as well as arsenic and iron,
is underscored in the context of transport and separation mechanisms., Mathemati-
cal modelling in this chapter plays @ pivolal role in exploring arsenic transport and
permeation across phases; particularly in the context of two-phase equilibrium studies
and three-phase FSESLM studies. Equations that delineate mass transfer, diffusion, and
other pertinent parameters contribute to predicting and optimizing separation efficiency.
Furthermore, arsenic removal methodologies extend to FSS5LM-electrocoagulation based
hybrid technique, where mathematical models based on adsorption isotherms and kinet-
ics aid in comprehending the removal mechanism. These models facilitate predietions of
arsenic removal efficieney under various conditions and offer insights into the adsorption

behaviour and kinetics inherent in the process.

37
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2.1 Transport methodology

Arsenic present in the agueous feed phase binds to the extractant present in Lthe organic
phase to form a complex, which leads to the transport of arsenic ions rom the feed to
the organic phase. The extractants may be dissolved in any one of the environmentally
benign diluents, viz. vegetable oils such as coconut oil, mustard oil, sesame oil, soyabean
oil and sunflower oil, that has maximum extraction efficiency. Environmental benignity
is emphasized in order to reduce the toxicity of the organic phase. Various types of
extractants including acidic, basic and neutral have been studied to find the one that
shows better binding affinity with arsenic ions. These include acidic extractant such as
bis(2,4,4-trimethylpentyl) dithiophosphinic acid (Cyanex 301) [112], neutral extractants
viz, trioctylphosphine oxide (Cyanex 923) [106] and tributyl phosphate (TBP) [113],
and basie extractants such a8 trioctylamine (TOA) [114] and methyltrioetylamoninm
chloride (Aliquat 336) [115 118]. Di-{2-ethylhexyl) phosphoric acid (D2EHPA) is an
acidic organophosphoric extractant with a tendency to form dimers. This anionic ligand
finds its application in the extraction of divalent metals [210, 211], lanthanide[212] and
arsenic[213]. TBP is efficient in forming complex with arsenic ions, It has mostly been
applied for the extraction of rare earth elements|214], metals[215] including arsenic[155].
However, Aliquat 336 is preferred in this work for its ability to react with both dissociated

and undissociated arsenic ions present in the feed phase.

Fig.2.1 shows the extraction efficiency of the aforementioned diluents and extractants.
Mustard oil is highly viscous and showed poor extraction efficiency. Though eocomut
oil shows a pood extraction percentage for arsenic ions, it has not been used due to
its tendency to change its state with temperature. Sesame, soybean, and sunflower oils
were highly efficient in extracting arsenic ions. Sesame oil was observed to give the
maximum extraction of around 50% for the arsenic species. So, sesame oil was selected
for further studies as it was found to be the most ellective environmentally benign diluent
for arsenic extraction. On the other hand, Aliquat 336 showed a maximum extraction
of approximately 80% for both the arsenic ions. Though TOA is a basic extractant, it
cannot bind with neutral arsenic species and requires protonation to be able to bind with
anions[114], TBP and D2ZEHPA have a tendency to form dimers and transform from o to
A multimers causing low extraction efficiency of arsenic species. However, I'BP showed

better extraction than D2EHPA owing to its small hydrocarbon chain in eomparison to
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Froves 2.1 Extraction efficiency of various components

the long-branched chain of D2ZEHPA molecule[216]. The plausible cause of arsenic ions
transport in the case of TOA, TBP, and DZEHFPA is due to the coneentration gradient
acrogs the two phases, Due to a strong intermolecular interaction between sesame oil and
Aliquat 336, the later is immobilized within the organic phase without being adversely

affected to perform its function as an extractant [216]. Hence an organic phase consisting
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of a mixture of sesame oil and Aliquat 336 performs best in extraction of arsenic from

agueons phase.

In three phase SLM, one of the aqueous phases is the feed phase acting as the source
of arsenic and the other agueous phase is the receiving (or recovery) phase. A solid
menibrane dipped in liguid organic phase is placed in between the two agqueous phases
viz, the feed phase and the recovery phase. The feed phase is the source of the arsenic
ions where interaction between arsenic ions and the extractanl leads to the extraction
of arsenic from the feed into the membrang phase. The receiving phase is the other
aqueons phase where re-extraction or recovery of arsenic takes place due to concentration

gradient.

In the novel SLM-electrocoagulation hybrid technique, electrocoagulation is conducted
using electrodes for simultaneous extraction and recovery ol arsenic as precipitates. The
electrocoagulation process in the receiving phase is carried ouf to remove arsenic ions us-
ing iron electrode as the sacrificial anode and graphite rod as the cathode. Iron has been
reported to be highly efficient in arsenic removal by forming iron-arsenic complexes[217].
The anodie iron plate diminishes as ferrous ions dissolve into the receiving phase fol-
lowed by the release of hydrogen gas at the cathode. The overall reactions in both the
phases is given in the Fig. 2.2. The SLM technique involves selective uphill extraction

E
Source Phase IMemorans Phase g: Receiving Phase
(agueous) {organic) + (=queous]
= E Anode Cathods
HzasO, L g
i T ¥ FeO{OH
Hzas0, = N | b ?_5 {OH) =
A nge =g =1
> 5 T 4
- +-1:
s y 393 gl +
X m @ = ey T4
X b B b B = -
%% T | il gz 3
AT E-Doaor EZTY .
% U oFF 4SS w
? = % 52‘: i E =) Ez 4
- sl 14
E = v E T B o
0 L3 == o m
TEZ+ 2 58%
A4 & & S3E
w4 3 ] ix -
A =R 4 b "r-'.:- Fe~ 4+ ZOH = Fe(OH);
LR gz RyN + +Z Fe© ¥ + ZH,0+0, - Fe(OH), +H,
= II;IEA":]:'E %;E* Fe{OH); + AsD,® — [Fe(OH): 4s0,% ]
“‘eg < i 5 g ZFe00H + H,As07 — (Fe0);HA=D, + H,D + OH™
Hast, == 3FeD0H + HAsD] ™ — (Fel) 4s0, + H,0 + Z0H-
=
TZ

Fioure 2.2: Reactions occurring in the hybrid process
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and recovery of low concentrations of arsenic ions, whereas electrocoagulation technique
creates an ever-unsaturated condition in the receiving phase. Removal elliciency is thas
improved without addition of any chemical coagulant or adsorbent that makes it a sim-
ple cost effective process. The additional advantage of the combinatorial vsage of two
technigues is selective electrocoagulation which would otherwise be impossible in elec-
trocoagulation alone. Interested readers may refer elsewhere[99, 101, 218] to know the

process better.

It has been intended to study the extraction of As!and AsVlwhen they are present
in water as single components, &5 well as when they are present in combinations with

various ratios such as AsM:AsM 101, AT AsM: 1 2 2 and AsMM:AsV) 201,

2.2 Equations for the modeling of properties of liquid mem-

brane

Hereafter M, S, U, » and p refer to the molecular weight, surface tension, ultrasonic
velocity, viseosity and density of a lguid and the subseripts m, e and s of any variable
refer to mixture, extractant amd solvent respectively. z;, mip and p;p refer to the
mole fraction of the component ¢ and its density and viscosity at temperature T'. The
experimentally obtained wviscosity data are correlated with temperature through lour

model equations, viz.

Vogel-Fulcher-Tammann model [219]: Hereafter this is abbreviated as VE'T
model [220 222]

B
Ttm = Agexp (T nf‘ ) (2.1)
- Oy

where Ay, By and (7 are adjustable parameters.

Jouyban-Acree model [138, 223]:

5
Inthy = T lnger + . nn, e + % 3 Ay (e — 3, (2.2)
A=

where Ay ; for j = 0 to b are model constants.

TH-3557_156107008



Chapter 2: Theorctical Background 12

Gruenberg-Nissan model [224, 225]:
Intgy = z.Inne + rdnn. + .66 (2.3)

where (7. i5 a parameter proportional to the internal change in energy and ap-

proximately measures the strength of interaction between the components.

Hind et. al. [226]:
Thm = Tane + Talls + 20,7, Hes (2.4)

where H,. is related to unlike pair interactions.
The viscosity deviation, An, is caleulated as the following [225]:
AN = Tim — Telle — Tl (2.5)

The experimentally obtained density data are correlated through two model equations,

Viz.
Parthasarathy and Bakhshi [227]
(26)

where A and B are adjustable parameters.

Jouyban-Acree model [138, 223]: Jouyban-Acree model is also used to fit the

density data as the following:

7
In pry = T 10 per + 25 10y + ——%,—"? Z Ay (x. — ) (2.7)
pper)

where A, ; for j = (1 t0 7 are model constants.
The excess molar volume, V| is a non-additive property of mixture and caleulated

as[225],
: M.+ M Tl T,
VP,=(-T¢' & A s)_( [ r‘)_( A .s) 9.8
P e e { }

It is assumed that the surface tension of a pseudo-binary liquid mixture is a linear

function of the surface layer mole fraction. The liquid mixture is assumed to be in
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equilibrinm with its own vapour. The condition for equilibrium between the surface
layer and the bulk liquid phase yields an equation involving the surface and the bulk

compositions that leads to [228].

T8 K + 3,5,
Sy =—— "7 2.9
" P G (2:9)

where K is called separation [actor which is a lunction of temperature thal shows the
extent of surface laver enrichment in the component of lower surface tension.  The
experimental values of surface tension of the mixtures may be correlated with the mole
fractions to find the value of K. The deviation in surface tension of the pseudo-binary

mixtures, 5, is calculated as
gF _ S — (-5- + a,-,,S,} {2.10)
The ultrasonic velocity, U in m &', through a liquid is calculated using the Auerbach's

equation [139, 140
5 s 1pil 24 :
U (—5,13 = p) (2.11)

The deviation in ultrasonic velocity of the pseudo-binary mixtures, UF, is calculated
[220] as
U% = Uy — (2 U, + z.U) (2.12)

Isentropic compressibility, I,, of a liquid is reciprocal of elastic bulk modulus and it is
obtained through Newton Laplace equation for prediction of the speed of sound though

a medium of solid, liquid, or gas. The compressibility is expressed as [139]
Y ;i (2.13)

The isentropic compressibility inereases wilh the temperature. The evolution of the
K. (in Pa™) with temperature (in °C) was modelled by Oroian and Gutt[139] using a

polynomial model as

K s sosnme oit = 833 5% 1077% 4+ 1.76 x 1077 + 4.80 x 107" (2.14)
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The deviation in isentropic compressibility of the pseudo-binary mixtures, K, is caleu-

lated by the following equation [229].
EF = Kym— (@Ko + 2K, (2.15)

Kalidoss-Jacobson relation is employed to ealeulate the intermolecular [ree length, Ly,
(139, 230, 231]

Ly = kiv/Es (2.16)

where kj, is a temperature dependent term. The intermolecular free length increases
with the temperature. 'The evolution of the Ly (in m) with temperature (in *C) was

madelled by Oroian and Gutt[139] using a polynomial model as
Lif sosame cit = 345 x 100802 1 117 x 1077 + 2.06 x 107! (2.17)

The deviation in intermolecular free length of the pseudo-binary mixtures, L_’I.f, is calen-
lated as [229]
LY = Lym — (Zelge + 2aliss) (2.18)

Acoustic impedance, Z, is caleulated as [139].
2= plf (2.19)

The acoustic impedance increases with temperature. The evolution of the £ (in kg
w251} with temperature (in °C) was modelled by Oroian and Gutt[139] using a linear

muodel as
Zrsisama o1 = 1 x 10%T" — 3136 (2.20)

The deviation in acoustic impedance of the psendo-binary mixtures, Z¥, is caleulated
as [229]
ZF = o — (Tele + T525) (2.21)

The values of viscosity deviation, excess molar volume, surface tension, ultrasonic ve-
loecity and acoustic impedance for each mixture have been fitted to Redlich-Kister poly-
nomial (hereafter referred to as RKP) function equation{119, 225, 232 234] through
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least-squares method by taking the limits i = 0 to n.

f =zl - z) i Ai(2z. - 1) (2.22)

1=

where [ refers to An, VF#, §F UF or Z¥ and A; is the regression coefficient of the ith
term. The correlation of the experimental data with the caleulated values of each of the

model Fq.(2.1) to 15q.(2.22) is tested by caleulating the standard deviation, o, as [225]

1 — { B= 2 e o
o - \Xn—kz'( = ) (2.23)

where F stands for experimental values, ' refers to ealenlated values, n is the number

of data points and & represents the pumber of numerical coefficients given in Tables

1.2 — 1.9. An exponential model is proposed using the aforementioned parameters as
7 = aePSmly) (2.24)
where a and b are constants which ean further be represented in linear form as
Inn® = e+ b(pSmLy) (2.25)

where ¢ = Ina is the revised parameter of the proposed model. Apparent molar volume

of the extractants and solvents in the mixtures are caleulated as [119]

1} e .Iil'
V¢l - (T;Ms) (Fﬂ Fm) + j {22{;}
L Psfm e
M [ Tl M
Vip = (I’ ’) (‘” e ) ie (2.27)
ml’! Fr:."}m Pm

The volumetric thermal expansion coefficient shows the change in the volume of the

liquid with a change in temperature at constant pressure. The thermal expansion coef-

1 dp
0= EI‘ (@)p {228}

The Gibbs’ energy of a real mixture varies from that of a hypothetical ideal mixture

ficient, e, is calculated as [119]

having the same constituents. The difference between the two is the excess Gibbs' energy.
The excess thermodynamic properties play an important role in studying the behaviour

T

of pseudo-binary mixtures. By definition, the excess Gibbs' energy (AGY) consists of
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enthalpy of mixing which depicts the intermolecular forees between the molecules due to
the mixing process and entropy that reflects the state of disorder or random behaviour
of particles in the mixture. Eq.(2.29) is used to caleulate excess Gibbe' energy for the
pseudo-binary mixtures. Excess Gibbs® free energy of the pseudo-binary mixtures is

calculated as [119]

AGE o

BT - (7 Vi) — {20 In(n.V0) + 2, In(n V) (2.29)
The enthapy (AH) and entropy (AS) of activation are caleulated by Eyring’s approach
{235, 236] to Andrade’s theory [237] with the viscosity expressed in the form [238, 239].

” (2.30)

~ hNa AGE
My EACRT

where M, = 3, :M; is the average molar mass, i is kinematic viscosity, h is Planck’s

constant, N4 is the Avogradro number, & is the pas constant, and T is the absolute

temperature. By applying the stadard thermodynamic equation

AGE = AH —-TAS (2.31)
It is possible to write
M\ AH .
Rin(ﬂhﬁﬂ) = AS (2.32)

2.3 Reaction mechanism

The arsenic ions present in the feed phase are either in the dissociated state such as
HyAs03 (in case of 4"\5["'3]. HoAs04 , HAsO4%, AsO4% (in case of J'":E{V}} or in the
undissociated forms of HaAsOs (in case of As"™) and HzAsOy4 (in case of As™V)) de-
pending on the pH of the feed phase[106]. The pH of the feed phase in the experiments
have been varied from 3 [240] to 9 [241] imitating the groundwater conditions of Dighoi
Refinery area in India [242]. The pH of the recovery phase was varied between 3 and 7 as
ferrie hydroxide precipitation starts in this pH range [243]. In the explored pH range for
this study, As/""s present in the undissociated form of HyAsO4 and As™in dissociated
species of HyAsOy, and they are abundant compared to other jons. It is to be noted

that HyzAsQ; is the predominant form of As™in the pH range of 2-9. Any change
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in pH within this range will not affect the extraction of As!"™), Whereas HyAsOy is
the dominant form of As'™in the pH range of 2-7. An increase in pH beyond 7 would
lead to the formation and presence of HAsQ? . In that ease the stoichiometric ratio of
arsenic-aliquat would also change for the two phase study. However, not much change

in initial feed phase pH was observed in two phase study.

The interactions between Aliguat 336 and the arsenic ions have been studied here owing
to its ability to react with both dissociated and undissociated arsenie ions[118] as given

Lvezlowwr.

HzA503 + nNB4Cl = (NR4Cl)u (H3As0z) (2.33)
HaAs0, + nNR4Cl = (NRy)n(HaAsOq) + nCl™ (2.34)

where R={CgH,7)3CHy denotes methyltrioctyl and n denotes the pumber of Aliquat
336 molecules to be associated with one molecule of arsenic salt to form the desired
complex. In addition, the pKa values of inorganic As!"™are reported to be pKa' =
9.23, pKa? = 12.13 & pKa® = 134 [244] and that of AsMare pKa' = 2.2, pKa® =
7 & pKa® = 11.5 [245]. This indicates that AsVhg a stronger acid and H3AsOy3 and
HaAsOy are the prevalent species of As!"™and AstY), respectively, within the studied pH
range of groundwater[246]. From this, it ean be inferred that As!"™is thermodynamieally
stable and most abundant in anoxic conditions or lower pH range; whereas, As™is most
stable and abundant under oxie conditions; and under suboxic conditions at intermediate
pH range, both the arsenic species may possibly coexist for which combined Ast"Dand

As™)in various ratios may be studied(246].

In the three phase SLM, the reactions occurring between arsenic ions and Aliquat 336

al the feed-membrane interface are Fq.(2.33), Eq.(2.34) and
HAsOF + 2NR4Cl = (NRy)o(HAsOQ4) + 2C1 (2.35)

whereas the reactions oceurring in the membrane-strip interface is as mentioned below{118]

NR4Cl(H3As03) == NR,Cl + HyAs04 (2.36)
NR.4(H,As04) = NR} + HyAsO; (2.37)
(NRy)2(HASO,) = 2NR] + HAsO? (2.38)
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Further, arsenic is naturally found in iron based minerals. Iron is abundant and readily
reacts with arsenic so it finds its application in arsenic remediation. Hence ferric chloride
has often been used as a cosgulant for arsenie removal[247, 248]. In this study, ferrie
chloride solution has been used as the strippant. In the receiving phase, iron hydroxides
are formed from ferric chloride based on the pH as in Fq.(2.46) which then reacts with
As"as in Eq.(2.50)(249] and As™as in Eq.(2.51) and Eq.(2.52)(250].

FeCly + 3H20 —» Fe(OH), + 3HC (2.39)
Fe(OH), + 3H3AsO3 — Fo(H,As03), + 3H,0 (2.40)

EFFEDH)H + HJJ"'I.ED‘; ek F{‘!z{}]uﬂlﬁ i HQMD.-} — thﬁﬁ'D]aHm + HJD (2"”}

leE{UH]n + EH_AHDE —ad EFE:;D"}H]_-; > EHE.SCH — EF%A.SDI:{Hm + H';,U {2.’?2)

In the SLM-electrocoagulation hybrid technigue, the reactions oceurring at the elee-
trodes are given in the equations Eqs.(2.43)-(2.45). At cathode:

2H0 + 20~ — Ha(g) + 20H (2.43)

At anode:
Fe(s) — Fe't + 2 (2.44)
Fet® — Fettt 4 ¢~ (2.45)

The ferric ions get hydrolysed by the hydroxide ion forming iron exyhydroxides Fa.(2.46).
Fe'" 4 30H —= Fe(OH),(s) (2.16)

The polyvmerization of iron cxyhvdroxides lead to the generation of different phases of
iron oxides/hydroxides such as goethite, hematite, lepidocrocite, maghemite, magnetite

that form the electrocoagulation floc as given in the following Eqgs.(2.47)-(2.49) [243].

2Fe{OH), — FeaOy + 3H20(hematite, maghemite) {2.47)
6Fe(OH), — 2Fe(OH), 0z + FeaO4 + 6H20 + Oa(bematite, maghemite) (2.48)

Fe(OH),; — FeO{OH) + HaO(goethite lepidocrocite) (2.49)
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The affinity of arsenic towards iron in the receiving phase leads to the disruption of the
extractant-arsenic complex formed at the feed-membrane interphase and the arsenic ions
form an insoluble complex with the iron oxyhydroxide by displacing o hydroxyl group
from it through ligand exchange [105]. The reactions at membrane-receiving interphase
is represented in the Eqs.(2.50)-(2.51). The reaction mechanism for As"Dwith iron
includes the release of HyAsOy at the membrane-receiving interphase, as in Eq.(2.52)
[118], followed by the oxidation of As"™o AstYto form AsO4*, HAsO42~ or HaAsOy
anions [77]. The reactions between these anions and iron oxyhydroxides through ligand
exchange are as given in the Eqs.(2.53)-(2.55) [251]. Eq.(2.56) gives the resultant reac-

tion.

NR4(HzAsO4) + 2FeO(OH)(s) —» (Fe0),HAsO, + HyO 4+ OH +NR}  (2.50)

(NRy)2(HASOy) + 3FeO(OH)(s) — (FeQ),As04 + HaO + 20H +2NR}  (2.51)

NR4CI(HaAs03) — NR4Cl + HzAsOy (2.52)
2FeQ(OH)(s) + HaAsO; — (FeO),HASOy + Ha0 + OH- (2.53)
FeQ(OH)(s) + HASO] — (Fe0),As04(5) + Hz0 + 20H (2.54)

Fe(OH),(s) + AsOf — [Fe(OH),As04](s) (2.55)
Fe'tt 4 AsOF + 2H0 — FeAsOy - 2H,0 (2.56)

2.4 Mathematical modelling

The distribution (a.k.a. partition) coefficient, Dy, for arsenic jons is the ratio of con-
centration of arseni¢ ions in the organic phase (Cirg) to the concentration ol arsenic ions

in the agueous phase () as in

Cor
Diy=——" 2.57
{) g ( )
whereas the magnitude of extraction (%Extraction) may be expressed as
YiExtraction = G-G = 100 (2.58)

“Ih

where (7 is the concentration of arsenic ons in the feed phase at time § and O is
the initial concentration of arsenic ions in the aqueous feed phase. Based on the two

phase equilibrium study, the extraction equilibrinom constant and the mole balance of
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the reacting arsenic species and Aliquat 336 can be obtained from the Eq.(2.33) and
Fip.(2.34). And the extraction equilibrium eonstants for AsMand As™ean be expressed

as

. [(NR4C1)n(HaAsO3)] ]

K = [H3As03] p,,, [NRsCIT" " INR,CIT? %
 [(NRau(HaAsO) ][O ] [ ] -
Ky  [HaAs0; ] o (NRCI" Dviﬁﬁ*]'ﬁ (2.60)

where suffix frn refers to “feed-membrane interface”, and Dy and Dy are the distribu-
tion coefficients of AsMand As(Vrespectively. The magnitude of [UI | in the Fq.(2.60)
is surmised to be negligible in comparison to |[NR4Cl|. Hence 1q.(2.86) and Eq.(2.60)
may be re-writien as

D; = K; [NR4CI]" (2.61)

ar

In ; = nln [NR4CI] + In K; (2.62)

where i denotes 11 and/or V as the case may be. The experimental data may be
plotted as per Eq.(2.62) whose slope and the intercept would yield the values of n and

the equilibrinm constant,

Further the rate of complex formation between arsenic ions and Aliquat 336 and the
nature of the diffusional process through the membrane may also be modelled through

steady-state diffusion based modelling approach with the following few assumptions:

e The direction of mass How of arsenic is from the feed phase to the organic phase
in two-phase, and additionally from the organic membrane phase to the receiving

phase in three phase SLM. So the molar flux in the feed phase decreases with time.

s The complex formation reactions befween arsenic ions and aliquat 336 are fast and

reversible at both the interfaces,

¢ 'The complex formation reactions occur at the interface only and not in the bulk

aquects or organic phases.

¢ The extraction of arsenic ions into the receiving phase is fast, after their diffusion

through the membrane into the receiving phase.
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Aceording to Fick’s law of diffusion

dC,

lr, - _D
ix

(2.63)

where J is the molar fux of arsenic (in mol-m?s~1), D is the diffusion coefficient (in
ms ') and (' is the concentration of arsenie (in molm 5} at a distance « (in m). Upon

discretizing Fq.(2.63) one obtains

AC,

J=—=D Ax

(2.64)
Further the rate of change of arsenic inside the feed cell may be related to mass How of
arsenic transferred to the receiving phase as

d (V)
dt

— J(Ae) (2.65)

where V' is the volume (in m?) of feed phase, A is the membrane area (in m?) and ¢ is

the porosity of the membrane. Using FEq.(2.64), the Eq.(2.65) may further be simplified

into :

=D = DT Oy~ Cu) (2.66)

where ' ¢ and (', , are the concentration of arsenic at the feed-membrane and membrane-
strip interfaces, and 7 and ¢ are the tortuosity of membrane pores and the thickness
{in m) of membrane, respectively. The arsenic concentration in the membrane-strip
interface is considered to be negligible, e, C,, = 0, because it is turned into lerric-

arsenite cosgulation. Porther, it is possible to correlate the concentrations of arsenic in

membrane/feed interface as
UEHF

Kq = C,C,

(2.67)

where K, is the equlibrium extractant constant and € is the concentration of the carrier

element (if any). Combining Eq.(2.66) and Eq.(2.67) one obtains

dcy £ A .

The Eq.(2.68) may further be expressed as

dly _j__r"-'l
< (2.69)
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where P = D;—'TKFC,_- is termed as permeahility coefficient (expressed in unit of ve-
locity) whose value refers to the speed with which the arsenic from the feed phase are
transported to the stripping phase. It is reported|252] that the diffusion coefficient
{17} and the viscosity (u) are the parameters which control the transport through the
membranes and they can be related as Du® = K'(constant), where 0.5 = & = 1 is a
coefficient for this kind of liquid media[253, 254]. In case of present work with Aliquat

336 it is observed that o = 2/3. Hence, P = K"u 2/3C,. where all the constant terms
are assimilated into K" = K ’ELR'I. The Eq.(2.69) may be integrated to oliain
T

Gy A ;
Iz (—-PF) { (2.70)

A simple kinetic study would reveal the walue of permeability of the transport process.
I'he mass transfer coefficients for aqueons and organic phases can thereby be calculated

from aqueons and organic phase resistances. From Fq.(2.64)

1 y g
L= _{|Hagsnﬁ|f-[ﬂaﬁsﬂg|_fm} (2.71)
D
AL =N (2.72)
2 Asgg

where suffix ag, f, and fm refer to “aqueous”, “feed” and “feed-membrane interface”
respectively, whereas A, refers to the agqueous phase resistance term and Az, refers
to the thickness of aqueons Alm. Similarly diffusion of Aliguat-Arsenic complex through

the membrane phase can be written as

Tog = g {TONRACD), (H34505)],, ~ [(NR4CH), (oSO, | - (273)
T
Ay = % (2.74)

where suffix org and ms refer to “organic” and “membrane-strip interface” respectively,
whereas A, refers to the membrane phase resistance term. The Aliquat-arsenic com-
plex gets dissociated very fast at the membrane-strip interface and hence its concen-
tration is negligible as compared to that at feed-membrane interface, 1.6, Fq.(2.73)
becomes

Torg = g [(NRAC), (oSO, (2.75)
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Morecver at steady state

|..rﬂq = ifur_q- = |I {E.Tﬁ‘]
Using Fq.(2.86), Eq.(2.61), Eq.(2.71), Eq.(2.75) and Eq.(2.76) one obtains

Dy [H3AsOs]4
-l'lrrry + -DJHﬁuq

The permeshility coefficient can be delined as flux of solute per unit of ils coneentration

in the feed phase, e

J Dy
L = 2.77
[[‘Iaﬁﬂﬂg]f Aorg + Piprlag ( )
oar
&) GRTEEan (2.78)
P/ ey pes) X

The above formulation may be extended for As(V)as well. Hence the Eq.(2.78) may be

re-written for both As"and AsVas

() ()

where i denotes [1] and/or V as the case may be. The value of D; will be different
for different concentration of NR4Cl. By plotting P! versus D, 1 of the Eq.(2.79) for
various [NR4Cl| at constant pH a straight line with slope A, and intercept Ay, would
be obtained. The mass transfer coellicients for agueous and organic phases can thereby

be found from Fq.(2.74) and Eq.(2.72).

2.5 Arsenic removal by electrocoagulation

In the receiving phase, the amount of iron liberated from the anode theoretically can be

calculated by the Faraday's law, as in Eq.(2.80).

ItM

po= — (2.80)

where, Ape (in g-mL ") is the amount of iron liberated from the anode, I is the applied
current (in A or Cs '), t is the treatment time (in s), M is the atomic weight of iron (in

g-mol ), v is the volume of the reactor (in mL), 2 is the number of electrons transferred
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in the reaction and F is the Faraday’s constant (96485 C-mol ™ ')[217]. Arsenic removal
{in %) is caleulated from the Feq.(2.81).

s —iy

Re 45 = 100 (2.81)
C;
Arsenic removal capacity per dissolved iron anode is given by Eq.(2.82) [105].
i — O
| ot i 282
S (2.82)

where, Re gy, (in %) is the arsenic removal efficiency, € and €'y are the initial and final
arsenic concentrations (both in mg-L7') in the receiving phase and g is the arsenic
removal capacity per dissolved iron anode. And the magnitude of recovery (% Recovery)

may be expressed as

Y Recovery = g-ﬁ x 100 (2.83)

It is only used in three phase FSSLM study.

2.6 Adsorption modeling

As iron is highly reactive, it keeps producing new adsorption sites for arsenic ions and

subsequent, co-precipitation.

2.6.1 Isotherms

The equilibrium removal of arsenic can be mathemalically expressed in lerms of the
adsorption isotherms. To understand the adsorption sotherm process, various model

isotherms have been studied.

Assuming a mono-molecular layer of arsenic adsorption oceurring on the sites of iron
oxyhydroxides that is homogeneous in nature, Langmuir model prediets the surface

coverage. The functionality is as given in Iq.(2.84)

"Ivrlrl:rffba'.

e = 2.84
% I+ KpCe ( )
1 1 1 1
el e — 2.85
e (qmﬂTKh) Cf Hrax { :'
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where, g, is the amount of adsorbate on the adsorbent at equilibrinm in (mg-g '), €, is
the equilibrinm coneentration of adsorbate in the aqueous phase in (mg-L 1), K}, is the

Langmuir's binding constant in (L-mg ') and g is the maximum sorbent eapacity
(mg-g ).

The Freundlich isotherm equation attributes to the change in the equilibrium constant
of the binding process to the heterogeneity of the surface. The empirical equation gives

the relation between the amount adsorbed per unit mass of adsorbate. The relation is

represented in Eq.(2.86) as
ge = KpCl™ (2.86)

where Kp and 1/n are the constants for adsorption capacity and intensily, respectively.

By combining these two models, Redlich-Peterson, i.e. Eq.(2.87), and Sips i.e. Eq.(2.88),
models are developed to apply them over a wide range of adsorbate concentrations in

either homogeneous or heterogeneous systems,

m% — RpnC,—InA (2.87)
In qi SRR+ i (2.88)

where q. is the amount of adsorbate at equilibrium (in mg-g '), €, is the equilibrium
concentration of adsorbate on the adsorbent (in mg-g 1), Bp and A are constants, values

of which are obtained from the slope and intercept, K, and a; are constants.

The direct and indirect adsorbate-adsorbent interactions leading to adsorption energy
peneration are evaluated through the Dubinin-Radushkevich model Fe.(2.89) and the

Temkin isotherm model Fq.(2.91),

The Dubinin-Radushkevich model is a two parameter isotherm that differentiates be-
tween physical and chemical adsorption mechanism on heterogeneous surfaces with
Gaussian energy distribution [255]. Dubinin-Radushkevich model is expressed as in

Eq.(2.89) [256 258].
Ing, = It Guax — G (2.89)

e~ RT'In (1 + i) (2.00)

d-
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where R is gas constant (8.314x 1079 kJ-mol "K'} and T is temperature (in K). 4 is
the activity coefficient (in mol?k] 2) related to mean free energy of adsorption which
is also called Dubinin-Radushkevich constant and e is termed as Polanyi potential (in

kJ-mol~1). The mean adsorption energy (in J-mol=") may be expressed as (24) "5,

The Temkin isotherm model helps to predict the interactions between the adsorbate
[259] and the energy released based on the assumption that the heat of adsorption of
all molecules in the layer decreases linearly with the increase in surlace coverage [26()].

The experimental data has been fitted to this model given by Eq.(2.91).

e = i:m(ff?cﬂ} (2.91)

where b is Temkin constant associated with the heat of sorption (in Jamol ') and Ky is
Temkin isotherm constant (in L-mg—') [261].

For multilaver adsorption processes on helerogeneous surfaces, Halsey isotherm [262]
and Harkins-Jura models as expressed in Eq.(2.92) & Eq.(2.93) respectively are given

below.

=1
. (mKH n U.._)

LTy
or Ing, = (wi) InC, + iln Ky (2.92)
L TLH
1 1 B
- =—|InC. + — 2.93
[ ( H.r) H, G

where g, is the amount of adsorbate at equilibrium (in mg-g '), €, is the equilibrium
concentration of adsorbate on the adsorbent (in meg-g '), Ky, ny, H; and 3 are the
constants. The Jovanovie model [256] is a modified version of the Langmuir model that
includes adsorption interactions and is used [or both mobile and monolayer adsorption

processes. The linearized expression of the model is given as
Ing. = (—K 1) O + 10 G (2.94)

where g. is the amount of adsorbate at equilibrium (in mg-g='), . is the equilibrium

concentration of adsorbate on the adsorbent (in mg-g '), K and guae are constants.
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2.6.2 Kinetics

The adsorption kinetics modelling is performed to analyze the kinetics data in order
Lo estimate the equilibrium adsorption amount and the rate at which the adsorption
equilibritum is achieved by the ollowing empirical models. The pseudo first-order model

was proposed by Lagergren[263] and its linearized form is given as [264]
In{ge —a) = (—k1 )t + Inge (2.95)

where . is the quantity of adsorbate at equilibrinm per unit weight of the adsorbent
(mg-g'), g is the amount adsorbed at any time ¢ (mg-g'), £ is time in minutes, k| is the
pseudo first-order rate constant (min™'). The linearized form of the psendo second-order

kinetics model as represented by [265]

t 1 1
—_ == Vs — 2,96
0 (ﬂe) keaqg? 406)

where ks is the pseudo second order rate constant (g-mg'min™'). The Elovich kinetics is
an empirical model based on the assumption that the adsorption energy increases with
time and the adsorbent has a heterogeneous surface coverage. The linear expression is
given as [264]

Loy

= =In
[} B -€+'ﬁ

where o is the initial adsorption rate constant (in mg-g ]min'lj, A 15 the desorption

In(cefd) (2.97)

constant (in g-mg™ ). The linear form of the fractional power function is [266]

Ing, = vint +Inky (2.9%)

where ky is a fractional power constant (in mg-g?) and v is a positive constant (in
min'). The intraparticle diffusion model was described by [267] and its linear expression
is presented as

gt = kigt™ + ¢ (2.99)

where kg is the intraparticle diffusion rate constant (mg-g 'min™*) and ¢ is the thickness
of the adsorbent. This model is used to deduce the rate-controlling step when the
intraparticle diffusion process occurs [264] and the thickness of the adsorbent [266].

The liguid film diffusion model denotes the rate coeflicient based on the particle size of
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the adsorbent for the particle-diffusion controlled process and establishes the fractional

attainment to equilibrinm. The linear form of the model is given as [266]

i

In (1 = ﬂ) — —kygat (2.100)

where &7y is the rate coeflicient for particle-diffusion controlled process corresponding
to the particle size of the adsorbent (min™') and gy, is the fractional attainment to

equilibrium.

2.6.3 Statistical error analysis for adsorption models

The best Oiting adsorption isotherm model with the experimental data is often deter-
mined by the coefficient of correlation (R?) values.

R =1 —Eﬂ*'g },}: (2.101)

But, the transformation of non-linear models to linear expressions lead to biaspess in
the data, In order to overcome this, few statistical error functions have heen caleulated
to predict the best fit adsorption model based on the error values obtained. Few of
the error funetions included in this study are namely, rool mean square error (RMSE),
chi-square test (x?) and hybrid fractional error function (HFEF) as follows:

1"-
Al = —E Yi—w)? 2.102
RMSE _=|: ui) (2.102)

Z ¥i—w) y’ (2.103)

=1

2
HFEF — ( s )Z ”*]' (2.104)

where, ¥; is the obtained amount of adsorbate of sample observation ¢ at equilibrium
from the batch experiments, 1; is the estimated {(:ulculai.ﬁd‘j amount of adsorbate of
sample observation ¢ from the isotherm models for corresponding ¥, ¥V is the mean of
samples, n is the number of observations and p is the number of parameters within the
isotherm equation. Both isotherm and kinetics data are validated with the values from

the statistical error analysis.
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Summary of the Theoretical Background
o An organic phase consisting of a pseudo-binary mixture of sesame oil and Aliguat
336 performs best in extraction of arsenic from agqueous phase.

e The important equations in modelling of liquid membrane properties for under-

standing and enhancing separation processes are emphasized,

¢ The reaction mechanisms between arsenic and Aliquat 336, as well as arsenic and

iron, are elaborated in transport and separation mechanisms.

e Fguations covering extraction equilibrium; mass transfer, diffusion, and relevant
parametors contributing to predicting and optimizing separation efficiency are fur-

ther discussed.

¢ Arsenic removal methodologies extended to FSSLM-electrocoagulation hybrid tech-
nigue, incorporating mathematical models based on adsorption isotherms and ki-

netics are incorporated.

Abbreviation

Cyanex 301 Bis(2.4 4-trimethylpentyl) dithiophosphinie acid
Cyanex 923 'Trioctylphosphine oxide

TBP 'Iributyl phosphate

TOA Trioctylamine

Aligquat 336 Methyltrioctylammonium ehloride

DZEHPA D)i-(2-ethylhexyl) phosphoric acid

HFEF Hybrid Fractional Error Funetion

RKFP Redlich-Kister Polynomial

RMSE Root Mean Square FError

SLM Supported Liguid Membrane

VFT Vogel-Fulcher-Tammann model
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Nomenclature

Thn

e

PE

viscosity of mixture

viscosity of extractant

viscosity of solvent

excess viscosity of mixture
adjustable parameter in VFT' model
adjustable parameter in VFT model
adjustable parameter in VFT model
absolute temperature

mede fraction of extractant

muole fraction of solvent
Gruenberg-Nissan constant

Hind constant

density of mixture

density of extractant

density of solvent

excess density of mixture
adjustable parameter of Parthasarathy and Bakshi model [227]
adjustable parameter of Parthasarathy and Bakshi model [227]
Muolecular weight of extractant
Muolecular weight of solvent

excess molar volume of mixture
molar volume of mixture

molar volume of extractant

molar volume of solvent

surface tension of the mixture
surface tension of extractant
surface tension of solvent

excess surface tension of mixture
separation factor for surface layer
ultrasonic velocity

excess ultrasonic velocity of mixture

ultrasonic velocity of extractant
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fil

i, ultrasonic velocity of solvent
U ultrasonic velocity of mixture
K. isentropic compressibility

KF  excess isentropic compressibility of mixture
K  isentropic compressibility of mixture
K., isentropic compressibility of extractant
K., isentropic compressibility of solvent

Ly  intermolecular free length
L?' excess intermolecular [ree length
Lim  intermolecular free length of mixture
L. intermolecular free length of extractant
Lis intermolecular free length of solvent

ki, temperature dependent term related to intermolecular free length

and isentropic compressibility

& acoustic impedance

2% exeess acoustic impedance of mixture
Z o acoustic impedance of mixture

Z acoustic impedance of extractant

Za acoustic impedance of solvent

) constant of equation

b constant of an equation

c equal to In(a)

a standard deviation

! data points

number of numerical coeflicients

E experimental values of properties

C caleulated values of properties

o thermal expansion coefficient

Vg apparent molar volume of extractants
Va2  apparent molar volume of solvents
AGF  excess Gibbs' free energy

AH  excess enthalpy

A5 excess entropy
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2

R

L

h

gas constant

kinematic viscosity

Planck's constant

Avogadro’s number

distribution or partition coefficient

concentration of arsenic ions in the organic phase
concentration of arsenic ions in the agueous phase
initial concentration of arsenic in feed phase
concentration ol arsenic ions in the feed phase at time
distribution coefficient of Agt™

distribution coefficient of As(Y)

extraction equilibrium constant for As

extraction equilibrium constant for AstY)

equilibrium extractant constant

stoichiometric ratio obtained from the distribution plot
molar flux of arsenic

diffusion coeflicient

concentration of arsenic (in mol-m ) at a distance x (in m)
volume of feed phase (in m™)

membrane area (in m?)

permeability coefficient

porosity of the membrane

thickness of membrane (in m)

tortuosity of membrane pore

concentration of the extractant

concentration of arsenic at the feed-membrane interface
concentration of arsenie at the membrane-strip interfaee
molar flux in aqueous phase

diffusion coefficient in agueous phase

thickness of the agueous film

aqueons phase resistancs

molar Hux in organic phase

diffusion coefficient in organic phase
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ﬂxwy
Aarg
Ape
I
t
M

LI

F
Re g,
s

e

Yoo

Ki

Y
4 g

.y
Hy

Ky

thickness of the organic film

membrane phase resistance

amount of iron liberated from anode

applied current (in A)

treatment time (in s}

atomic weight of iron (in gamol ™)

volume of the reactor (in mL)

mumber of electrons transferved o the reaction
Faraday’s constant (96485 C-mol 1)

arsenic removal (in %)

imitial arsenic coneentration in the receiving phase
final arsenic concentration in the receiving phase
arsenic remaoval capacity per dissolved iron anode
amount of adsorbate on the adsorbent at equilibrium (mgg~')
maximum sorbent capacity (mg-g ')

Langmuir's binding eonstant {L-mg ")

equilibrivm  concentration of adsorbate in the agueous phase
(mg-L")

adsorption capacity constant for Freundlich isotherm
adsorption intensity constant for Freundlich isotherm
Redlich-Peterson constant

constant parameter for Redlich-Peterson equation
Sips constant

intercept of Sips equation

activity coefficient (Dubinin-Radushkevich constant)
Polanyi potential

Temkin constant associated with the heal of sorption
Temkin isotherm constant

Halsev isotherm constant

constant parameter of Halsey isotherm

Harkins-Jura isotherm constant

constant parameter for Harkins-Jura model

Jovanovic isotherm constant
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i
ke

i)

[
Kig
kipa
Y

h

Tt

amount adsorbed at any time ¢ in mg-g—!

pseudo first order rate constant (min—')
pseudo second order rate constant (g-mg ' -min ')
initial adsorption rate constant (mg-g—'-min—")
desorption constant (g-mg ")

positive constant (min ')

fractional power constant (mg-g ')

1 IJ.E'J

intraparticle diffusion rate constant (mg-g~ '-min
thickness of the adsorbent

rate coefficient for particle-diffusion (min—')
abtained amount of adsorbate of sample observation I at equilibrivm
estimated calenlated amount of adsorbate of sample ohservation i
mean of the samples

number of observations

number of parameters within the isotherm equation
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Chapter 3

Materials & Methods

TJIIR chapter outlines the details of the varions chemicals and instruments utilized
for carryving out the experiments. This chapter includes the description of the sources
from where the materials are procured, details of the experimental procedure, and the
characterization techniques applied in the experiments., Furthermore, the FSSLM setup
is described here that is used for three-phase and hybrid studies.

3.1 Chemicals & Reagents

The simulated arsenic-contaminated water was prepared by using Sodium (meta)arsenite
(NaAsOg) and sodium arsenate dibasic heptahydrate (NagHAsO,4-TH20) salts procured
from Merck®™ India. The stock solutions (1000 ppm) were prepared by dissolving the

required amount in Milli-Q® deionized water (Millipore, USA).

Relined vegetable oils of good quality (Furi;uma."jigI , Adani Wilmer Limited) such as co-
conut oil, mustard oil, sunflower oil, sovbean oil, and sesame oil of RRO PRIMIO brand
(FSSAID approved ) were used as green solvents. The molecular weight of sesame oil is

#848/136]. The molecular weight of sunflower oil is 876.16[265]. Sodium chloride (NaCl)
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and ferric chloride salts, procured from Merck® India, have been used for preparing the

receiving phases in varions SLM experimentations.

TapLe 3.1 Details of extractants used for this study

Extractant Formula CAS No. Molar mass Purity Company
(g mol™") (wi%)

Aligquat CosHzyCIN - 63393-96-14 404,16 =05% Sigma-Aldrich

D2ZEHPA  CigHasO4P 298-07-7 322.43 =05% Merck

TBP CiaHyr Oy 126-73-8  266.32 =99% Sigma-Aldrich

TOA CagHs N L1116-7T6-3 353.67 08% Sigma-Aldrich

The extractants used for experimentation include tributyl phosphate (1BP), triocty-
lamine (TOA), methyltrioctyl ammonium chloride (Aliquat® 336), and di-2-ethylhexyl
phosphoric acid (D2ZEHPA )} were procured from Sigma Aldrich India. The details of the

extractants used in this thesis are given in Table 3.1.

The reagents required for analysis by atomic absorption spectrometer and for adjusting
pH, namely, hydrochloric acid (HCI), sodinm hydroxide (NaOH), potassium iodide (KT},
and sodium borohydride {(NaBH;) were purchased from Merck® India. As a solid sup-
port, durapore membrane ((1L.45 micrometer PVDF membrane with porosity (¢), mem-
brane thickness (4) and tortuosity () - 0.70, 125pm and 1.19, respectively) was used and
impregnated with the organic phase. All the chemicals and reagents were of Guaranteed
Reagents (GR) grade and used without further purification.

3.2  Analytical Instruments

3.2.1 Atomic Absorption Spectrometer

Atomic Absorption Spectrophotometer (AAS) (Make-Varian, Model-240F5 AA, Agilent
Technologies) was used for arsenic analysis. Samples were drawn from the feed and
receiving phases and analyzed to measure the concentrations of arsenic jons in hoth
phases using the vapor generation mode (VGA) of AAS at 193.7Tnm wavelength with a

slit of 0.7, argon flow 50ml.min”' and pump velocity of 120 rpm. The sample preparation
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procedure for AAS consisted of standard solution preparation, reductant solution prepa-
ration, acid solution preparation, and finally sample prepacation following the guidelines

provided by the manual of AAS.

The standard solution was prepared by serial dilution from the stock solution of arsenic,
The range of standard solutions prepared were 10-100 ppb and to this, KI was added
followed by HCL Similarly, for the sample preparation, KI was added along with HCL
This reaction was carried out for 45 minutes eautiously as the color development due to
the reaction is time dependent [269]. The reductant solution was prepared by dissolving
0.6% NaBH, in 0.5% NaOH solution and 6M HCI solution was used as the acid solution.
The concentration of the unkonown sample was obtained through interpolation of the

calibration curve generated prior to analysis using the standard solutions (vide Fig.A.1).

3.2.2 Viscosity measurement

The dynamic viscosity of the liquid samples were measured using an interfacial rtheometer
(Anton Paar, model Physica MCR 301) with parallel-disc configuration. A sufficient
quantity of the mixture (~0.5-1 mL) was added with a micropipette on the base of the
rheometer to avoid sample underfill errors. The viscosity of samples were measured in

triplicates at a shear rate of 50 571,

3.2.3 Density measurement

The density of the pure solvents and psendo-hinary mixtures were measured with a
vibrating tube density-meter (Anton Paar, model DM A500M ). A small volume (~1-2
mL) of sample was injected into the tube using a syringe. The density was measured
{hrice with a repeatability of 0.1 kg m™. The temperature of the samples was varied

from 25-60°C while measuring density.

3.2.4 Surlace tension measurement

The surface tension of the pure solvents, extractants and pseudo-binary mixtures were
measured at 25°C with a tensiometer (Kyowa, model DY300) by Wilhelmy plate method

using a platinnm plate of width 2385 mm and thickness 1.5 mm. The plate was burned
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in an alcohol burner each time after analysis till it turpned red to clean and reuse for the

next sample,

3.2.6 Fourier Transform Infrared Speciroscopy (FTIR) analysis with
attenuated total reflection (ATR)

FTIR-ATR spectroscopy of pure solvents, extractants and equimolar pseudo-binary misx-
tures were carried out by the attenuated total reflectance (ATR) mode (Shimadzu, model
IR Affinity - 1 and Make-PerkinFLmer, Model-Spectrum two). The resolution of the
sample analysis was 4.0 with number of seans set to 60 in the range of 700 - 4000 em-!.
I'he precipitate for FTTR-ATR analysis was prepared by filtering the receiving phase and
the residue was oven dried at 80°C for 2 hours to remove the moisture. After cooling to
room temperature, the samples were ground into a fine powder using an agate mortar
and pestle to increase the surface area and improve the signal quality. Before placing the
sample; the ATR crystal was eleaned with ethanol to remove any contaminants. A small
amount of the solid sample was placed directly onto the ATR erystal ensuring that the
entire surface of the crystal was covered. This was done te ensure good contact between
the sample and the crystal as it is crueial for obtaining a clear spectrum. Before mea-
suring the sample, a backeronnd spectrum was taken into account lor any atmospheric
absorption or instrumental noise. This was done with a elean, empty ATR erystal. After
placing the sample and ensuring good conlact with the erystal, the FTIR speetrum was
collected which showed characteristic absorption peaks corresponding to the functional
groups present in the sample. After the measurement, the ATR erystal was cleaned
again to remove any residual sample in order to prevent cross-contamination between
samples. Gloves were worn during the handling of the samples and solvents. The FTIR
spectra were recorded using the mode and the resolution of the sample analysis was 4
em ! with number of seans set to 60 to enhance the signal-to-noise ratio. The spectral
range was set from 4000 em™ ' to 400 em ' to cover all relevant vibrational modes.
Background spectra were recorded under the same conditions and subtracted [rom the
sample spectra to correct for atmospheric and instrument-related interferences. The ob-
tained spectra were analysed for the identification of characteristic peaks corresponding

to different functional groups in the samples.
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3.2.6 EDX coupled with SEM and/or TEM

The precipitate obtained due to the reactions between iron and arsenic species in the
hybrid removal technigue was characterized by Energy Dispersive X-ray Spectroscopy
(EDX) coupled with Scanning Electron Microscope (SEM) (Make-Zeiss, Model-Sigmal),
Transmission Flectron Microscope (TEM) (Make-Jeol, Model-2100F). The sample for
EDX analysis is prepared by the drop cast technique. In this technique, the residoe
obtained after filtering the receiving phase is dissolved in 20 ml of ethanol followed by
sonication for 5 minutes, After the sample is dispersed well and forms a solution in
ethanol, a drop of ~0.2 ml of sample is taken and placed on a small piece of glass slide
covered by aluminium foil. This is placed in the hot air oven at 100°C for 24 hours to
evaporate the ethanol. The samples were thoroughly washed with deionized water to
remove any surface contaminants. The sample for EDX analvsis was prepared by the
drop cast technigue. In this technique, the residue obtained after filtering the receiving
phase was dissolved in 20 mL of ethanol followed by sonication for 5 minutes. After the
sample was dispersed well and formed a solution in ethanol, a drop of ~0.2 mL of sample
was taken and placed on a small piece of glass slide covered by aluminium foil. This was
placed in the hot air oven at 100°C for 24 hours to evaporate the ethanol. The dried
samples were then mounted on aluminium stubs using carbon tape to ensure proper
conductivity and were coated with a thin layer of gold using a sputter coater to prevent
charging during analysis. The precipitate obtained due to the reactions between iron
and arsenic species in Lhe hybrid removal technique was characterized by EDX coupled
with SEM and/or TEM. The accelerating voltage was set to 20 kV to obtain a clear
and detailed spectrum. The analysis was performed under high vacoum conditions to
improve the resolution and accuracy of the measurements. The spectra were collected
from multiple points on each sample to ensure representativeness and consistency in the
elemental composition analysis. The analysed data provided qualitative and quantitative

information on the elemental composition of the samples.

3.2.7 X-Ray Diffractometer (XRD)

XRD (Make-Rigaku, Model-Smart Lab 9kW) were also used for the characterization of

the precipitate. The diffractometer was equipped with a Copper K-alpha source having
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a wavelength of 1.51 angstrom for XRD analysis. The sample analysis was done at a

scanning rate of 6° min™? with 20 in the range of 20-80°.

3.2.8 Other information

A digital pH meter (Make-Eutech Instruments, ModellEUTECH pHT00) was used to
measure Lthe pH of the agueous phases. The precipitate for FTIR and XRD analysis was
prepared by Oltering the receiving phase and the residue was oven dried at 30°C for 2
hours to remove the moisture. The dried product was cooled to room temperature and

caleined at 500°C for 4 hours [270)].

3.3 Experimental procedures

3.3.1 Estimation of physical properties of organic phase

Pseudo-binary mixture of identified solvent and extractant was prepared in 25 mL glass
beaker by weight percentage in the range of 10-90% covered with paraffin film as given
in Table B.1. The samples were prepared by measuring the weight using an electronic
balance (Citizen, model CX 220) with a precision range of 40.0001 g and stirred with a
magnetic stirrer (Tarsons, digital spinot) for 30-60 min at 300 rpm. The samples were
then stored in airtight tubes to avoid contamination and evaporation. The density and
viscosily measurements were done immediately after sample preparation. A sullicient
quantity of the mixture (~0.5-1 mL) was added with a micropipette on the base of
the rheometer to avoid saunple underfill errors, The viscosity of samples was measured
in triplicates at a shear rate of 50 ', A small volume (~1-2 mL) of the sample was
injected into the tube using a syringe. The density values were measured thrice with
a repeatability of 0.1 kg m™, The temperature of the sample was varied from 25-60°C

while measuring density,

3.3.2 Groundwater sample collection from arsenic prone areas

A groundwater sample was obtained [rom a school located in the Kobla Chak region of

Purbasthali - I, Madhya Srirampur, in the Purba Bardhaman district of West Bengal.
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This sample has been referred to as “WBI1” in the rest of the thesis. Prior testing of local
water samples had indicated the presence of arsenic in the water sample collected from
Lthe school, so the students and stall refrained from drinking water [rom the hand pump
at that location. The second groundwater sample was taken from o private hand pump
near Canning Road, Ramnagar in Barnipur, which is situated in the South 24 Parganas
distriet of West Bengal. This hand pump was recently constructed and is utilized on a
daily basis by the family. This groundwater samples are referred to as “WB2" in this
thesis. Third groundwater sample was collected from a private well that is being used
daily by the family residing near Bamungaon in Jorhat. This is referred to as “AS1”
in this thesis. Fourth groundwater sample was collected from a well in Mariani, near
Kenedy Park close to a temple. This is referred fo as "AS2" in this thesis, The [fth
groundwater sample was collected from a private well near Bogagaon in Titabor. This

is referred to as “AS3" in this thesis.

Clean, acid-resistant polyethylene botiles were used to directly collect groundwater sam-
ples, and clean gloves made of inerl materials were worn during the collection process.
Gloves were replaced between sampling locations o prevenl cross-conlamination. To
preserve Lhe water samples for transportation and experimentation, 3 ml of 6M HCI per
liter of sample was added. The collected groundwater samples were sealed in the hottles
to avoid cross-contamination and transported in dark boxes to avoid exposure to direct
sunlight. The bottles were not placed on or near uncovered ground, vehicle exhaust, or
contaminated areas before or after the collection to prevent eross—contamination. These

groundwater samples were utilized as the feed phase in the experiments.

3.3.3 Two-phase equilibrium study

The agueous feed phase was synthesized by diluting the stock solution to make 100
ppb concentration of AsU™ As™and combined Ast"M-As(V}solutions in three different
ratios of AsM:AsMV) 12 1 AstI ALV 1 - 2and Ast:ASY)Y: 2 2 1. The or
ganic phase was prepared by dissolving the desired amount of extractant in the required
amount of environmentally benign diluent (vegetable oil}. An equal volume (20ml each)
of feed and organic phases were poured cautiously into a conical Hask without forming
any emulsions. This was placed in the shaking inenbator for mixing at a particular

stirring rate for the said duration as shown in Fig. 3.1, The mixture was then kept
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phase

Two phase study

Fioure #.1: Twophase experimental study

undisturbed for 8 hours until the aqueous and organic phases were separated into two
distinet layers due to the variation in their densities. The samples were collecied from
the aqueons phase to analyze the total concentration of arsenic ions by AAS. The amount
of arsenic ions extracted into the organic phase was caleulated by mass balance. Based
on the optimum conditions obtained, the two-phase study was conducted (in triplicate)
by varying the extractant concentration to evaluate the distribution coefficient in order
to estimate the extraction equilibrinm constant.

3.3.4 Three-phase FSS5LM study

The experimental setup as shown in Fig. 3.2 comprised of two cells, an extension
connecting the cells and supporting the membrane in between them. The membrane
phase was prepared by eompletely immersing the laminar microporous polyvinylidene
fluoride (PVDF) membrane into the pseudo-binary mixture of sesame oil and Aliquat®
336 (v/v) (a.k.a. liguid membrane) for 24 hours. After the pores of the membrane were
filled, it was allowed to dry for 2 hours Lo drip off the excess liquid from the surface of
the solid membrane. The excess liquid on the sucface was wiped ofl gently with o tissue.
This solid membrane impregnated with the organic mixture acted as the SLM. The
SLM was carefully placed between two membrane dises with latex support to prevent

any leakage. An equal volume of feed and receiving phases were poured into the setup.
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Frovrs 3.2 Experimental setup or three-phase FESLM and bybrid technigue

The volume of the agqueous phases was 200 ml. In addition, to avoid the influence of
residence interface films, two impellers (Make-REMI Model-RQG 121/D) in both the

feed and receiving phases were kept in the center of the SLM cells for continuons stirring

without touching the walls of the setup.

In ease of hybrid SLM-electrocoagulation process, a sacrificial iron plate is nsed as the
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Ficurrk #.3: Experimental procedure followed for quantification of arsenic.

anode due to its reactive nature with arsenic while a graphite rod has been used as
cathode. Graphite rod doesn’t easily react with the hydrogen gas evolved at the cathode.
Further, the structural properties of graphite enables it to be a good conductor so it is
used as the cathode. They are connected to a DC power supply and placed inside the
receiving phase cell of the SLM apparatus. The electroplating accessories are removed

during simple SLM experimentations without electrocoagulation.

I'o ensure that the setup is leak proof, a test was done with colored water prior to the
three phase experimentation. Stability of SLM setup was observed to be 120 hours.
Samples were drawn from the feed and receiving phases at specific time intervals and
analyzed to measure the concentrations of arsenic ions in AAS. Further experiments
were conducted with the optimized conditions to determine the permeation coeflicient

and Lransporl percentage.

The experimental procedure for gnantification of arsenic in two and three phase studies

is illustrated in Fig. 3.3.

3.4 Design of experiment
The response surface methodology (RSM) incorporates a randomly designed group of

experiments by varying the parameters simultaneously to generate an empirical model

for optimization. This increases the efficiency by doing the least amount of experiments
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for optimization. Design expert® 13 was used in this thesis work for designing the
experiments, plotting the fgures, and optimization. The oumber of experiments in this

desipgn was determined by the [ollowing:
N=24+2r+¢ (3.1)

where N is the Lotal number of experimental runs, = is the number of parameters heing
uptimized, ¢ is the number of center points, 2* determines the number of factorial runs

and 2 gives the number of axial points.

It is revealed from elsewhere[94, 100, 271| that the extraction in two-phase equilibrinm
depends mainly on 5 parameters vis,

A: pH of the feed phase

B: YExtractant concentration (vol/vol)

C: Duration (hours)

D: Temperature (°C )

E: Stirring speed (rpm)

The parameters studied and their operational range for both the arsenic ions are listed
in l'able 3.2.. Hence, in this study, face-centered design of central composite design
has been used to conduet 50 experiments each for As(M), As(Y) As(Ag(V)e 1 2
, AsTAgVY s 2 AsUIEAL(V).: 9 . , that comprised of 2° — 32 factorial runs,

2 x 5 = 10 axial points and 8 centre points, by varying following above 5 parameters to

detect the optimum level for maximum extraction of arsenic ions.

In a gimilar manner the extraction and recovery in three-phase SLM depends mainly on
3 parameters vie.

F: Concentration of receiving phase

G: pll of the receiving phase

H1: Stirring speed (rpm) or

H2: Extractant concentration (%)
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It would further be revealed from hybrid study of SLM and electrocoagulation in Chap-
ter 7 (and published elsewhere [218]) that the optimum extractant concentration was
obtained for individual arsenie ions in the three-phase SLM study. Assuming that the
same concentration would not apply to the combined arsenic study, the extractant con-
centration (H2) was varied in those cases instead of stirring speed (H1). Further, in
most of the experiments conducted, the extractant concentration has turned out to be
a significant parameter. T'he parameters studied and their operational range for both

the arsenic ions are listed in Table 3.2,

TasLE 3.2: Summary of variable range studied for optimization

Type Factor Name Min. Max. Mean
A pH of feed phase 1 10 7
B Extractant concentration (%) 2 L i
Two phase (8 Duration (hours) 2 12 7
D  Temperature (°C ) 95 55 A0
E Stirrer speed (rpm) 50 250 150
F Concentration of receiving phase (ppm) 1 3 2
Three phase G pH of receiving phase 3 7 ]
H1 Stirrer speed (rpm) 200 300 25()
H2  Extractant concentration (%) 10 10 25

Henee, in this study, face-centered design ol central composite design has been used to
conduct 15 experiments each for As AtV AL AGV 1 01 | AL A4V 9
Ast: A5V 90 1 | that comprised of 2% = 8 factorial runs, 2 x 3 = 6 axial points and
1 centre point, by varying following above 3 parameters to detect the optimom level for

maximum extraction and recovery of arsenic ions.

3.5 Statistical and machine learning based analysis

In two-phase equilibrinm studies, there were [ive independent variables and one depen-
dent variable for all the single and mixed arsenic species. The independent variables were
further subdivided into three levels based on their ranpe. The mean, median, variance,

standarnd deviation, range, interquartile range, skewness, and kurtosis were caleulated
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for each level of the independent variables for the dependent variable from the descrip-
Live analysis. Kolmogorov-Smirnov and Shapiro-Wilk models were used to assess the
normality of Lthe data. Based on the normality Ltest, correlational analysis was performexd
to find the relationship between the independent and dependent variables. Then, a five-
way analysis of variance (ANOVA) test was carried out to find the differences between

five independent variables with respect to one dependent variable.

In three phase SLM study, there are three independent variables namely, the concentra-
tion of receiving phase, pIl of receiving phase, and stirring speed for As AsMand
extractant concentration for three different ratios of combined AstM.AstY). Bach of
the independent variables had three levels. The extraction and recovery (%) of arsenic
ions were the dependent variahles. From the descriptive analysis, the mean, median,
variance, standard deviation, range, interquartile range, skewness, and kurtosis were
obtained for each level of the independent variables with respect to the dependent vari-
ables. Then the test for normality was done using two models, Kolmogorov-Smirnov
and Shapiro-Wilk. On the basis of the normality test, Pearson correlation analysis was
performed to find the relationship between the independent and dependent variables.
Multivariate Analysis of Variance (MANOVA) test was done for analyvzing differences
between groups as there were two dependent variables and three independent variables.
The multivariate analysis predicted the individual or combined significant effect of in-
dependent variables on the dependent variables. On the basis of the significant main
cffect, the tests of between-subjects effects were investigated. 'This indicated the impact
of individual or combined independent variables on each dependent variable. Then the

post hoe Tukey test was carried out to further understand the significant main effect.

I'he machine learning toolbox in MATLAD offers a comprehensive set of tools that were
effectively emploved for modeling and optimizing LM process based on experimental
results. MATLAB's rich library of machine learning algorithms, including regression,
classification, clustering, and ensemble methods, were used to develop reasonably ae-
curate models that capture the intricate relationships within experimental data. The
toolbox facililales the preprocessing of data, leature selection, and model evaluation.
For optimization, MATLAB provides optimization algorithms that can be seamlessly
integrated with machine learning models. By leveraging this toolbox, parameter tuning

and optimization were conducted to identify the optimal conditions for a given process,
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r:.é'v:

Ficuirk 3.4: Data optimization approasches followed in two and three phase studies.

maximizing efficiency or minimizing costs. The scheme followed for data optimization

in two and three phase studies is as given in Fig. 3.4.

Summary of Materials & Methods

e This chapter details chemicals and instruments used in experiments.

s 'T'he sources of materials, experimental procedures, and characterization techniques

are described here.
¢ 'I'he information on the procurement of materials and their sources are provided.

¢ A comprehensive deseription of the experimental procedures emploved are included

with an outline of the FSSLM setup used for three-phase and hybrid studies.

¢ The characterization techniques applied during the experiments are highlighted.

Abbreviation

ANN Artificial nearal network
ANOVA Analysis of variance

FCCCD Face-centered central composite design

TH-3557_156107008



Chapter 3: Materials ¥ Methods

79

FSSLM Flat sheet supported liquid membrane
GA Genetic alporithin

MANOVA Multiple analysis of variance

ML Machine learning

MSE Mean squared error

RSM Response surface methodology

VGA Vapor generation mode

Nomenclature

¥(-} Functions which mimie neurons
u; Inputs

wy Assigned weight

f; Dins

m Number of input datasets

n Number of output nodes

Ve Experimental output values

tp Predicted output values
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Chapter 4

Properties of liquid membrane

Tlllﬂ chapler outlines Lthe molecular interagtions and transpert properiies of a pseudo-
binary mixture of sesame oil and Aliqual.@ 336 by determining the surface tension (at
25°C), density, and viscosily over a temperature range of 25°C — 60°C under atmospheric
pressure. The obtained viscosity data were fitted into the Vogel-Fulcher-Tammann equa-
tion [219], Gruenberg-Nissan equation (224, 225|, and an equation propesed by Hind et
al. [226]. An empirical relation given by Parthasarathy and Bakshi [227] was validated
on the experimental data of density. The Jouyban-Acree model [138, 223] was used to
correlate both viscosity and density data. Data on exeess molar volume and viscosity
deviation derived from the density and viscosity of mixtures led to an understanding
of solute-solvent interactions. The surface tension of the mixture was validated by a
modified ideal mixing rule equation. The excess properties were fitted into the Redlich-
Kister polynomial equation [232]. Further, the volumetric thermal expansion coefficient,
excess Gibbs [ree energy, change in enthalpy of mixing, and entropy of activation of the
liquids were caleulated. Analysis of FTIR studies further illustrated the intermolecular

interactions in this pseudo-binary mixture.

81
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4.1 Viscosity and viscosity deviation

The experimental data of viscosity (1) and the derived viscosity deviation (Ay) of the
pseudo-binary mixture (comprising of sesame oil and Aliquat® 336) are reported in

Table 4,1,

Tasnk 4.1: Viscosity and viscosity deviation of pseado-binary mixture for varying mole
fractions of extractant () at different temperature (T in *C) range under atmospheric
eSS

1 (Pa s) Ag (Pa s)

i 30 40 a0 60 25 30 40 50 Gl

H

0.000 | 0.039 0031 0022 0.016 0.2
0.099 | 0.044 0036 0024 0018 0.013 | -0.005 -0.069 -0.035 -0.018 -0.010
(.189 | 0.050 0.041 0028 0020 0005 | -0.180 -0.130 -0.065 -0.034 -0.019
0.344 | 0.071 0.057 0038 0.026 0019 -0.315 -0.230 -0.113 -0.058 -0.032
0473 | 0.103 0.081 0.051 0.034 0024 | 0414 0902 -0.148 -0.076° -0.042
(0583 | 0,149 0.113 0070 05 0.082 | 0478 -0.351  -0:170  -0.088  -0.047
0.677 | 0.207 0161 0097 0,060 0.040 [ -0.515 <0372 -0.179 -0.082 -0.049
0759 | 0.286 0215 01256 0075 0049 | -0.519 -0.379 -0.181 -0.093 -0.050
(L8300 | 0,363 0275 0152 0.090 0062 | 0511 0372 0181 -0.008  -0.045
0.894 | 0.535 0396 0214 0122 0076 | -0.405 -0.298 -0.143 -0.073 -0.038
0.4950 | 0.709 0527 0.278  0.156  0.095 | -0.289  -(0.208 -0.100  -0.050  -0.026
LO00 | L4 0773 0397 0.217  0.126

Viscosity of pure extractant and solvent are plotted against temperature in Fig. 4.1a.
Depending on the experimental viscosity data, pure sesame oil exhibits lower viscosity
in comparison to pure Aliquat® 336 Viscosity of pseudo-binary mixture versus mole
fraction of the extractant are given in Fig. 4.2 Viscosities of all the pure extrac-
tant and solvent as well as their mixture decrease with increase in temperature. The
viscosily was measured at a shear rate of 50 5 ’{m 29 rpm ~ (.5 Hz). Its uncertainty
in measurement is +0L05 m Pa 5. As the temperature inereases the kinetic energy of

Lthe molecnles inereases, thereby weakens Lhe intermolecular interactions resulting in the
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Ficure 4.1: Variation of fluid propertics with change in temperature

decrease of viscosity. The viscosity of pseudo-binary mixture increases with increase
in mole fraction of Aliquat. Pseudo-binary mixture consists of sesame oil and Aliguat
which is highly viseous. This is due to the size and nature of the molecules of Aliguat.
The hydrocarbon chain in Aliquat is guite long which experiences van der Waals force
of interactions [122]. Further, it behaves as a cationic surfactant that forms structural
micelle aggregates [121]. This leads to the increase in viscosity with increase in con-
centration of Aliquat in pseudo-binary mixture. I'he experimental data of viscosity are

correlated (vide Fig. 4.2) with VF'T' model (Eq. 2.1), Jouyban-Acree model (IEq. 2.2),
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Fraure 4.2: Viscosity/Deviation of viscosity of pseudo-binary mixtores with mole
fraction over a temperature range of 25 to 6 "C

Gruenberg-Nissan model (Eq. 2.3) and the model (Eq. 2.4) proposed by Hind et al.
[226]. VFT model fits well with standard deviation in the range of 0.115 - 0.291 (vide

Table 4.2).

Taprk 1.2: Parameters to VFT model and standard deviation of experimetal data of viscosity
of pure components

Extractants/Solvents  Parameters of VFT model o)

Aﬁ' Bﬂ E’?
Aliguat 1.32x10°% 1573 -131  0.201
Sesame oil 0.0006 4116 756 0.115

As viscosity increases in a noo-linear manner in mixture, the model proposed by Hind

et al [226] does not fit well. Standard deviation is quite high for this model (o =
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(.914) as compared to other models used for correlation of the experimental data (vide

Table 1.6).

As the number of parameters increases, the model fits well with the experimental data as
is evident in the Jouyban-Acree model (o0, = 0.049 from Table 4.6). The (., param-
eter of the Gruenberg-Nissan model throws some important insights into the molecular
interactions in the mixtures. The negative (7., values indicate interactions caused by

van der Waals force of attraction in mixture [225].

When a solution or mixture is produced by mixing an extractant and a solvent, it deviates
from the ideal behaviour of the pure components. This deviation can be understood in
terms of molecular interactions and their effect on viscosity, In a pure fluid, molecules
are generally in a state of equilibrium, where they experience balanced forces from
neighbouring maolecules. When the fluid fows, molecules move from these equilibrium
positions.  Viscosity is a measure of a [uid's resistance to delormation or fow. It
reflects how much internal friction exists when moleculss move past each other. In
mixture, these movements of molecules are strongly affected by intermolecular forees
viz, dipole-dipole interactions, hydrogen bonding and van der Waals forces, that causes
deviation in viscosity, An, which is computed using Eq. 2.5. Fig. 4.2 show that the
deviation in viscosity increases with temperature. Furthermore, An is always negative
for mixture. A negative value of An indicates a strong intermolecular interaction between
Aliuat and sesame oil (Fig. 4.2). On the other hand, a shift in the valoe of Ay from
negative to positive indicates that after a certain limit (mole fraction of the extractant)
the interactions between the molecules of the extractant and solvent changes to being
repulsive in nature. The RKP function (Eq. 2.22) demonstrates a good it (vide Fig.

4.2) for An with standard deviation in the range of 0.034 - 0,097 (vide Table 4.3).

Trend of An depends on the size, shape and intermolecular interactions of the com-
ponents in the mixture. A negative trend in Ay is attributed to the van der Waals
interactions. This validates the strong onie interactions in mixtore that shows a neg-
ative trend in An values. The dipole moment of Aliquat is as high as 26.63 D (ie.

debye, a unit used to express electric dipole moments of molecules. 1 D = 3.336x 10~ %
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coulomb metre} [272] that results in strong dipole-dipole interactions with the triglye-
eride molecules of sesame oil in mixture. The values of Ay is eptimum at a5, = 0.75,
irrespective of the change in temperature.

TapLe 4.3: Coeflicients of REKP function developed for viscosity deviation | Ang = x.(1 -

z.) {ap +ay (2x. — 1) + az(2r. — 1)* + ag(2e. — 1)* + a4(2x. — ].:I"‘} of pseudo-binary mixture
and their standard deviation, o

Temp (°C) 1) iy i fy Ly a
25 -1.726  -1.658  0.386  -0.067 -4316 (0.041
30 -1.261 -L172 0.205 -0.179 -2934 0.034
A0 A.626 0505 0176 -0.220 -1.345  0.055
ol 334 0266 0.210  -0.067  -(LB31  (L08T
60 -0.173 0246 0.215 0.265 -0.869 0.007

Mg values become less nepative with rise in temperature due to the reduction of inter-
molecular interactions caused by collisions of molecules caused by increase in kinetic
energy. The increase in temperature breaks the existing bonds to form new intermolec-
ular interactions as is evident from the fall in positive trend of the Ay values. The

uncertainties in the viscosity deviation has been shown in the Table 4.4,

Tapre 4.4; Uncertainty in the derived properties

Derived properties Deviations in psendo-binary mixtures
Viscosity deviation (1.06()
Excess molar volume .110
Surface tension deviation (110
Deviation in ultrasonic velocity (1001
Deviation in acoustic impedance 0.090

4.2 Density and excess molar volume
The measured data of density and calealated values of excess molar volume of peeudo-

binary mixture are given in Table 4.7, The variation in the data of experimental density

for all the pure extractant and solvent with temperature is reported in Fig, 4.1b.
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Froure 4.3 Density of pseado-binary mixture s different mole fractions of extractants and
tomperatires

The uncertainty in the measurement of density is +0.001 g em—*. As the temperature
increases, the kinetic energy of the molecules increase that leads to an inerease in the
collision betwean the molecules. This in furn inereases (he intermolecular spaces in the
mixture leading to o decrease in density, The densities of all the extractant and solvenot
decrease with increase in temperature. The change in density of Lhe pseudo-binary

mixture with temperature and mole fraction is given in Fig. 4.3,

Tapre 4.7 Density and exeess molar voluome of pseudo-binary mistre for varying mole fractions
of extractants () at diferent temperature (T in "C) under atmespheric pressure

ol em?) VE(em® mol™1)

Lz
&t

30 A0 50 60 25 a0 10 50) fil)

0000 0914 0911 0804 0.8097  0.891

0.099 0913 0910 08903 0897 0.890 -0.876  -0.659 0847 -1.121 (420
0189 0912 0909 0902 0895 0889 -0.919 -0.740 -1.015 -1.163 -0.471
0344 0.900 (906 0.899 0.803 0.886 -0.085 -0.824 00095 -1.330 -0.509
0473 0907 0.8904  0.897 0890 0.884  -1.075 -L1200 -1.231 -1.366 -0.716
0.583  0.804 08901 0891 0.888 0.881 -0.883 -1.037 -1.1656 -1.235 -0.586
0.677 0901 0.898 0891 0885 0878 -0.660 -0.874 -0.946 -1.027 -0421
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Table 4.7 - continued from the previous page
plg em®) VE(em® mol ™)

25 30 A0 5l il 25 30 40 ol Gl
0.7589  0.898 (.B95 0.880 0882 0.876 -0.564 -0.975 -1.038 -1.087 -0.510
L830  0.895 (.892 0.886 0880 0.873 -0.451 -0999 -1.043 -1.082 -(0.497
(1.894 0.892 0.88% 0883 0877 0871 -0.334 -0.754 -0.760 -0.812 -0.287
0.950  0.880 0.886 0.880 0874 0.868 -0.276 -0.845 -0.815 -0.852 -0.307

1.000  0.886 (.882 0.876 0870 (0.865

The density of mixture decreases with mole fraction of extractant because the density of
Aliguat is less than sesame oil. Al room temperature Aliquat is an ionie liquid [121, 273

that consists of quarternary ammonium cation and chloride anion.

As the concentration of Aliguat increases in the mixture, the number of lons increases
as well. These cations and anions interact strongly with the falty acids of vegetable
oil but eause repulsion as well that reduces the density of the mixture. Further, the
density decreases with increase in temperature. This is due to the fact that increase
in lemperature increases Lthe kKpelic energy eausing the molecules to move apart. This
increases the volume leading to expansion due to weak bonding. The empirical relation
(Eq.(2.6) by Parthasarathy and Bakshi [227]) between viscosity and density has been
fitted with the experimental values (vide Fig. 4.3, Table 4.8, Fig, 4.4a and Fig. 41.4b).
The standard deviation lies in the range of (LO021-(L0028. However, this model is not
reliable as the viscosity of the mixture increases exponentially with concentration of
extractants and the model fails at the higher concentration level. Nevertheless Jouyban-
Acree model is reliable at all temperature and concentrations of extractant (vide Table
4.8 and Fig. 44). In fact Jouyban-Acree model fits better (o in the range of 0.0036-

0.0047) than the model proposed by Parthasarathy and Bakshi [227].
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Fioure 4.4: Densgity and exeess molar volome of the psendo-binary mixtures at diffrerent mole
fractions of extractants withion a tomperature raonpe of 25 to 60 °C |
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Chapter 4: Propertics of liguid membrane 02

There is no change in volume if ideal mixture is formed. However, real mixture un-
dergoes either an increase or decrease in volume due to molecular interactions between
components of mixture. Exeess molar volume indicates the changes or differences in the
pseudo-binary mixture and specific interactions between their components, The caleu-
lated values of V¥ from experimental data of densities of pseudo-binary mixtures (vide
‘Iable 4.7) are fitted using the fourth order Redlich-Kister polynomial (RKP) function

{274, 275] as given by Fq.(2.22) and are plotted in Fig. 4.4

A positive trend in V¥ depicts expansion of volume on mixing: thus repulsive inter-
actions or weaker interactions act between the components of the mixture, whereas a
negative VP shows ionic interactions of molecules in the mixture stronger than individ-
ual components prior to mixing. V¥, similar to An, is negative for mixture as in Fig.
4.4, Sesame oil mainly consists of monosaturated oleic acid [276]. As the temperature
increases, the molar volume of the components increases. The molar volume of sesame
oil varies from 0.927 to 0.952 m*kmol ! with rise in temperature. As the molar volume

increases, the expansion results in weakening of the intermolecular interactions.

The calculated data using RKP model (Eq. 2.22) is in good agreement with the exper-
imental values with standard deviation in the range of 0.077-0.165 (vide ‘lable 4.9).
TasLe 4.9 Coeflicients of RKP function developed for excess molar volume, V¥ = x.(1 —

Te) {un +ay(2r. —1) + a2z, — i}j + aaf 21, — 1:l:‘I + g (dmp — 1]""} of psendo-binary mixture
and their standard deviation, o

_Tc'.l:up ("C) ay ay i ay iy o
20 3811 28090 L4004 -0.110 2652 (0.165
3 -4.553  1.596 -4.974 3476 -1.189 0.077
40 “A.358 (833 -3.348 L1120 -2.197 (O.110
3] 4,197 2218 -5.648 -1.433 0844 0.103
Gl -3.663 3124 -6.764 0813  3.547  (L11T

4.3 Surface tension

The chief constituent of sesame oil is triacylglyeerides with long chain unsaturated hy-
drocarbons. The intramolecular hydrogen bonding between (- H groups in triacylglye-

erides and van der Waals forces exerted by the long chain unsaturated hydrocarbon tail
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Ficure 4.5 Various properties of pgendo-binary mixtures at 25 °C against mole fraction

leads to strong cohesive forees between the molecules of the il. Hence, the surface ten-
sion of the oil is more than that of the extractant. If written in the inereasing order, the
surface tension of the pure componerts can be arranged in the following way — Aliquat
336<sesame oil [277, 278].

The surface tension was measured using Wilhelmy plate method whose accuracy is
0.1%. We have obtained an uncertainty of +0.001 m N m !, The surface tension of the
mixture decreases with the increase in the concentration of the extractant. Aliquat has
been used as surfactant and phase transfer eatalyst by Dutta and Patil [279]. Being a
cationic surfactant, Aliquat reduces the surface tension in mixture [122|. The decrease
in surface tension with mole fraction of Aliquat in mixture is non-linear as seen in Fig,

4 ha.

The pure extractant, when added to the oil to form the solution, tend to disrupt the
strong cohesive forees. The reduction in surface tension increases {he surface area. This
in turn favours the application of the pseudo-binary mixture in removal, extraction or
separation of metals as more exposed surface area incresses the scope of intermolecular

interactions. In Table 4.10, the experimental values of viscosity, density and surface
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M

tension are compared with the values obtained from various literatures and their average

absolute deviation (AAD) values are also given.

Tapre 1.10: Comparizon of experimental data of viscosity, density and surface tension of pure
cotractants and solvents with those in the published literature

Aliguat 336 Sesame oil
Properties
Expt. Lit. AAD | Expt. Lit. AAD
n (Pas) 1048 1.5020[122] 0.43 | 0.039 0.065 (293.15K)[280] 0.67
p (kg m*) 886 BAT.5H[122] 0.0017 | 914 914-919[281] (.0055
S (mN m~1) [ 28,603 28[122] 0.021 | 33.58 30.20[277] 0.098

The surface tension of mixture (S, ) and its deviation (S¥) are given in Table 4.11.

TaBLe 4.11: Surface tension and its deviation for all the psendo-binary mixtures (BM) at 25°C

S¥ (mN m~!)

T, Sp(mNm ')
0.000 33.58
0.099 32.75
0.189 30.95
0.344 29.84
0.473 29.70
L4583 29.67
0.677 20.57
0.759 2940
(.830 29.03
(.894 28.86
0.950 28.82
1.000 28.60

{.000
1338
-1.689
-2.033
-1.522
-1.013
0,637
-0LA07F
-1L415
-0.274
-0.034
0.000

The RKP model (Eq. 2.22} is in good agreement with the experimental values with

standard deviation of 0L11{vide Eq.(1.1)}.
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S —z.(1 — x){—5.61 + 9.44(2x. — 1) — 3.41(22.— 1)* + 1.95(2z- — 1)® — 16.91 (2. — 1)*

— 24.24(2x, — 1)% + 43.4(22, — 1)%} (4.1)

The uneertamnties in the surface tension deviation has been shown in the Table 4.4,

4.4 Acoustic properties

The ultrasonic velocity, isentropic compressibility, intermolecular free length and acous-
tic impedance of the mixtures are derived [rom the Egs. 2.11, 2,13, 2.16, and 2.19
respectively using the experimental values of surface tension and density as given in

Table 4.12 and Fig. A.2.

TabLE 1.12: The calculated data for ultrasonic velocity, isentropic compressibility, intermolec-
ular free length and acoustic impedance for all the pseudo-binary mixture

Tz U (msec!) K (Pal) Ly (m) 7 (kg m* sec)
0.000 1498.98 1.87x1071 20110~ 137108
0.099 1474.83 5.03x10710  2.05x 1071 1.35 % 105
0.189 1421.79 5.42x10°W  2.13x10°Y 1.30% 108
(1.344 1390.24 560x10710 218101 1.26x 108
0.473 1388.65 5.72x10°'?  2.18x10~ 1 1.26% 108
0.583 1390.56 5.72x10710  2.18x 101! 1.26% 108
0.677 1390.78 5.74x10710 219 191! 1.25% 10%
0.759 1388.20 578x10710  2,19x10~1 1.25x% 108
(.830 1379.37 AET=x10710 2.21%107] 1.23x 108
0.894 1377.22 5.91%1071"  2.22%107 " 1.23 %108
0.950) 1 378.65 5.92x1071"  2.22x107! 1.23x 108
1.000 137H.28 597=x10710  2.23x10~1 1.22% 108

The ultrasonic velocity (speed of sound) is empirical and derived from the experimental
values of surface tension and density at 25 “C . It is an approximation of the behayv-

ior and the correlation was developed considering the room temperature only (25 °C ).
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Surface tension is high in sesame oil due to strong cohesive forees (hydrogen bonding
and van der Waals forces), which is reduced by the addition of the cationic surfactant,
Aliguat 336. So, there is a decrease in surface tension with increasing mole fraction
of Aliquat 336. 'T'he reduction in surface tension increases surface area, enhancing the
mixture’s effectiveness in applications involving metal removal, extraction, or separa-
tion. 'The ultrasonic velocity initially falls and then becomes nearly constant in mixture
(vide Table 4.12). The initial decrease signifies the disraption of strong cohesive forees
within the oil, leading to increased molecular mobility. The subsequent stabilization
indieates a new equilibrium where the mixture’s structure is stable, providing insights
into the aptimal conditions. The isentropic compressibility /K, increases sradually after
Taliquar = U4 (vide Table 4.12). Isentropic compressibility measures a fuid’s ability to
be compressed under adiabatie conditions, inversely related to the fluid’s bulk modulus.
As the mole fraction of Aliquat 336 increases, isentropic compressibility also rises. At
lower coneentrations, Aliquat 336 disrupts the strong cohesive forces in sesame oil (such
ns hydrogen bonding and van der Waals interactions), increasing the free volume and
molecular mobility. Around a mole fraction of 0.4, significant structural changes oceur,
creating a more open, less densely packed mixture. The weakened intermolecular forees
make the mixture more compressible, marking a eritieal point where the surfactant’s ef-
fects are most pronounced. The intermolecular free length versus mole fraction follows a
similar trend with a gradual change as observed in Table 4.12. Intermaolecular free length
refers to the average distance belween molecules in a fluid, influenced by intermolecular
forees and molecular packing. As the mole fraction of Aliguat 336 increases, the cohesive
forees in sesame oil weaken, leading to a gradual inerease in intermolecular free length.
Rather than causing a sudden disruption, Aliqual 336 slowly inserls itsell between il
molecules, progressively altering the molecular arrangement. Fach addition of Aliguat
336 results in a dynamic equilibrium with a new balance of forces. This controlled,
gradual change in intermolecular free length allows for predictable modifications in Huid
properties, which is crucial for precise applications. The acoustic impedence decreases
with male fraction of extractant (vide Table 4.12). Acoustic impedance measures the
resistance an acoustic wave faces as it travels through a medium, determined by the

product of the medinm’s density and sound speed. As the concentration of Aliquat 336

TH-3557_156107008
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inereases, acoustic impedance decreases. This cationie surfactant weakens intermolecu-
lar forees (e.g., hydrogen bonding and van der Waals forees) in sesame oil, increasing
free volume and reducing density. The disruption also lowers the mixture’s stiffness,
decreasing sound speed. The combination of reduced density and sound speed leads to
lower acoustic impedance, meaning the mixture beeomes easier for sound waves to pass

through-a key factor in applications like ultrasonic imaging.

Fig. 4.5b shows deviation in excess surface tension of the mixture against the concen-
tration ol extractant. "The calculated values (vide 'Table 4.12) are fitted with sixth order
Redlich-Kister polynomial equation. Mixture shows negative deviation. "T'his is quite
similar to the excess molar volume trend. The excess properties of the ultrasonic veloe
ity, isentropic compressibility, intermaolecular free length and acoustic impedance of the

mixture are calculated and showed in Table 4.135.

Tapre 4,13 The deviation data for excess properties of ultrasonic velocity, sentropic compress-
ibility, intermolecular free length and acoustic impedance for all the pseado-binary mixture

ze UL (msect!) KF (Pa)) Lf;" (m)  Z% (kg m? sec)

(1099 -11.85 55%10717 12x107™ B.01x10°
0.189 -53.81 35x10°Y Tix10-8 A A8 10
0.344 -66.18 14x10°1 89x10718 -5.39x 101
0.473 -51.76 33x10°M 6TxIDTE -3.92 101
0.583 -36.20 2xd0 ! dAxio -2.50% 107
0.677 -24.43 L3x107" 27x10718 -147x10?
0.759 -16.92 7.7%1071%  17x1071® -8.65%10%
0.830 -16.80 89x1071%  18x107"? -9.27x 107
0.894 -11.24 6.0x10712%  12%x1071® -6.09 % 107
0.950 -2.85 32107 1ax107M 91.7

U,f_f shows negative deviation for mixture ag shown in Fig. 4.5¢. The caleulated values
(vide Table 4.12) are fitted with seventh order Redlich-Kister polynomial equation. As
K, and Lj are inversely proportional to the Uy, their excess deviation curves are oppo-
site to that of Uf (vide Table 1.13). The positive deviation of Lf in mixture indicates
that the intermolecular free length of the mixture increases compared to the free length

of the individual pure components due to electrostatic repulsion or van der Waals forces,
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y = -17.769z + 100.25
R* = 0.9709

5.6 b.7 5.8 5.9 6.0 6.1

Ficune 4.6: Graphical interpretation of the proposed model (Fe.(2.25))

The acoustic impedance is a product of density and ultrasonic velocity. Z% is negative

for mixture owing to [all in density and a very gradual change in ultrasonie veloeity.

A new model is being proposed through Eq.(2.25) in this work relating the surface tension
and intermolecular free length to the viscosity of the mixture at 25°C. As observed in Fig.
4.6, the data vield linear it having R? value in the range of (L9709 for pseudo-hinary

rixture.

A negative deviation in the pseudo-binary mixture indicates a decrease in viscosity with
increase in intermolecular free length. The uncertainties of the deviation in ultrasonic

velocily and acousiic impedance have been shown in the Table 1.4.

4.5 Apparent molar volume

Apparent molar volume shows the change in the property of the pseudo-binary mixture
when the extractant is added to the solvent on a molar basis, and it is usually less than
the molar volume. The apparent molar volume of pseudo-binary mixture at different

temperature has been caleulated and reported in Table 4,14,

TH-3557_156107008



Chapter 4: Propertics of liguid membrane a9

TapLe 4.14: Apparent molar volumes of psewdo-binary mixture at atmospherie pressure

Vg1 (em?® mol™!) Vo (em® mol =)

25 30 40 A0 60 2R 30 40 BO 6O

(1.000 028 031 938 045 052
(0.099 449 452 453 453 463 927 930 937 944 951
(L1589 452 454 456 458 465 927 930 937 944 951
03144 454 456 458 461 466G 926 930 D37 943 951
473 454 456 459 462 466 926 920 936 943 950
(1583 455 456 459 462 466 926 928 935 942 850
0.677 4585 457 460 463 467 926 928 935 942 050
(1L759 455 457 460 463 467 0925 0927 934 91 950
0.830 455 457 460 463 467 924 825 932 939 049
(L8984 456 457 461 464 467 925 924 931 938 M9
(1950 456 457 461 464 467 920 814 922 928 946
LOOD 456 A58 461 464 467

The change in apparent molar volume of the mixture s almost constant with increase in
mole fraction for the extractant. This indicates that the intermoleciular and intramolecn-
lar interactions oceur as the concentration of the extractant increases. Table 4.13 shows

the apparent molar volume of the pseudo-binary mixture at 25°C |

4.6 Thermal expansion coefficient

The thermal expansion coefficient (o) is a measure of how much a material’s volume
changes with a change in temperature as given by Eq.(2.28). The Table 4.5 lists the
values of o for the pseudo-binary mizxture being studied. The value of the thermal ex
pansion coefficient decreases as bond energy increases, This means that materials with
stronger intermolecular boods will have lower thermal expansion coefficients. Sesame oil

has the highest thermal expansion coefficient (0.0008) compared to Aliquat 336 (0.0007),
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as the temperature changes from 30°C to 60°C under atmospheric pressure. An increas-
ing trend in o values indicates that the bonding between maolecules in the pseudo-binary
mixture becomes weaker, allowing for greater expansion. While a decreasing trend in
the values of o suggests that the intermolecular forces in the mixture are stronger than
in the pure solvent and extractant. In other words, when the components are mixed, the
interactions between different molecules result in & mixture that expands less compared

to the pure substances.

TABLE 4.15: Excess Gibbs' free energy (AG*Y) of the pseudo-binary mixture

25 30 40 50 B0
&g

0.1 349 431 414 467 564
0.2 376 498 542 609 726
0.3 402 488 605 744 922
0.5 406 462 598 758 959
0.6 400 393 545 700 931
0.7 315 398 545 642 859
0.8 242 246 383 461 636
0.9 113 98 142 183 314

4.7 Excess Gibbs energy, enthalpy and entropy

As observed in Fig. 4.7 and Table 4.15, excess Gibbs' free energy for the pseudo-binary
mixture increases with temperature.  However it increases upto a certain point and
then decreases with increase in concentration of the extractant. A positive excess Gibhs'
free energy means the pure components are unable to mix well while a negative excess

sibbg’ free energy indicates that there is a driving [oree for mixing to oecur. Therelore,
as the concentration of extractant inereases the strong inlermolecular interactions in the
mixture causes a negalive deviation of excess Gibbs' [ree energy, The excess Gibby' free
energy increases with temperature as the interactions between the components weaken
with the rise in temperature. Initially as the concentration of the extractant increase,

repulsive [orces dominate the intermolecular interactions causing the positive deviation.
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Firaure 4.7: Excess Gibbs' free energy of psendo-bivary mixture with mole fraction over the
temperature range of 25 to 60 "C

However, beyond a certain mole [raetion, there is a negative deviation observed due to the
strong inter and intra molecular interactions cceurring with the inerease in concentration

of the extractant in the pseudo-binary mixture.

Changes in enthalpy (AH) and entropy (AS) can be obtained by plotting the left hand

side of Eq.(2.31) against 77! for pseudo-binary mixture.

As the graphs are linear (vide Fig. 4.8), the slope is the value of AH while the intercept
is the value of AS. The enthalpy of the pseudo-binary mixture increases while the

entropy of the mixture decreases with mole fraction as shown in Fig. 4.8,

A positive deviation in enthalpy indicates that heat is absorbed upon mixing (endother-
mic) while a negative trend in entropy indicates that the components of the mixture
form a strong bond which is diffieult to dissociate. As a result of the interactions, the
extractant in the pseudo-binary mixture gets immaobilized to the organic phase and does
not easily dissociate into the agueous phase as evident from the trends of AH and AS;

thus, finding its application as liquid membrane.
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Froure 4.8: Change in enthalpy and entropy of activation of pseudo-binary mixture of sesame
oil and Aliquat® 336

4.8 FTIR results

The FIIR spectra of the psendo-binary mixture and its components are shown in Fig,
4.9. In Aliquat, the peaks in the range of 721-1465 em ' indicates the out of plane
=C— H(sp?) hending while the peaks at 2852 and 2920 cm ™' corresponds to — C-—H
(sp?) streteh. The absence of these peaks indicates the intermolecular interaction of

sesame oil with Aliquat. The peak at 1456 cm™' present in pseudo-binary mixture
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interpret a sharp C-H bend. The shift in peaks at 1238, 1163 and 1095 cm™! in the
mixture (close to 1236, 1159 and 1097 em ™! in sesame oil) indicate the interaction
between the alkyl group of aliquat with =C— 0O C group of ether, C O group of

aleohol and — C 0O C group of ether, respectively, present in sesame oil.

Summary of the properties of liguid membrane
¢ 'T'he viscosity and density of the pseudo-binary mixture increased and decreased
respectively with increase in mole fraction of Aliquat® 336.
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Frovre 4.9: FTIR spectra of pseudo-binary mixture
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¢ Both the density and viscosity of the pseudo-binary mixture decreased with in-

crease of temperature.

e Viscosity deviation and excess molar volume of the pseudo-binary mixture were

negative that indicates strong molecular interactions,

¢ 'T'he surface tension of the pseudo-binary mixture decreased with the increase in

the concentration of the Aliquat® 336.

) Aliqmﬂ,@ 336 disrupts the strong cohesive force when it is added to the sesame

odl.

o 'I'he reduction in surface tension increases the surface area, which incresses the

sceope of intermolecular interactions.

¢ In the pseudo-binary mixture, the excess Gibh's free energy first increases and
then decreases with increase in mole fraction of Aliquat® 336. This can be related
to the interactions between the molecules in the mixture which is repulsive at low

mole fraction and favourable in high mole fraction.

¢ The change in enthalpy of the pseudo-binary mixture increased with mole fraction.
A positive deviation in enthalpy indicated that heat was absorbed upon mixing

{endothermic).

s The change in entropy linearly decreased with mole fraction for sesame oil and
Aliquat® 336 mixture. A negative trend meant that entropy decreased on forming
the mixture indicating that the components of the mixtures formed a strong bond

which would be difficull to dissociate.

e A new relation is obtained hetween density, surface tension, viscosity, and inter-
molecular free length that is linear in nature. The pseudo-binary mixture fits well
into this relation with R* value in the range of 0.96 and the slope is negative,
which 18 in corroboration with the findings obtained from the properties of the

peendo-binary mixture.

e A comparison of the FTIR analysis of pure sesame oil, Aliquat® 336, and the
peeudo-binary mixture further justified the observations of the liquid membrane

properties,
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Nomenclature

BM Binary Mixture

M Molecular weight
My, Average molar mass
x Mole fraction

m,c,s subscripts of any variable that refer to mixture, extractant, and solvent respec-

tively,
11 Viscosity
An Viscosity deviation
p Density
VFE Execess molar volume
8 Surface tension
St lixcess surface tension
U Ultrasonic velocity
UF Excess ultrasonic velocity
K. lsentropic compressibility
K¥ Fxcess isentropic compressibility
Ly Intermolecular free length
LF Exeess intermolecular free length
Z Acoustic impedance
Z g Excess acoustic impedance
o Standard deviation

Va1 Apparent molar volume of extractants
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Viz Apparent molar volume of solvents
tt Thermal expansion coeflicient

AGY Excess Gibbs' free energy

AH Change in enthalpy

AS Change in enfropy

v Kinematic viscosity

h Planck’s constant

N4 Avogadro number

R Gas constant

T Absolute temperature
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Chapter 5

Two-phase equilibrium study

TIIIE‘. chapter outlines the two-phase equilibrium study for the removal of arsenic
species and combined arsenic species from water. The optimization of the operational
parameters for madmum removal elficiency has been [ollowed through response surface
methodology (RSM) using a face-centered central compaosite desipgn (FCCCD) approach.
The distribution coeflicient and extraction equilibrinm constant are determined. The
statistical and machine-learned modelling approaches are implemented in predicting the
optimum process condition that would ensure the highest yield in terms of optimum
extraction%. The experimentally observed optimum extraction efficiency of the process
is compared with the statistical model and machine-learned model. The utilization of
Genetic Algorithm (GA) based optimization teol in conjunction with Artificial Neural
Network (ANN) is a widely accepted approach that has been followed here for achieving

this objective,

5.1 Experimental observations and inferences

The experiments have been carried out as per the Dol given in Sec 3.4 and the results
are recorded in Table 5.1. All 5 factors, viz. feed phase pH, extractant concentration,
duration of experiment, temperature, and stirring speed were varied in the same manner
107
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for 5 cases viz. AsU, As(V) AU ALY -1 AgUTD AGIVE: 1 - 2 and AsUID: A4V

2 : 1. and the corresponding extraction% has been mentioned. AsMD:AxMV: 1 ;1

AstD: AV 1 - 2 and AstMD:As(V):: 2+ 1 have been referred to as AS11, AS12 and

AS521 in 'Table 5.1

TapLe 5.1 Experimental design with factors and response for two-phase extraction of

ATSCIE
Run Factors Extraction (%) of

A'B C D E AU AV AsIl As12 As2]

1 4 2 2 825 250 0. 74 15 G3.1 6458 6011
2 T8 7 40 150 H2.98 T3 TTA8 BLI1S 75339
3 v 6 2 40 150 60).22 70 616 TOhG  TLE]
14 10 10 12 25 250 5TAT s 6061 6339 TO.67

5 T 6 7 40 50 51.65 T2 Tl TRAH T49
G 7 6 7T 40 250 75.05 TR B2Z13 B34T7 TO.E4
T T 6 T 40 150 72.9 ™ TH69 BOAL TEOB
8 4 2 12 55 30 53.28 43 6593 6822 66.74
9 4 2 2 25 HO 48.88 43 6239 64.2 6361
i Y68 T 40 150 T().65 h 85.12 7965 77.95
11 10 2 12 23 250 48.42 11 ad.43 5H698  54.12
12 7 6 12 40 150 78.19 51 82.6 8391 B0.71
I3 4 10 12 25 50 59.98 63  T267 TT.21 7360
14 4 10 2 & 50 H8.36 60 6841 TLA5 70.96
15 10 1012 25 50 0422 19 6032 6147 6042

I6 10 2 12 55 &0 16.51 42 18.64 bHE.02 51.6
17 7 6 7 BHH 150 K156 T™H O B3.Y8 8517 Bl.38
I8 4 2 12 55 250 54.39 ah GG.d  BEED 6787
19 10 2 2 25 50 25.49 a0 2594 4151 36.93
20 4 2 2 55 250 al.21 19 fin.d 6520 6473
21 1 1 12 55 50 60.13 67 7397 TT91 TAALT
2 7 6 7 40 150 7H.78 Th o 8034 8264 7863
23 4 2 12 25 250 53.82 51 65.8 6685 65.29
24 10 2 2 55 50 20.47 36 3065 AT.05 0 4031
25 10 6 7 40 150 53.99 43 6012 616 6089
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Table 5.1 — continued from previous page
Run Factors Extraction (%) of

A B C D E AstD - ASVE As1l As12 As2l
26 10 1w 2 55 50 53.09 47 57.52 606 HOA4B
21 7T 6 7T 40 150 T6.71 T  BOBS 8352 T77.13
28 T 6 7 40 150 68 T3 2150 8023 T6.71
29 10 2 2 55 250 35.67 37 40,23 49.24  45.54
30 10 1 12 55 250 a7.6 a2 6221 6345 626
31 10 1 2 256 B0 52.11 45 55.7 5947 56.19
32 4 10 12 55 250 i5.67 65  THh2l TRIS TAT6
33 10 2 2 25 250 32.58 31 35898 4666 3815
34 Y 2 7 40 150 117 i THh21 TR3D 7482
] 4 10 2 25 50 H8.59 it 66.67 GR.B85  68.63
36 7 6 T 40 150 72.4 T3 21.94 B80.82 79.15
3 10 2 12 b5 250 51.97 14 5568 58096 H2.85
38 Y6 T 40 150 T3.94 T2 82407 His2  HOE3
39 10 1w 2 25 250 52.94 A6 5097 6027 56.89
0 7 6 7 25 150 51.15 T2 TRB3 71TV 7503
1 4 6 7 40 150 61.78 iz  G8.09 6996 T0.3
42 ¥ 10 7 40 150 80,86 81 8489 H513 81
43 4 10 12 25 250 6261 fifi T32T TT.83 738
4 10 10 12 55 50 54.63 5l 62.19  61.68 60.93
45 4 .« 107 "2, 55 250 62.95 61 TL15 721 7047
A6 4 2 2 55 40 49.59 AT G3.88 65.05 64.17
47 4 W 2 25 250 ab.s a9 BT84 69.65 6896
8 10 2 12 25 a0 3943 49 43.14 5341 5411
49 4 2 12 25 5l 51.496 al) 65.7 6539 6493
o 10 10 2 55 250 .5 48 HBR.T6  60.61  59.73

The impact of the parameters on the extraction efficiency of As{")is given in Fig. 5.1.

Similarly impact of the parameters on the extraction efficiency of AstY), AstT:AstV)..
o1, As(MAg(VD: 1 2 2 and As(UT:As(V):: 22 1 | are given in Fig. A.3-A6.
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Ficure 5.1: Effect of parameters on the extraction of As!"in two phase study

5.1.1 Effect of pH of the feed phase

The pH of the feed phiase was varied from 4 to 10 based on the pH reported for con-

taminated waters in Digboi242] and Kamrup district of Assam [282]. The optimum pH
for As("M)is 6.8 for extraction of 84%. AsMVexists as HyAsOy at pH < 9 [283]. Aliquat
336 is an ionic liguid comprising of guarternary ammonium cation and chloride anion

that interacts with both undissociated and dissociated forms of arsenic ions favoring the
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removal of arsenic within this pH range. The optimum pH for As(¥is ~6.7 for extrac-
tion of 86% and in this pH, As'Y)is present in the form of HaAsQ, dissociated ions.
The optimum pH for combined As™LAsMlies in the range of 6.3-6.65 indieating the

presence of both HaAsOz and HaAsQy at intermediate pH range.

5.1.2 Effect of extractant concentration

Aliquat 336 is a highly viscous cationic surfactant forming structural micelle aggregates
owing to its long hydrocarbon chain, The bulk amount of organie phase utilized in this
two-phase study [urther increases Lhe viscosity. So, the extractant concentration in the
organic phase was varied from 2 to 10% (v/v) based on the viscosity of the organic phase,
hecause extractant concentration more than 10% (v/v) could increase the viscosity of the
organic phase, eausing intense emulsification. I'he optimum extractant concentration for

both the arsenic ions and combined species was found to be ~10% (v/v).

5.1.3 Effect of duration of experiment

The duration of this study was varied from 2 to 12 hours [110]. ‘T'he optimum duration for
combined As"")_As™V)in three different ratios was in the range of 7-12 hours; for AstT
significant extraction efficiency (84%) was achieved at 9 hours. However, for AstY}, the
extraction efficiency reached B6% at 12 hours. This difference of three hours ecould be
attributed to the presence of uncharged and charged ions in the case of Ast™and AstV)
respectively. Allhough 9 hours was identified as the point where significant extraction for
Asieeurred, to ensure uniformity in the experimental procedure and Lo accommodate
the longer duration required for AstY), the study was conducted up to 12 hours. This
extended duration ensured consistency across all conditions, as not much variation in

results was observed beyond 9 hours for As!V,

5.1.4 Effect of temperature

The variation in temperature was studied over the range of 25°C to 55°C [284]. The
optimum temperature for As™™was 37°C for extraction of 84% and 55°C for 86% ex-
traction of AstY). I'his could possibly be due to the presence of HyAsOg in the case of

As"Dthat interacted by disrupting the strong ionic interactions between Aliquat 336
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and sesame oil at 37°C . While HaAsO, being an anion requires a higher temperature

ol 55°0C to interact with the ionic interactions of the extractant and diluent. Thus, the

intermediate temperature range lving bhetween 357°C -A7°C was found to be optimum for

combined arsenic species indicating synergistic interactions between the arsenic species.

TapLe 5.2: Experimentally found distribution eoefficients of varions arsenic species and for their

combinations in two phase stodies

Arsenic species /combinations

Extractant concentration (%)

Distribution eoefficient

Runl Run 1l Run I11

2 0.647 0.638  0.63

1 1146 1065  1.092

Ag(th) 6 1.536 1614 1.423

8 1.935 1923 1.963

10 2931 2393 2433

2 0.235  0.266 0282

1 0.658 0.633  0.731

AstV) 6 .19 121 1.241

8 1.827 1.878  1.817

10 2533 2581 2483

2 0.149  0.119  0.129

1 0.206 0.286  0.276

AU A0V - 6 0446 0459 0466
8 (.63 (.66 0.67

10 0.831  0.842  0.8%

2 0175 0193 0212

1 0.5 0475 0.466

AsM:As(V):: 1 . fi 0.852 0814  0.755
8 1125  1.143 L112

10 1491 1471 1.492

2 0.180  0.220 0237

1 0.577  0.528 0493

AstD: AV):- 2 . 6 0.879  (.844  0.836
& 125  1.275 1202

10 1.708  1.69  1.621
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5.1.5 Elffect of stirring speed

Stirring enhances the mass transfer of arsenic species through the liguid membrane. The
variation in stirring speed was observed over a range of 50 to 250 rpm [100], and the
optimum stirring speed for both the amsenic species was found to be ~ 170 epm. While
the optimum stirring speed was found to vary from 143-196 rpm for different ratios of
AsULAGIYY At an optimum stirring speed, the mixing is vigorons enough to ensure
that arsenic molecules are efficiently transported from the bulk solution to the organic
phase without cansing excessive turbulence that might lead to the formation of stable
emulsions. The boundary layer formed between the agueous phase and the organic phase,
where the concentration gradient is significant, is minimized at this stirring speed. An
optimum stirring speed provides the right balanee between redueing the thickness of the
boundary layer and maintaining steady transfer of arsenic species from the bulk feed

phase to the organic phase.

3 :
— Astim
9 —E AutV)

—— AstD-Ag(MV):: 1 ¢ 8
—— At Ag(V) 7 - 2

= —o— AsUT A6(V): 90

.g 1

= 0.9

208 i
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S 0.6

o A

2

Z 04

=

= 0.3}

a

0.2
(.1 ! i i
I 2 3 ! 0 G T 8B 9 1011

Extractant (NR4Cl) concentration (in pph)

Figure 5.2: Distribution coeflicient vs. extractant concentration for single and mixed arsenic
gpecies In two-plase extraction study
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5.2 Mathematical modelling

The extraction equilibrium and the moles of extractant reacting with arsenic species
were determined from the distribution data of distribution coeflicient versus extractant
concentration for single and mixed species of arsenic, as recorded in Table 5.2. A very
dilute concentration of Aliquat 336 (2-10% wvol/vol) had been employed for this study.
Therefore, it can be assumed that a monomer form of the extractant predominates in
the organic phase instead of micellar aggregates. The graphical representation of the
distribution coefficient (D;) against the Aliquat 336 concentration in the logarithmic
seale is given in Fig.h.2. A linear relationship was obtained for all the arsenic species.

Table 5.3 shows the model parameters (n and K) as referred to in 1q.(2.62).

TapLe 5.3; Extrsction equilibriom medel parameters for varioos arsenie species and/or their
combinations in two phase study

Arsenic species/combinations  Model parameters

n K

As(H) 0.8 1.5
AstV) 1.4 8.2
AstiD:A (V-1 21 1.15 2.16
AstM AtV 1.2 1.27 4.31
AsTAgtY):: 22 1.26 4.76

The slope, n, ig in the range of (L8-1.4 for all the amsenic species; the minimom being
0.8 for As™MY a maximum of 1.4 for As(Y), and the mixed species lying in between
this range. This implies that the formation of the arsenic-Aliquat 336 complex in the
organic phase predominantly follows the staichiometric ratio of 1:1. The slope values
close to 1 suggest that each mole of arsenic species interacts with approximately one
mole of Aliquat 336, forming a 1:1 complex. The equilibrium constant K, being highest
for As(Y), indicates that the extraction of AsV)into the organic phase is more favourable
compared to As"and combined arsenic species. This supports the understanding that

the interaction strength and stability of the complex are highest for AsV),
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5.3 Statistical analysis

The equations of the guadratic models are used to make predictions aboot the response

for given levels of each [actor. These equations in terms of coded factors [or extraction

of AstD)  AgV) AUID. Ag(VE: 1:1, As(D: Ag(V): 1.2 and As(M): As(V):: 21 are

given in the following equations:

Yiaen = 7102 — 4684 +6.198 + 3.25C" + L8830 + 2.34F + 1.7T9AB + 1.63AC
+ 0.3497AD + 0.6303AF — 1.87BC — 0.2241BD — 0.3797BE + 0.0659C D

+ 0L.10T8CE + 01741 DE — 1249A4% + 5.648% — 1.17C* — 4.52D° — T03E?
(5.1)

Yyawy = 7476 — 6.65A4 + 6.350 + 3.24C + 171D + 0.8529F — 0.6563A8 — 0.0937AC
+ 0.0312A4D — 0.093TAE — 0.AG8TBC — 046878 D — 0.0937BE — 0.1562C°D

+0.0938CE — 0.0313DE — 23.154% — 1.158% — 0.M474C2 — 0.1474D% — 0.64T4E?
(5.2)

Ya0m. autvi. 1o = 8051 — 8464 + 5.858 + 3.83C + 1.22D 4 L.75E + 2.7T5A8
+ 1.76AC + 0.3431 4D + D.97TR8AE — 1.24BC — 0.12068D — 1.03BE
— 0250600 — 01912CE — 0.0225DE — 15.714% + 0.2463 8% — 3.94¢7

+1.490% — 3452 (5.3)

Y. Aatv)e 1 = 8187 = 6.67A + 4448 + 2.81C + 1.02D + 0.7679E + 0.4422AB
+0.4022AC + 0.1322AD + 0.3616 AE — 0.4641 BC — 01078 BD
—0.2347BE — (0.1141CD + 0.0241CE — 0.2584DE — 16,4242

— 0.4448% — 0.469C* — 0.034D* — 1.22E" (5.4)
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Yioain. a. vy, 9 = T8.52 —T.03A + 5.238 + 3.38C + (0.8882D + 0.625F + 1.62A8

+ LATAC — 0.2103AD + 0.5891AFE — 0.8397BC — 0AT72B D

+ L2400 FE — 0.0853DE — 13.354% + 0510657 — 21807 — 0.7444°

+ 0.3059 B E — 0.8747C'D — 1.58 E*

(5.5)

Their analysis of variance is tabulated in 'T'able 5.4 and Table B.2 through Table B.5.

TARLE 5.4: Analysis of variance for two-phase extraction of Az

Source Sum of squares  df Mean aquare Fvalue p-value
Model GUGHE. 91 20 347.95 11.55 <0.0001
A 745.99 1 745.99 24,76 <0.0001
B 1303.74 1 1303.74 43.27 < (.00
C 359,39 1 359.39 11.93 (L0017
D 119.64 1 119.64 3.97 {10558
E 186.5 1 186.5 6.19 (.0158
Al 102.21 1 102.21 3.39 (L0758
AC 85.25 1 85.25 2.83 (11053
AD 3.91 1 3.91 0.13 (7212
AE 12.71 1 12.71 0.42 {1.5211
BC 111,149 1 111.49 3.7 {10613
BD 1.61 1 1.61 0.053 .519
BE 1.61 1 1.61 (.15 {16081
D .14 1 (.14 L617T=x107%  0.9463
CE (.37 1 0.37 0012 (.9123
DE 01.97 1 0.97 0.032 ().8589
A* 385.96 1 385.96 12.81 0.0012
B* TH.63 | 7863 2.61 (L1171
c? 3.4 | 3.4 0.11 (1.7395
D* 50.57 1 50.57 1.68 (1.20154
[ 122,12 1 122,12 4.05 (1.0535
Residual B73.8 29 30,13
Lack of fit T3.28 22 33438 LGT (12485
Pure error 139.52 7 19.93
Total TR32.7T4 19
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The Table 5.5 presents the optimum conditions obtained for maximum extraction of
arsenic ions. The “Stats” and “ML7 columns of Table 5.5 refer to “Statistical” and
*Machine Learning” respectively. The results of statistical modelling is being discussed
in this section, while the simulation results of machine learned model wounld be dis-
cussed in Sec 5.4, The predicted maximum extraction of AstMand As{Mare 82.37% and
H4.15%, as opposed to 84% and 86% respectively obtained through experimentations.
On the other hand, the predicted maximum extraction of comhined As™M:AsMV): 12
AsTASMY: 12 2and AsMhAsYV) 2 0 | are 87.03%, 87.59% and 85.1% as opposed
to 85.5%, 86% and 84.5% respectively obtained through experimentations, as given in

Table 5.5.

A significant model with F-value of 11.55 (vide Table 5.4) is obtained for As/"™. The feed
phase pH and extractant concentration are found to be the most significant parameters
as the p-value is < 0.0001 in both the cases {vide Table 5.4). The F-value for lack of fit. is
L67, implyving it to be not significant; and there is 24.85% chance that a value this large
could oceur due to noise. The coefficient of determination (R?) is found to be (.8884
with adjusted R? value to be (.8115 and the predicted R? value is 0.6368. The predicted
R? value is in agreement to the adjusted R? value. Further, a ratio of 15.818 is obtained
for adequate precision indicating » desirable signal to noise ratio. 'The gquadratic model
obtained for As™V)is found to be significant with F-value equal to 134.26 (vide Table
B.2). In this case, the pH of the feed phase, extractant concentration, duration and
temperature are found to be the significant parameters as reported in Table B.2. A non-
significant lack of fit value of 2.38 is obtained with 12.06% chances of vccurrence of this
value due to noise. A high value of the coefficient of determination (R*) (0.9893) indicates
this model to be significant. The predicted R? (0.9655) is in close agreement with the
adjusted B2 value (0.9819). Additionally, the adequate precision value of 39.394 indicates
an adequate signal with a very high signal to neise ratio. The significant F-values of the
models for AsUAs™V)eombined in different ratios are 40.77 (For Asl AulV). 1 . J,
58.44 (for AsUMD:AsM):: 12 2) and 53.75 (for AsUM:As(V):: 22 1) with a non significant
lack of fit values as given in Table B.3, Table B.A and 'Table B.5, respectively. The pH
of the feed phase, extractant concentration and duration are found to be the significant
parameters for all the three combined ratios of As"-AsY), The high values of R?
stipulates the models to be sipnificant. The reasonable agreement between adjusted

R* and predicted R values with a difference less than 0.2 and high adequate precision
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Froune 5.35: Statistical analysis of the quadratic model predicted and box plots for extraction
of Agtily

values further corroborates the significance of the models. Fig. 5.3 and Fig. A.T show the
minimum, maximum, lower guartile, median and upper quartile with outliers oblained

from the descriptive statistical analysis.

The box plots, ie. Fig. 53 and Fig. A.12 through Fig. A.13 help to visualize the
interquartile range in order to understand the distributions of the different levels of
independent variables with respect to the dependent variable. The length of the box
indicates the variation of the data. In ease of As':“']', the median lies close to the lower
quartile or upper guartile indicating a noon-normal skewed distribution as shown in Fig,
5.3. Again Fig. A.7a through Fig. A.7¢ for As™)shows the spread of the data set
that is similar to As!"™) | with mild and strong outliers lying beyond the minimum and
maximum values. For As("-AsVcombinations, as given in Fig. A.7d through Fig.
ATl the distribution appears to be either left-skewed or right skewed.
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Shapiro-Wilk test is preferred over the Kolmogorov-Smirnov test for assessing the nor-

mality of the data as it is more appropriate for small sample size (= 50). Table 5.6

shows the normality test resulls [or the extraction ol arsenic ions using Shapiro-Wilk

model,

Tasre 5.7: Speirman's correlational analysis for the extraction of single arsenic ions

Type Variables Parameters A B C D I YeEx
Corr. Coeft. 1 0 ( 0 0 -(1.284
; mignific.(2-tailed) - 1 l 1 1 (.046
Corr. Coell. ] 1 i ] ] 0ATT
? Signific.(2-tailed) 1 - 1 1 1 0.000
A Corr. Coeff. 0 () I 0 0 0.185
= Signific.(2-tailed) 1 1 1 1 0199
< Corr. Coeff. 1] () 0 1 0 0.139
y Signific.(2-tailed ) 1 I 1 - 1 0.334
Corr. Coeff. 0 0 0 0 1 0.160
F Signific.(2-tailed) 1 1 1 1 - D.268

\ Corr. Coelf. -(1.284 0477 0.185 0139 0.160 1

'§ Signific.(2-tailed) 0.046 0.000 0.199 0334 0.268

Corr. Coeff. 1 0 1] ] 0] -01.390
: Signific.(2-tailed) - 1 1 1 1 0005
Corr. Coeil, 0] 1 0 ] 0 (0366
2 Signific.(2-tailed) 1 . 1 1 1 0009
5 Corr. Coell. ] ] 1 ] ] (0.199
Em “ Signific.(2-tailed) 1 1 - 1 1 0.165
¥ Corr. Coeff. 0 o 0 1 0 0105
b Signific.(2-tailed) 1 | ( : 1 0468
" Corr. Coeff. { { ] 0] 1 0.060
Signitic.(2-tailed) 1 1 1 1 - 0.681

G Corr. Coeff. -0.300 0366 0.199  0.105  0.060 |

Signific.(2-tailed) 0.005 0009 0.165 0468 0.681

“Corr. Coefl.” refers to Correlation Coefficient and “Signific.” refers to Significance

Based on the Shapiro-Wilk test and the skewed distribution of the data, Spearmann
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correlation analysis has been carried out to evaluate the relationship between the de-
pendenl variable (extraction) and each independent variable as shown in the Table 5.7
and Table B.6. As is evident [rom the data, the extraction of arsenic have a significant

correlation with pH of the feed phase and the extractant concentration.

The correlation coefficients are consistently negative for the case of pH of feed phase
while it is consistently positive for extractant concentration. A negative value suggests
that a monotonic relationship exists where the extraction efliciency inereases with the

decrease in feed phase pll while the reverse is true in case of extractant concentration.

The Levene's test of equality of error variances for As'™), As™Vand combinations of
Asl)_ps(Vig performed to check the homogeneity of variances of the dependent variable

with respect to the independent variable (vide Thable 5.8).

TaBLE 5.%: Levene's Test of Equality of Error Variances in two phass

Type of arsenic species I dft  df2  Sig.

Aslth 0.251 42 T 0.998

As(Y) 0515 42 T 0.913
AsUM:As0M1:1 0207 42 7 1
AsLAsMY |02 0667 42 T 0.806
AstpagVl. 2.1 0301 42 7 0.993

The p-value for Ast™(0.998), AsV}0.913), AsTAV: 101 (1), AsAY).: | 2 2
(0.806) and As": A8 201 (0.993) are found to be more than the significance level,
testing the null hypothesis to be true. This implies that the error variance of the

dependent variable is equal across the groups of independent variable.

In the univariate analysis of variance, the significance column in Table 5.9 and I'able B.7
through Table B.10 refers to the p-values for each tested difference of means pertaining
to the independent and dependent variables. In this analysis, the p-values pertaining to
the independent variables lyving below the standard o of 0L05 indicates that their means
differ significantly. In case of Aﬂ'““]‘, the means of all the lve independent variables
differ significantly. While for As™), the means of the combined factor of feed phase pH-

extractant concentration along with the five independent variables dilfer significantly.
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TABLE 5.9 Univariate analysis of variance for extraction of As("'D

Souree Type I11 Sum of Squares  df  Mean Square ) Significance
Corrected model 7693.223 42 183.172 9.190 (.003
Intercept 65806078 1 65806978 3306.237 (0.000
A Ta7.301 2 JUR.651 20.001 0.001
B H78.036 2 439.018 22.027 (.01
C 427.371 2 213.685 10.721 (L0007
| 430.544 2 215.272 10,801 (.007
I A6T.084 2 233.902 11.74 (1006
AB 1022208 | 102.200 0. 1258 (1.058
AC 85.249 1 85.249 41.277 0.077
AD 5.913 1 3,913 0. 146G (1.671
AR 12713 1 12.713 .638 (1451
BC 111.49 1 111.49 5.594 .05
BD 1.667 | 1607 0081 (1.785
BE 4.613 1 4613 0.231 (1.645
cD 0.139 1 (1139 0.007 {1.936
CE 0.372 1 (.372 (.019 ().805
B 0.97 1 0.97 (0.049 (1.832
ABC 71.85 1 T1L.85 3.605 (h.0ER
ABD 10,204 1 10204 (L5112 (.497
ABE 15.694 1 15.694 (LT8T (404
ACD 0.279 1 0.279 0.014 0.9049
ACE .25 | 0.25 (L13 (0.914
ADE 3.007 1 3.007 0.151 (.709
BCD 1.292 | 1.202 0.065 ().806
BCE 0.144 1 (0. 144 0,007 (0.935
BDE 83495 1 85,3495 421 (1537
CDE (.76 I (.76 0.0:38 (1.851
ABCD 2.36 1 2360 0.118 1.741
ABCE (1L.00OR I (1.00% 0.000 (0.984
ABDE 0.272 1 0.272 0.014 (1.910
ACDE 1.151 1 1.151 0.058 0817
BCDE 0.054 1 0.059 (.00 (0.958
ABCDE 0.102 1 0.102 0.005 (1.945
Firror 139.518 7 19,931
Total LT4372.250 ot
Corrected total TR32.711 19
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Ficure 5.4: Variation of %Wextraction in two phase with various commbinations of factors for
As{"psing statistical model

Similarly, for different ratios of As"-AsMgpecies, pH of the feed phase, extractant
concentration, time and the combination of extractant concentration-time are the com-
mon factors whose means vary significantly. Fiz. 5.4 and Fig. A8 through Fig. A1l
represent the variation of %extraction with various combinations of factors for Ast
AstV), AsMD A 121 ASUML ALV 1 -2 and As/M:AsM):: 2 ¢ | using statistical
model. The observations noted in See. 5.1 are found to be corroborated through these

plots.
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5.4 Machine learned analysis

Filty data points from Table 5.1 are used to train, validate and test Lthe ANN [or each
arsenic species. Initially, simulations were performed to optimize the number of neurons
in the hidden layer. Fig. 5.5a shows the MSE with the different number of neurons in
the hidden layer. The minimum MSE was achieved with 6 neurons in the hidden layer.
Thus, the same number of neurons has been selected for further simulations. Fig. 5.5b
compares the model predictions with all data points with experimental results. The
regression curve shows that model predictions are sufficiently fitting with the model

predictions on all data points, which eonfirms the authenticity of the training.

The trained ANN was used to study the effects of various operating conditions and mem-
brane parameters on the transport of the arsenic ions. Global optimization of the ANN
madel has also been done fo detect the best operating condition to achieve maximum
Yextraction. The results of the said best operating condition will be revealed later. In
these simulations, the effects of variations of two input parameters were analyzed si-
multaneously through surface graphs, while values of other input parameters were kept
constanl at the best condition. The range ol input parameters was kept the same as

reported in Table 3.2,

Fig. 5.5¢ and Fig. 5.5] present variation of %extraction with various combinations of
factors. It is revealed from Fig. 5.5¢ through Fig. 5.5f that neither high nor low pH
is suitable for good extraclion. At pH 6.7-6.8, the extraction of the arsenie ions into
the organic phase is hiphly favoured. The interaction between aliquat and arsenic ions
is maximum forming arsenic-aligonat complexes; favouring the extraction of arsenic ions
from the aqueous phase into the organic phase. The presence of HY jons at lower pH
range and OH™ ions at higher pH range possibly interferes with the complex formation of
arsenic-aliquat leading to lower extraction of arsenic ions at extreme pH conditions[151].
Same is true for stirring speed. The variation in stirring speed was observed over a range
of 50 to 250 rpm and the optimum stirring speed for both the arsenic species is found
tes be 170 rpm. While, the stirring speed varies from 143-196 rpm for different ratios
of AsMand As™). The minimum thickness of the diffusion layer is obtained at the
optimum stirring rate[285]. At lower stirring speed the aceumulation of arsenie-aliquat
complex forms a boundary layer at the interphases leading to lower extraction efficiencies.

While at higher stirring speed, the extraction decreases owing to turbulences that lead
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to less interfacial contact time for complex formation[286]. Thus, optimum stirring
speed provides elfective time for interaction. However, the %extraction increases with
increase in extractant concentration, duration and temperatiure. It is further established
from Fig. 5.5g, Fig. 5.0h and Fig. 5.5 that higher concentration of extractant always
favours the %extraction. Aliquat 336 is a highly viscous cationic surfactant forming
structural micelle aggregates owing to its long hydrocarbon chain. The bulk amount of
organic phase utilized in this two-phase study further increases the viscosity. Maximum
extractant concentration of 10% is optimum for arsenic extraction. Beyond this the
viscosity of the liquid membrane increases which in turn impacts the diffusion of the
arsenic iong through the organic phase. Fig. 5.5j and Fig. 5.5k show the relationship
ol duration with temperature and stirring speed respectively. The surel ligures reiterate
the earlier revealed facts too. Fig. 551 shows that a combination of high temperature
and high stirring speed and /or a combination of low temperature and low stirring speed
is not good for effective %extraction. The optimum duration for As®Vis 9 hours to
obtain an extraction of 84%. While; the optimum duration for Ast¥)is 12 hours for an
extraction of 86%. This diference of three hours could be attribnted to the presence of
uncharged and charged jons in case of As™™and AstY), respectively. ‘T'he variation in
temperature was studied over the range of 25°C to 55°C . The optimum temperature
for As!"is 37°C for an extraction of 84% and 55°C for 86% extraction of As(Y). This
could possibly be due to the presence of HyAsOz in case of As!"Dihat interacts by
disrupting the strong ionic interactions between aliquat 336 and sesame oil at 37°C |
While HzA=Q, being an anion, requires higher temperature of 55°C to interact with
the ionic interactions of the extractant and diluent. Thus, intermediate temperature
range lying between 35°C -4T°C is found to be optimum for combined arsenic species

indicating synergistic interactions between the arsenic species.

Moreover, Sec 5.3 has already demonstrates that the Lransport of the arsenic fons across
the membrane strongly depends on the operating parameters tabulated in Table 3.2,
Fig. 5.5 also indicates that these parameters have coupled effects on the transport as
the optimum value of a parameter where maximum transport was found to vary with

other parameters.

Thus, global optimization is required to determine the optimum parameters where max-
imum transport could be achieved. In this study, # genetic algorithm is used for con-

strained global optimization. MATLAB Genetic Algorithm solver “ga” was linked with
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FIGURE 5.5 Various plots of two phase extraction for As'"using machine learning

the trained ANN to determine the optimum values of the five operating parameters
stated in Table 3.2. In the genetic algorithm, the upper and lower limits of the different
parameters were kept the same as given in the experimental study, of Table 3.2, Opti-
mization was performed to maximize the Yextraction of arsenic. After 124 generations
and 5881 function counts the GA has arrived at the best value of Yextraction at 87.82%,
al the oplimum operating condition given in Table 5.5, The machine learned model
predicts higher extraction percentage than the statistical model, however it uses higher

duration, higher temperature and a lower stirring speed.

In the similar manmmer the datasets of AsVland 3 combinations of As/-AsMVhave
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been passed through machine learning algorithm. The results are given in Fig. A.14
through Fig. A.17, and their elliciencies are tabulated in Table 55. In all cases the
minimum MSE was achieved with less than 8 neurons in the hidden layer. The variation
of Yextraction against the individual factors are also similar that have been observed in
case of As") though at a different degree of variability. It is interesting to note that the
Yextraction of As!!is favoured by lowering the temperature, whereas %extraction of
AsVis favoured at higher temeprature. For combined salt cases, the trend is favoured
as per the salt which is at higher percentage in the combined species. Temperature
has practically no effect on %extraction when As"Wand As™Mlare at equal proportion,
Le. AsTD:AsV):: | 2 1. The reason behind this phenomenon lies with the fact that
Asis present as an uncharged species in the particular pH range. Whereas, As(Vis
present in its anionic form that forms inter and for intra molecular bonds for which higher
temperature is required for maximum extraction of a AstY). The %extraction of arsenic,
predicted through machine learned algorithm, is comparable to that obtained through
statistical model (vide Table 5+ﬁj+ In case of combined species, the error% is mostly
less in case of machine learned model. 'T'he error percentage obtained from statistical
analysis is in the range of 0.71-2.15 while from ML-based analysis, it is in the range of
0.07-4.54 for all the arsenie species (vide Table 5.5).

Summary of the two-phase equilibrium study

o The extractant concentration and the feed phase pH were found to be the most
significant factors for the maximum extraction of arsenic species in this phase,

which is in agreement with the statistical analysis.

e The maximum extraction obtained for AsUM& Aswere 84% and 86%, respec-
tively. While the extraction of combined As(")-As™)in various ratios were in the

range of 84.5-86%.

e From Lhe distribution coeflicient data, it is proposed that all the species of arsenic

form a complex with Aliquat® 336 in the stoichiometric ratio of 1:1.

e The extraction equilibrium constant obtained from the plot indicates As(Vio be

mast favourable for extraction into the organic phase.
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¢ Through statistical analysis it was inferred that the distribution of the data was
skewed and the homogeneily of variances between the dependent and independent

variables was confirmed.

e The extraction efficiency of arsenic in the two-phase study, predicted through the

ML algorithm, is comparable to that obtained through the statistical model.

¢ The minimum mean square error in the ML-based approach was achieved with
fi, 8 &, 10, and 5 neurons in the hidden layer for As™, AsV) and combined

AstM AN ratios of (1:1); (1:2), and (2:1), respectively.

¢ The statistical analysis reveals an error percentage ranging from (.71 to 2.15,

whereas the ML-based analysis shows a range of 0,07 to 4,54 for all arsenic species.

Abbreviation

ANN Artificial neural network

D2Z2EHPA Di-2-ethvlhexylphosphoric acid
FCCCD Face-centored central composite design
GA Genetic algorithm

ML Machine learning

MBSE Mean squared error

RSM Response surface methodology

TBP Tributyl phosphate

TOA Tricetylamine

Nomenclature

('ay Coneentration of arsenic ions in the aqueous phase
Corg Concentration ol arsenic ions in the organic phase

’; initial concentration of arsenic jons in the aqueous phase
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'} Concentration of arsenie ions in the agqueous phase at time t
I}y Distribution coeflicient

Dy;p Distribution coefficient for AsMions

[y Distribution coefficient for As'Y)ions

K Extraction equilibrinm constant for Astiong

Ky Extraction equilibrium constant for AstY)ions
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Chapter 6

Three-phase FSSLM study

TIIIE‘. chapter ontlines the simultaneous separation and recovery of individual arsenie
species and eombined arsenic species of As™and As(Min three different ratios of (1:1),
(1:2), and (2:1) using FSSLM technology. Mathematieal modelling was carried out to
determine the permeability coeflicient, [ux, and mass transfer eoeflicients for the trans-
port of individual and combined arsenic species. The statisiical and machine-learned
modelling approaches were implemented to predict the optimum process condition that
would ensure the highest yield in terms of optimum extraction% and recovery%. The
experimentally observed optimum extraction and recovery efficiency of the process was
compared with the statistical and machine-learned models. ANN and Genetic Algo-

rithms were the tools applied for machine-learning based modelling,

6.1 Experimental observations and inferences

The experiments have been carried out as per the DoE given in Sec 3.4 (vide Table
3.2) and the results are recorded in Tables 6.1 & 6.2. Three factors viz. the receiving
phase concentration (F), pll of receiving phase (G), and stirring speed (H1) were varied
for As!"and As'Y), whereas three factors viz. receiving phase concentration (F), pH of
receiving phase (G), and extractant concentration (H2) were varied for the three cases of
131
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AsU ALV 121 AsUM-AGD) 12 2 and AstT:As™V): 2 - 1 and the corresponding

extraction% and recovery% were reported.

TapLE 6.1: Fxperimental design with [netors and response for three-phase extraction
and recovery of As!"Mand As™lindividually

Run Factors AstT) AstY)
F G HI Ext. (%) Ree. (%) Ext. (%) of Ree. (%)
1 I3 200 b 4] 26 35 20
2 L3 300 32 22 41 15
3 1 5 250 53 141 10 26
4 1 7 200 44 30 49 20
5 17 300 42 29 32 18
6 2 3 250 40 33 H3 14
7 2 5 200 (i 43 H8 43
8 2 5 250 62 50 65.5 48.5
9 2 5 300 51 37 55 34
m 2 7 250 48 39 iie) 40
11 4 4 200 a7 29 i Al
12 3 3 300 35 2 19 24
13 3 5 250 55 45 60 35
M 3 7 200 AT 36 ad 30
I 3 7 300 43 RE| 52 28

“Ext.” refers to Extraction and “Rec.” refers to Recovery

TanLk 6.2: Experunental desipn with factors and respouse for three-phase extraction
and recovery of varions combinations of As!/"Wand Az

Run Factors AstD:As(V): 101 A AgV).. 1. 2 AsUD:Ag(V) 22 1
F G H2  Ext (%) Rec(%) Ext (%) Rec(%) Ext (%) Rec (%)
| I 3 10 208 11.81 318 14.1 24.8 6.9
2 1 3 40 534 26.93 47 .4 28,8 404 219
3 1 5 25 40.1 214 412.1 234 35.6 165.4
1 1 7 10 6.1 14.63 354 16.6 1.6 0.6
451 1 7 40 15859 2098 .8 314 13.8 243

Continued on next page
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Table 6.2 — continued from previous page

Run Factors AsM: AV 1 2 g AstAgV) 2 9 Asl)AgV).. 9 . 1

F (G H2 Ext (%) BRec (%) Ext (%) Rec (%) Ext (%) Rec (%)
G 2 3 25 52.9 30.91 51.9 328 479 250
7T 2 5 10 10.9 28.93 52.3 30.7 11.9 23.9
8 2 5 25 53.32 3331 5523 35.35 48.4 283
9 2 5 40 57T.87 3877 9.8 407 H28 33.5
m 2 7 25 a7.56 30.76 a6 37.9 526 30.8
11 3 3 10 hd.2 3462 a6 6.6 19.2 206
12 3 3 40 63.91 44.18 64.9 46.2 n8.9 39.2
13 3 5 25 fi2.12 13.21 4.2 45.5 573 48.2
4 3 F 10 57.5 3BT 59.5 374 2.5 0.7
15 3 7 40 (566 A6.56 67.7 A8.5 6l 7 41.6

6.1.1 Effect of receiving phase concentration

The concentration of ferric chloride solution was varied from 1-3 ppm. The ratio of iron
and arsenic was varied from 10:1 to 30:1. The ratio of iron and arsenic = 50 was reported
for arsenic removal from groundwater using sand filters [287]. Such high content of iron
was required due to the presence of other anions/contaminants that interfered with the
iron-arsenic interactions in the groondwater. Furthermore, the irop-arsenic ratio of 10
was found to be optimum for the removal of arsenic [288]. In this study, the removal
process included an anoxic stage, followed by aeration and sand filtration. In comparison
to the literature, the 30:1 ratio is found to be the optimum for combined arsenic species
in the present study (in between 1) and 50) and is attributed to the absence of additional
oxveen supply and other interfering anions. This is based on sensitivity plots derived

from the data obtained experimentally and presented in Table 6.1 and Table 6.2

6.1.2 Effect of pH of the receiving phase

It has been reported that FeCly shows poor adsorption capacity at pH= 8 so the studied
pH range was 3 — T for this work. However, the pH range 5 — 7 has been found to

be optimum for the removal of arsenic fons [247]. In the present work, the obtained
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optimum pH 5 in the receiving phase in case of single-species experimentation, and
optimum pH 7 in ease of combined species of arsenic salis. These are in accordance
with the reported pH range [247]. As it is evident from Pearson's correlational analysis,
the recovery of arsenic jons is directly correlated to their extraction (%). Thus for both
extraction and recovery of arsenic species, the pI values of 5 & 7 in the receiving phases
were found to be the optimum in cases of single feed and mixed feed, respectively, as

obtained in Table 6.1 and Table 6.2,

6.1.3 Eiflect. ol extractant concentralion

Based on the previous research works [218], the extractant concentration for As"Mand
AsMwas found to be 10% (v/v) and 30%(v/v), respectively. However, this parameter
was studied for the combined arsenic speecies by varying from 10-40% (v/v) to find
the optimum concentration for maximizing extraction and recovery. The extractant
concentration is one of the slgmﬁca.m. parameters for the removal of all the single and
mixed arsenic species, Forty percent of the pseado-binary mixture [Aliquat 336-sesame
oil) was found to yield the maximum extraction and recovery for the three different
ratios of Ast™Mand As(Y), (vide Table 6.1 and Table 6.2.)

6.2 Mathematical Modelling

The value of permeability of the transport process was computed from the experimental
resulls using B, 2.70, which is graphically shown in Fig. 6.1, i is observed that the
permeability coefficients for the processes involving AsD | AstV) As(DAg(V): 15 1
AstM: A5V 02 and AsTD: ANV 201 are 0.8991, 1.025, 0.9396, (.978, and 0.8205,
respectively. It was obvious that permeation was favoured towards AstY), as opposed
to AsUM). Pentavalent arsenic had greater ionic size than trivalent one. As a result,
AsVfits more easily into the crystal lattice of a material. Moreover, higher positive
charge of AsV)tends to enhance the mobility of ions. The above reasons facilitate faster

diffusion through the crystal structure of the material.

The values of permeability, that are used in Eq. 2.77 to obtain the rate of flux of solute of
transfer, are shown in Fig. 6.2. It was observed that the Hux is higher for the cases where

unequal combinations of mixed solutes were used. When there is an unequal proportion
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As"Mions together may create synergistic effects, influencing the overall diffusivity. This
could be due to complex interactions betwesn the two ions and the material’s crystal
lattice, resulting in enhanced diffusion properties. As mentioned before, AsYions are
larger and carry a higher positive charge compared to As!"Vions.

TapLe 6.3; Experimentally found distribution coetheients and permeability of varous arsenie
species and for their combinations in three phase studies

Arsenic species/combinations  Extractant concentra-  Distribution Permeability
tion (%) coeflicient
10 2.178 0.8994
20 3.42 0.8996
AslTT) a5 1145 0.8997
30 1.886 0.8098
40 6.001 0.8999
10 2.430 0.1388
20 18.01 0.5588
AstV) 25 35.322 0.7136
30 62.082 1.0242
A0 136.037 1.0242
10 1.073 0.0258
20 12.368 0.2421
As: A6V 1 2 25 30.207 0.5213
30 54.026 0.7536
A0) 154.952 0.9406
10 1.358 0.0395
20 16.132 0.3536
As:Ag(V)e 1 2 9 25 35.742 0.6294
30 74.125 0.823
A0) 236.5 0.9768
10 1.744 0.1258
20 20.726 0.5612
Astt) AV 2. 25 14.982 0.6631
30 87.44 0.7643
A0 225 984 0.8215
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When these jons are mixed in unequal proportions, the larger Ast¥)ions tend to create
more vacancies and provide more space for diffusion. Additionally, the higher charge of

AstV)ions enhanees their mobility, leading to increased mass transfer flux.

The values of mass transfer resistances are obtained from the plot of 1/P vs. 1/D
at various extractant concentrations as given by equation Fig. 2.79. 'The slope and
intercept give the values of Ay and Ay, respectively. The permeability, P and the
distribution coefticient, [J are tabulated for different concentrations of extractant in
Table 6.3. From the Fig.6.3, Agg and A, for At Ag(V) Ag(TID:ALVI: 1 ;1
AsTM:AsV):: 12 and AstT:As(Y): 2 0 1 are {5.77,0.16), {15.31,0.91}, {40.84,0.69},
{33.32,0.77}, and {11.77,1.20}, respectively. It is observed that the resistances in the
phases (both organic and aqueous) are low for As""than that for As™V), In case of
combined salts of As"and As(Y), the said resistances decrease with an inerease in
ratio of As'™) The opposite phenomenon is observed in the event of an increase
in As™ratio, The elevated resistances encountered by As™ions in both organic and
afqueous phases can be attributed to the larger jonic size and higher positive charge
compared to As(' . As resistances are inversely proportional to the diffusion coeficients,
it may be argued that diffusion coefficients are lower for AstY)than that for As"™), They

a0
y = dAl84. .
o At ¥ = A0840x + 06897
35
& Ay
0 ® Aslll: AsV 11
25 ® ASIIL; AgV o 12 ¥ o= 3330 + OLTHTE
Rt ® Aalll : AsV = 2:1
I 20
=
15
10 —~
B ey = 11,772 + 11942
5
i .y = 0002% + 11109
0 0.1 0.2 0.3 0.4 105 0.6 0.7 0.8 0.9
X =—
i)

Ficure 6.3: Plot for finding organic and aqueous phase resistances as per g, 2.79.
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may further be calenlated as follows. The mass transfer coeflicients in aqueous phase
(Aag ') and organie phase (Aorg 1) for Ast™. Ast™are caleulated as 4.03 x 1079 and
6.8 % 107% m.s™! for (1:1), 3.61 = 10°% and 8.34 x 10% mg! for (1:2) and 2.33 x 10" and
2.36 = 107 ms for (2:1), respectively. Reduced mass transfer resistance and increased
mass transfer coefficients in the aqueous phase, as opposed to the organic phase, signify
the ease of movement of arsenic ions from the membrane phase towards the aqueous

strip phase.

6.3 Statistical analysis

A quadratic maodel obtained through Dol for prediction lor extraction and recovery of

arsenic species are given in the following equations:

Z = 60.08 + 11F + 4.5G — L6H1 —0.125FG — 0.125F H1 — 0.125GH1 — 3.45F°
— 13.45G” — 4.45H1% (6.1)
Z% m = 4845+ 1.TF + 3.4G — 1.8H1 + 0.75FG — 0.25F H1 + 0.75GH1 — 2.36F*
— 10.86G7 — 6.86H1% (6.2)

Z) vy = 6493 + 0.7F + 1.9G — 1.80H1 + 0.125FG — 0.125F H1 + 0.626GH1 — 13,325
—2.326* — 6.82H1® (6.3)
Z3 vy =A7.92 4 4.2TF = 0.2G — 234H1 + 0.75FG + 0.5FH1 + 1.5GH] — 15.55F*
~ 1.05G? — 5.05H17 (6.4)

Table B.11 presents ANOVA resulis of As(Min 3 phase SLM. The F-value of 23.14
implies the model for As'"is significant and there is only a 0.01% chance that a value
this large could occur due to neise. In the extraction and recovery of As!"ions, pH
ol the receiving phase plays a significant role as indicated by the model given in Table
B.11. The F-value of (1L.84 for lack of fit implies that the value is not significant relative
to the pure error and that there is a 57.36% chance that a value this large could not
occur due to noise indicating this model to be a good fit. The predicted R? of 0,87 is in

reasonable agreement with the adjusted B? of 0.91 (vide Table 6.4).
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The adequate precision measures the signal to noise ratio and the value reported here
in Table 6.4 is 12.802 (>4 desirable) that indicates it to be an adequate signal. Fig.
A8 shows the effect of interaction of parameters on the extraction and recovery of
As . Further, the F-value of 15.41 for recovery of As!"Dions implies that the model
is significant with 0.01% chance that a value this large could oecur due to noise as given
in Table B.11. The lack of fit value reported in table is 0.30 with 89.67% chance thai
a value this large could not occur due to neise indicating this model to be a good fit.
Further, the R? value is 0.93 with the predicted R?* value in reasonable agreement with
the adjusted B? value and the adequate precision value is 10.53 as shown in Table 6.4.
In Fig. A.19 the effect of interaction of parameters on the extraction of As(Y)is observed.
In case of As'Y)ihe F-value of 38.85 (vide Table B.12) with a 0.01% chance implies that
the model is significant and that this value couldn’t oceur due Lo noise. In this case the
concentration and pH of the receiving phase are suggested to be significant model terms
for extraction and recovery of Ast™ions. The lack of fit value is 2.12 that is insignificant
relative to the pure error and there is a 21.51% chance that this value could ocour due
to noise as shown in Table B.12. Moreover, the R? value is (.97 (vide Iable 6.1) with
the predicted R* value in reasonable agreement with the adjusted R? value and the
adequate precision is 16.14 as given in Table 6.4. On the other hand, for recovery of
AsWVthe Fovalue of 41.99 with 0.01% chance implies that the model is significant. The
lack of fit value is 1.61 with 30.77% chance indicating that the value is not significant
relative Lo the pure error and this value couldn’t oceur due to noise ag shown in Table
B.12. The R? value is 0.97 with the predicted R* value in reasonable agreement with
the adjusted R? value and the adequate precision value is 17.3 as shown in Table 6.4. A
normal distribution of the residuals have heen observed from the plots for the extraction

and recovery of As/™and As(V). as given in Fig. A.23.

The minimum, maximum, lower quartile, median and upper quartile with outliers is
given in the box plots for deseriptive statistical analysis (vide Fig. A8 and Fig. A.19).
As the mean is close to the median, the distribution of the data is symmetric with
skewness = (L5, The high variance and standard deviation indicates that the points
ol the data set are spread out and oot close to the mean. While in certain data sets,
median is more towards the first (lower) guartile or third (upper) quartile implying an
asymmetrical frequency distribution. The box plots for coneentration of receiving phase

helps to visualize the differences in distribution between 1-3 ppm concentralion range
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for extraction and recovery of arsenic species in Fig. A.18 and Fig. A.19, The median
is higher for 2 ppm in both the cases. The length of the box indieates the variation
ol the data which shows positive skewness. This [urther justifies that 2 ppim gives the
maximum extraction and recovery for both the arsenic ions. Similarly, the data for the
other two independent variables are fairly distributed with pIl 5 giving the maximum
extraction and recovery at 250 rpm. This is in tune with the optimom result obtained

from the design of experiment (vide Table 6.4).

Shapiro-Wilk test 15 preferred over the Kolmogorov-Smirnov test for assessing the nor-
mality of the data as it is more appropriate for small sample size (< 50). The significance
values of the Shapiro-Wilk test (vide Table B.16) are more than 0.05 indicating the data
to be normally distributed. As the data set 15 found to be normal, Pearson's correla-
tional analysis is carried out to identify the extent to which two variables are linearly
related to each other. From the given Table B.18, it is evident that the dependent vari-
ables are linearly related to each other. The increase in extraction percentage of hoth
the arsenic ions in turn increases the recovery percentage or vice versa ab o = (L01 for
2-tailed significance analysis. In case of AsV), there is a significant correlation between
the concentration of the receiving phase and the extraction percentage at o = (.05 for

2-tailed significance analysis.

The multivariate test tabulates the four tests of significance for each model effect as given
in Table B.20 and Table B.21. Pillai’s trace is more robust than the other statistical Lests
based on model assumptions [289]. On the basis of the Pillai's trace test shown in Table
B.20, the significance values for all effects are greater than 0.1 exeept for concentration
of receiving phase (p-value = 0.085) for As'"™). This indicates that the receiving phase
concentration has a significant main effect in the multivariate test. The tests of between-
subjects effects was carried out as reported in “Fable B.25. The combined independent
variables, concentration and pH of the receiving phase has a significant effect on the
extraction percentage of As"D, And for As™), all the three independent variables and
the combined effect of stirring speed and pH of receiving phase are found to have a
significant impact on the dependent variables that is oblained [rom the multivariate
test reported in Table B.21. On this basis, the tests of between-subjects effects showed
significant impact of the three individual independent variables on both the dependent

variables for AstV)as given in Table B.26.
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Sinee there are significant main effects obtained for the variables, post hoe (Tukey HS5I))
analyses are calculated to explain the effect. The significant levels of the independent

variables are obiained [rom this analysis as given in Table B30 & Table B.31.

A quadratic model for predietion for extraction and recovery of mixed arsenic species

are given in the following equations:

Z8 amy g, g = 5381+ 10.28F + 198G + 5.39H2 — 0.63F'C — 1.28FH2 — 0.58G H2
— 3A3F? 4 0.69G" — 0.66 H2* (6.5)
Z v . = 33.65 +9.95F + 142G + 6.0TH2 — 0.3FG — 1.25FH2 + 0.19G H2
—1.85F2 — 0.82G* —0.3H2* (6.6)
Z . ptvry g — 958+ 10.21F + 207G + 5.23H2 — 0.5FG — 1.AFH2 — 0.A5G H2
—3.5F% 4+ 061G* —0.6H2* (6.7)
i = 35.68 + 9.9TF + 141G 4 6.04H2 — 0.28FG — 1.2FH2 + 0.23GH?2

A A4 (VDo g
— 1.T2F% —0.82G° - 04TH2? (6.8)

-

Z8 mpaviny . = 4891 + 10.24F + 26 + 5.36H2 — 0.64FG — 1.24F H2 — 0.61GH?2

—~ 3.23F% 4 0.57G7 — 0.83H2* (6.9)

Z o gy = 2863 4 10.02F + 1.35G + 6.01H2 — 0.2FG — LISFH2 + 0.13GH2

=y

— L87F* —0.82G° —0.32H2% (6.10)

The statistical analysis of the extraction and recovery of mixed arsenic species would
use similar statistical tools such as ANOVA, normality tests, Pearson’s analysis ete.
and their explanations would also be similar in nature. Thus only salient features are
discussed over here in order to avord repetitive statements. The following tables and
figures show various statistical analysis data. for mixed arsenic species As("D:As(MV: 121

, AsUTASOY 1 - 2 and AstT:As(V): 201,

The ANOVA analysis T'able B.13, Table B.14, and 'Table B.15
Normality test using Shapiro-Wilk model Table B.17

Pearson’s correlational analysis Table B.19

The MANOVA analysis for combined arsenic  Table B.22 Table B.23, Table B.241

species

Tests of between-subjecis allects Table B3.27, Table B.25, and Table 13,20
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Post hoc (Tukey HSD)) analyses Table B.32, Table B33, and Table B3.34
Levene's test of homogeneity of error vari- Table B35

ATICES

MNormal plot of residuals Fig. A.23

Effect of interaction of parameters and box Fig. A.20, Fig. A.21, and Fig. A.22
plot for statistical analyvsis

The concentration of the receiving phase solution and extractant concentration are the
significant terms of the model for both extraction and recovery of all the combined
species of arsenic, as observed in Table B.13, 'Table B.14, and ‘Table B.15. The R?
values and the predicted R? values are in reasonable agreement with the adjusted R?
value and the adequate precisions are between 35-10, as given in Table 6.6. The normal
plot of residuals elucidates the normal distribution of the data as shown in Fig. A.23.
The distribution of the data is symmetric with skewness < 0.5, while in certain data
sets, median is more towards the first (lower) quartile or third (upper) quartile implying
an asymmetrical frequency distribution. Box plots, Fig. A0, Fig. A21, and Fie.
A.22, indicate that concentration of receiving phase at 2 ppm & 3 ppm yield maximum
extraction and recovery for all the arsenic ions. The data for the other two independent
variables are fairly distributed with pH 5 and pH 7 yielding maximum extraction and
recovery at 250 rpm. Shapiro-Wilk test, in Table B.17, indicates the data to be normally
distributed. From the Pearson’s correlational analysis (vide Table B.19), it is evident
that the dependent variables are linearly related to each other. As this indicates that the
receiving phase concentration has a significant main effect in the multivariate test, the
tests of between-subjects effects was carried ont as reported in Table B.27, Table B.25,
and Table B.29. Since there are significant main effects obtained for the variables, post
hoe (Tukey HSD) analyses are caleulated to explain the effect. The significant levels of
the independent variables are obtained from this analysis as given in “l'able B.32, Iable
B.33, and 'Table B.34.

6.4 Machine learned analysis

Fifteen data sets, both from Table 6.1 and Table 6.2 are nsed to train, walidate and test

the ANN for each arsenic species. The entire operations are similar to that explained in
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Thus only salient features are discussed over here in order to avoid repeating statements.

The following list of ligures show various machine learned analysis for mixed arsenic

species AsUID:AgMVha 121 AstDAGMV): 12 2 and As AV 201

Mean Squared Error (MSE) with different num- Fig. A.24a, Fig. A.25a, Fig,
bers of neurons A26a, Fig, A27a and g, 6.4a
Comparative plots of experimental v/s model TFig. A.24b, Fig. A.25b, Fig.
prediction of %extraction/%recovery A.26b,Fig. A.27b, and Fig. 6.4b
Variation of %extraction/%recovery in three Fig. A.24, Fig. A.25, Fig. A.26,

phase SLM with various combinations of factors  Fig. A.27, and Fig. 6.4

Initially, simulations were performed (o optimize the number of neurons in the hidden
layer. The minimum MSE was achieved with 4, 5, 27, 14, and 21 neurons in the hidden
layer for AsUI AgV) AG(HD.AG(V) 707 | As A (V). 1 2 , and AsU:AgV):: 201
respectively. Global optimization of the ANN model vields the best operating condition
to achieve maximum extraction and recovery, T'hey are given in Table 6.6. T'he range

of input parameters are maintained the same as reported in Table 3.2

The machine learned results on the data of AsMand As(Vare not up to the mark. There
exists considerable process/model mismatch. It would be due to less number of neurons
that needed to arrive at the MSE. And the value of MSE were high for As™™and As™in
comparison to that of mixed arsenic species. Thus optimization too was not successful.
On the other hand, the machine learned results on the data of AsUM™: A&V | 21
AsU AV 129 and AstT:AsTY): 22 1 were better than even the statistical model.
The optimization results were almost perfect. Interestingly, concentration and pH of
receiving phase were same for all three cases at 3 and 7 respectively. The differences in
extractant concentration were very minimum. The predicted values of extraction and
recovery based on the statistical approach were close to the experimental values and the
error (%) is in the range of 0.45-2.47 for all the arsenic species (vide Table 6.4 and Table
fi.6).

Summary of the three-phase FSSLM study

e The distribution plot against the concentration of the extractant suggested the

formation of different complexes between arsenic and Aliquat 336.
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FIGURE 6.4: Various plots of three phase SLM for Ast!D:As(V):: 2 | using machine learning

e The permeability coefficients suggests that the transport efficiency of AstY)was
better than that of Astt),

e T'wo ppm and 3 ppm were found to be the opltimum conditions for the concentra-
tion of the receiving phase with plHl 7 and 250 rpm stirring speed. However, the
extractant concentration varied from 10% for As"Wto 30% for AstVand 40% for
combined arsenic ions in the ratio of (1:1), (1:2), and (2:1).

TH-3557_156107008



Chapter 6: Three-phase FSSLM study 148

¢ The extraction efficiency varied from 59% - 66.5% while the recovery efficiency was

found to be in the range of 411% - 48.5% for all the arsenic ions.

e The maximum permeability coefficient for As™with 30% extractant is 1.0242

em b, However, the mass transfer coeflicient in the organic phase was found to

be maximum for As™having a value of 1.39 x 107 m.s?,

e The minimum MSE was achieved with 4, 5, 27, 14, and 21 peurons in the hidden
layer for As"™, AsV), and combined AsU"™-AsMratios of (1:1), (1:2), and (2:1),

respectively.

e The machine-learned results on the experimental data of As™and As®V)were not
up to the mark in the FSSLM study. There were considerable process/model

mismatch. Thus optimization was not successful.

e While the machine-learned resulis on the SLM data of combined arsenic species
were better than the statistical model, the predicted values ol exiraction and
recovery were very close to the experimental values with less than 1.5% error

in most cases,

e The error (%) of statistical approach is in the range of 0.45-247 and MIL-based
analysis is in the range of 0.21-11.9 for extraction and recovery of all the arsenic

sperios,

Abbreviation

ANN Artificial neural network

FCCCD Face-centered central composite
FSSLM Flat sheet supported liguid membrane
GA Genetic algorithm

ML Machine learning

MSE Mean squared error

Stats Statistical analysis
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Nomenclature

A Membrane area

C Concentration of arsenic

D Diffusion coefficient

F Concentration of receiving phase
G pH of receiving phase

H; Stirring spead

H: Extractant concentration

J Molar flux

K Equilibrium exlraction eonstant
P Permeability coeflicient

t Time

V Volume of feed phase

x Distance

ZE/M Txtraction or recovery efficiency of arsenic ions
Auy Aqueous phase resistance
Aorg Organic phase resistance

& 'T'hickness of membranes

¢ Porosity of membrane

7 Tortuosity of membrane pores
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Chapter 7

Removal of arsenic by the hybrid
technique

T]IIS chapter describes the development of a hybrid technique which is a combination
of FS5LM with electrocoagulation methods. The setup consists of an FSSEM setup with
iron and graphite electrodes placed in the receiving phase for electrocoagulation to oceur
leading to the formation of an iron-arsenic complex. Sodium chloride (NaCl) solution
was used as the receiving phase for the hybrid technique. T'he concentration of NaCl was
varied from 0L 1IM to 1M to study its effect on the formation of the iron-arsenic complex.
Different physicochemical parameters have been varied to optimize the transport and
removal elliciency of arsenie species through REM using face-centered central composite
design. The chapter includes adsorption isotherm and kinetics modeling for the removal
of arsenic from synthetic water samples containing arsenic in two different oxidation
states, i.e., +3 and +5. Three different combinations of As"Wand As™in ratios of
(1:1), (1:2), and (2:1) have also been studied bere to better understand the removal

process in such cases,
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7.1 Development and validation of model through DOE

The experimental desipn ineludes sixteen [actorial runs, eight axial runs and six cen-
tre points comprising of thirty experiments for As'Y)study, The variation of studied

independent, variables are as follows:

A concentration of sodium chloride in the receiving phase in the range of 0.1-1 M
B Concentration of extractant in the range of 10—40% (vol/vol)
C pH of receiving phase in the range of 3-7

D Voliage in the range of 1-2 'V,

‘I'hese have been depicted using both coded (-1 to +1) and actual values and the initial
arsenic concentration is 100 ppb as reported in Table B.36. The experimental data
was litted based on sequential analysis of variance (ANOVA) modeling and predicted a
quadratic model fitting has been reported in Table B.37. The quadratic equations in

terms of coded factors for Ast¥)ions is expressed as given in Eq.(7.1).

RE; =81.33 + 12,064 + 7678 + 5.72C + 344D — 2,06 A8 — 1.19AC — (.69AD

+0.81BC + 0.063BD — 0.062CD — 9.504% — 2.00B2 + 0.50C% — 1.00D*  (7.1)

This was calculated using the significant p-value and non-significant lack of fit. A di
agnostic study was done for the best model using the normal plot of residuals, with
an actual ve, predicted plot to check the outliers. The model statistics like coefficient
of determination (R?*), predicted residual error sum of squares (PRESS) and coefficient
of variation (CV) has also been reported in 'I'able B.38. Finally, the plots generated
has been used to depict the optimum process conditions for maximum arsenic removal

efficiency.

Based on the model for Ast™Y), it was found that the pH and the extractant concentration
plaved a significant role in the removal efficiency. Hence the independent variables for

A:_'»':””study has been changed. The studied independent variables are as follows:

A pll of feed phase in the range of 3—9
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B pH of receiving phase in the range of 3-7

C Concentration of extractant in the range of 10—40%.

In case of As", the model has eight factorial runs, six axial runs and six centre points
to design twenty experiments to study the removal efficiency. The initial arsenic con-
centration is 100 ppb and based on the As'Y'model the optimum conditions for voltage
{2 V) and conecentration of sodium chloride in the receiving phase (1 M) has been used
to perform the experiments. Table B39 shows the experimental design, range of in-
dependent variables and their corresponding values of the dependent variable retrieved
from the experiments. The experimental data was fitted based on sequential analysis
of variance (ANOVA)} modeling and predicted a quadratic model fitting has been re-
ported in Table B.40. The quadratic equations in terms of coded factors for As!""Wions

is expressed as given in Eq.(7.2).

REy = T6.76 — 0.86A + 0.508 — 10.39C — 0.184A8

~ 0.11AC — 0.0518BC — 1.754% + 1.04B* + 4.78C* (7.2)

This was caleulated using the significant p-value and non-significant lack of ft. The
model statistics like coefficient of determination (£?), predicted residual error sum of
squares (PRESS) and coefficient of variation (CV) has also been reported in Table B.38.

The Model F-value for AstV)is 32.57 that implies the model is significant. There is only
a (L01% chance that a value this large could occur due to noise as its corresponding -
value is less than 0.0001. The p-values of the coded factors A, B, C are less than 0.0001,
indicating these variables to be significant. Thus, the extractant concentration and pH
of the receiving phase are found to be the significant factors to maximize the removal
elliciency. The lack of it F-value of 2.89 implies that it is not significant. relative to the
pure error and there is a 12.67% chance that this value could oceur due to noise. The
R? value is 0.9681 and the predicted RB? of 0.8722 is in reasonable agreement with the
adjusted R* of 0.9384. The adequate precision value measures the signal to noise ratio.
A ratio of 23.471 indicates an adequate signal. The statistical analysis of the quadratic
model predicted for removal of As!Y)an the basis of normal plot of residuals, residuals

versus predicted and predicted versus actual plots are given in Fig. A28,
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The F-value of the As"'model is 39.10 and its p-value is less than 0.0001 indicating it to
be a significant model. In this case the coded fwctor O that is extractant concentration
is found to be the significant model term, The F-value of the lack of fit iz 3.30 that is
insignificant relative to the pure error. Based on its povalue, there is a 10.81% chance
that this Fevalue could vecur due to noise. The A value is 0.9724 and the predicted
R? of 0.8613 is in reasonable agreement with the adjusted RB% of 0.9475. The adequate
precision value of 18.179 indicates an adequate signal. ‘l'he normal plot of residuals
follows a straight line indicating a normal distribution as shown in Fig. A.29a. While
the residuals versus predicted plot is a random scatter within the outliers, the predicted
versus actual plot is split by the 45 degree line indicating the model to be well predicted
as given in Fig, A 20,

As pH iz one of the significant factors for removal of arsenic, as observed in the indi-
vidual arsenic cases, the study of combined As"Wand As™Y)species foeus primarily on
it. Another significant factor, extractant concentration has already been established,
hence il has not been repeated here. Moreover, Lhe interactive effect of pH and extrac-
tant concentration in previous guadratic equations are not as prominent as the main
effects, henee it has been neglected here to understand the effects of pH prominently.
The experimental design consisted of 4 factorial runs, 4 axial runs and 5 centre points
comprising of 13 experiments each for AsMAsM)in the ratios of AsMAN) 101,
AsT: A0V 1 2 2 and AsT:ASY): 22 1 | The studied independent variables include
pH of feed phase (A) and pH of receiving phase (B) in the range of 39 & 3-7, respec-
tively. Table B.43 show the experimental design with factors or independent variables
and their corresponding values of the respunse or dependent variable retrieved from the

experiments.

I'he optimum extractant concentration of 40% obtained from the supported liquid mem-
brane study[218] has been applied here, Sodium chloride salt (IM) was used as the
receiving phase solution and a potential difference of 2V was applied throughout the
experiments. The experimental data was fitted based on sequential analysis of variance
(ANOVA) modeling and predicted a quadratic model fitting as reported in Tahle B.44.

The quadratic equations in terms of coded [actors for the combined arsenic ions are
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[y

given as

Yot autvi o = 8423 + L.9A4 + 6,198 — 1.72AB — 1.254% + 1.0957 (7.3)
Y patm auv) 1 oo = 83.64 +2.024 + 5.798 — 14548 — 1.444% + 3.97B* (7.4)

Y, i AV) g, — 8363 +2.3TA+5.298 — 1.36AB — 1.464% +3.79B%  (7.5)

This was calculated using the significant p-value of the quadratic model and non-
significant lack of ft. A diagoostic study was done for the model vsing the normal
plot of residuals, with an actual va. predicted plot to check the outliers, The model
statistics like coefficient of determination (R*), predicted residual error sum of squares
and coefficient of variation have also been reported in Table BA5. Finally, the plots
generated, viz. Fig. A.32, have been used to depiet the optimum process conditions for

maximum arsenic removal efficiency.

The Model F-value of 126.85 for the case of As{:As™): | - | implies the model is
gignificant. There is only a 0.01% chance that a value this large could cecur due to noise
as its corresponding p-value is less than 0.0001. The p-Values of the coded factor B, B*
are less than 0.0001, indicating that the variable pH of the receiving phase is significant
in this case. In Fig, A.32a, the effect of the parameters on the removal efficiency is
shown. The lack of it F-value of 5.3 implies that it s nol significant relative to the
pure error and there is a 7.04% chance that a value this large could oceur due to noise.
The R? value is 0.9891 and the predicted R® of 0.9251 is in reasonable agreement with
the adjusted R? of 0.9813. The adeguate precision ratio of 36,347 indicates an adequate
signal over signal to noise ratio. T'he quadratic model predicted on the basis of normal
plot of residuals, residuals versus predicted and predicted versus actual plots are given
in Fig. A.32d, Fig. A32¢ and Fig. A.32j, respectively.

Fig. A.32b shows the effect of interaction of the parameters on the removal efficiency
of combined arsenic species in Ast:AsNV): 10 2 ratio. The Fovalue is 163.37 and its
p-value is less than 0.000]1 indicating it to he a significant model. In this case the coded
factors A, B and B* are found to be the significant model terms. Thus, pH of both the
phases play an important role in enhancing the removal efficiency. The F-value of the
lack of fit is 1.47 that is insignificant relative to the pure error. Based on its p-value,
there is a 34.83% chance that this F-value could occur due to noise. The R? value is

(.9915 and the predicted R? of (.9627 is in reasonable agreement with the adjusted R? of
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(.9854. The adequate precision value of 41.65 indicates an adequate signal. The normal
plot of residuals indicates a normal distribution as showno in Fig. A 32e. While the
residuals versus predicted plot is a random seatter within the outliers, i.e. Fig. A.32h,
and the predicted versus actual plot is split by the 45 degree line indicating the maodel

to be well predicted as shown in Fig. A.32k.

In case of Ast:As(V):: 2 - | ratio of combined As!"™-As{V)species, the F-value of the
model is 105.47 with p-value less than 0.0001. The model is signiticant with the coded
factors A, B and B? as the significant model terms. The lack of fit -value of 2.57 implies
that it is not signilicant relative to the pure error and a p-value of 0.1916 elucidates that
there is 19.16% chance of F-value this large that could occur due to noise, The impact
of interaction of the parameters on the removal efficiency of combined arsenic species
is given in Fig. A.32c. The R? value is 0.9869 and the predicted R* of 0.9277 is in
reasonable agreement with the adjusted R* of 0.9775. The adequate precision value of
3.8 indicates it to be an adequate signal. The linear normal plot of residuals indicate a
normal distribution as shown in Fig. A.32[ In Fig. A.32i the residuals versus predicted
plot is a random scatter within the outliers. The predicted versus actual plot is split by
the A5 degree line indicating the model to be well predicted similar to the other models
as shown in Fig. AJ21. The Table B.A5 shows the optimum conditions obtained [rom

the gquadratic modelling.

7.2 Effect of variables

The concentration of extractant is found to be a significant variable for the removal of
both the arsenic ions. In the AsY'model, the pH and concentration of the receiving
phase was found to be the other significant parameters. The eflect of Lhe variables
on the removal efficiency are plotted in Fig. A.30 and Fig. A.31 for As™and As™V),

respectively,

7.2.1 Variation of pH in feed phase

The pH of the feed phase was not varied for As™)salt. The experiments were performed
at the reported pH of As™)salt solution (i.e. pH 5.68) in accordance with the water

samples in Assam [290]. However, pH was varied for As!"solution in accordance with
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the report on contaminated groundwater conditions of nearby areas of Dighoi refinery
in Upper Assam [242]. The minimum (pH=3) and maximum (pH=Y9) in that area were
reported by Prakash et al. [240] and Bordoloh and Barua [241], respectively. However,
the variation of pIl io the range of 3—9 in the feed phase has little impact an the removal
of As"as arsenic exists as HyAsOg while pH<9 [283]. Interactions between arsenic and
Aliquat 336 takes place mainly in the feed-membrane interphase. The ability of Aliquat
336 to interact with undissociated forms of arsenic over a wide range of pH favours the

removal of arsenic. This is further confirmed by the predicted model.

The pH 7 of the receiving phase is found to be favourable for masdmum removal of
the arsenic ions in all the three combined species as ferric hydroxide produced by the
hydrolysis of the ferrous ions starts precipitating in this pH range[243]. This leads to the
formation of flocs by polymerization of Fe(OH), that causes the adsorption of arsenic
ions. pH 6.5 of the feed phase was found to be favourable for maximum removal of
combined arsenic ions. Interested readers may refer to the Table B.AS and Fig. A.31
for detailed data and graphical representation. However, in the case of Ast):A(V).:
1: 1 ratio of AsMD-As(Y) pH of receiving phase plays a significant role in the removal
elliciency as it favours the formation of iron oxyhydroxides from the ferrous ions and leads
to the oxidation of As™to As™Y). In case of AsUD:As0V):: 1 : 2 and AsUMiAsM):: 211
ratios, pH of feed phase and pH of receiving phase are significant factors for masximum
removal efficieney. In this range of feed phase pH, As{™exists as HyAsOg and AsMexists
as HaAsO4, HAsO4, that interacts with aliquat to form the complex at the feed-
membrane interphase. When the ratio of As!"™o As(V)ions is either As(D:Ag(Y):: 12
or Ast-Ag(V)-. 2 . 1 gither of the arsenic ions compete with each other to form the
aliquat-arsenic complex for which the feed phase pH becomes an important factor in
comparison to AsU: AgtV): 1 - 1 patio of arsenic species. While the pH of the receiving
phase plays a dominant role in the removal of arsenic species in all the three ratios as the
oxidation of As"o AsV)takes place that leads to the generation of HaAsQ4~, HAsO4%

and As0,% anions[77].

7.2.2 Extractant concentration

The concentration of extractant plays an integral role in the extraction of arsenic ions

as it binds with the arsenic species and transports them from one phase to another due
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to concentration gradient. In the removal of As™Y) | around 30% of extractant is required
due to the formation of HeAsQy  and HAsO,? dissociated ions based on the pH of the
feed phase. This follows the reaction stoichiometry as given in reaction Fgs.(2.34)-(2.35),
according to which total three moles of NB4Cl reacts with HaAsOQ;— & HAsO4% . The
amount required for removal of As"'"is less compared to that of As{Y)ions as reported in
Table B.38. This is in accordance with the stoichiometry of the reactions mentioned in
section 2.3, 10% of Aliguat 336 is found to be optimum for the removal of ﬂsU“}ﬂwing
to the presence of HyAsOy as one mole of NR4Cl reacts with one mole of HyAsOy.
Interested readers may refer to the Table B.38 and Fig. A.29 for detailed data and

trend analysis.

7.2.3 Variation of pH in the receiving phase

The pH of the receiving phase plays a dominant role in the removal of As(Y), pH 7
is found to be favourable for maximum removal of the amsenic ions as ferric hydroxide
generated by the hydrolysis of the ferrous ions starts precipitating at this pH [243].
This in turn leads to the formation of flocs by polymerization of Fe(OH), that causes
the adsorption of arsenic ions. The initial pH of the receiving phase was varied in the
range of 3—7. But if was not found to be a significant variable for As"™in comparison
to As¥as it exists as HaAsOs at pH=<9 [283]. Meanwhile, the oxidation of Aslg
AV akes place that leads to the generation of HaAsO4—, HAsO4* and AsO4* anions
[77]. The pH in the receiving phase plays an important role in the formation of iron
oxvhydroxides from the ferrous ions. This process in itself inereases the pH of the

aqueous solution favouring the oxidation of As(Mto As(Y),

7.2.4 Concentration of sodium chloride in the receiving phase

Sodium chloride solution plays the role of an electrolyte in the receiving solution that
facilitates the conductivity in the solution and reduces the chmie drop and enersy con-
sumption during electrocoasulation process. The conductivity in solution is reported
to be maximum and the cell voltage correction for ohmic drop is minimum for sodiam
chloride compared to other sodium and potassinm salts [201]. Sodium cations are re-
ported to have no effect on the electrocoagualtion proeess. However, chloride ions in

comparison to sulphate and nitrate ions are favourable for anodie dissolution due to its
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corrosive nature that enhances the release of the iron from the anode. Further, these
anions play a significant role in the chemical oxidation of the coagulant species during
the electrocoagulation process [202]. Thus, sodium chloride is selected for the receiving
phase and approximately 1.0 M sodium chloride solution is found to be optimum for the
formation of iron-arsenic complexes in the receiving phase. Interested readers may refer
to the Table B.38 and Fig. A.30 for detailed data and graphical representation. Based
on the experiments and ohservations for Ast™), 1.0 M sodium chloride was selected as
the receiving phase for earrying out the removal of As"™. The role of NaCl is that
of an electrolyte, acting as a medium to provide ion transport mechanism between the
cathode and anode within the cell. Since, NaCl does not directly participate in the
reactions for the removal of arsenic ions, the optimum condition obtained for As(V)was

applied to As"), and combinations of As™and As(™Mas well,

7.3 Characteristics of precipitate

EDX coupled with SEM and TEM have been employed for chemical characterization
of the precipitate. The measured intensities provide quantitative information on the
elemental composition and distribution. The EDX elemental analysis of precipitate
obtained from the removal of As™Mand As(™Vis given in Fig. 7.1 and Fig. 7.2. As

T Y o—
Figure 7.1: TEM-EDX analysis of the precipitate obtained from Fe-As!"interactions

® o s
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Figure 7.2: SEM-EDX analysis of the precipitate obtained from Fe-AstY)interactions

the SEM-EDX analysis was inconclusive, TEM-EDX analysis was carried out to analyze
the precipitate containing As!") The maximum peak is of aluminium as aluminium foil
has been used for the drop casting technique. The major elements include iron, arsenic
and oxyezen. The mapping of the elements as given in Fige 7.3 and Fig. 7.4 confirms
the distribution of iron, oxygen and arsenic in different colors as the main elements that
constitute the precipitate. Several peaks for maghemite are observed in the range of
212-729 cm . Similarly, for lepidocrocite the range of IR adsorption frequency bands
lie in the range of 223-3400 em ', In case of goethite, the IR adsorption range varies
from 268-3400 cm ', while the range of IR adsorption peaks for hematite begins from

461 em™ ! and goes up to 3398.9 cm . The analysis of the compaosition of the precipitate

invalving As"™and Ast™VYis reported in Table 7.1.

TapLe 7.1: Aunalysis of the composition of the precipitate

TEM-EDX for As'!l!  SEM-EDX for AstY)

Element,

Welght % Atomic % Weight %
Oxygen 79.11 04.3 36.2
Arsenic 16.53 4.21 36.7
Iron 436 1.49 271

The FTIR spectra of As!"™and As™)are given in Fig. 7.5. The peak in the range of 1100-

1700 em ! corresponds to As™Mand the presence of a peak at 587 cm ! in As"Windicates
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(a) Mapping of arsenic, won and ocygen present (8) Mapping of oxypen found in the precipitate
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(1) Mapping of iron present in the precipitate
(1) Mapping of arsenic in the precipitate

Froume 7.3; Mapping of elements found in the Fe-Ast"™ precipitate by SEM

the transformation of arsenic species from Asi™to f‘ks{"""limil]. FI'TR spectra. of pristine

iron has been observed by several other researchers elsewhere[2094 302|.

The transformation of iron oxyhydroxides into four phases namely, hematite, maghemite,
goethite and lepidocrocite have been observed in this study. Their correspending [R
adsorption bands in the absence of arsenic are listed in Table B.41. On the other
hand, Table B.42 includes the list of 1R adsorption frequency bands obtained due to the
formation of iron-arsenic precipitate from the removal of arsenic species in the receiving
phase by the hybrid technique. The transformation of different forms of iron oxides for
adsorption of arsenic species are indicated by the peaks in the range of 523-1055 em L.
The peaks at 523 em ! and 554 em™! are ascribed to hematite (Fea(Oy) whereas the
peaks at 632 em ! and 659 em ! indicate the presence of goethite (o-FeQOH) [301].
The peak at 894 cm~ ! is attributed to the Fe-O-As bending vibration in o-FeOQOH

(303]. The peak at 1000 em ! confirms the presence of lepidocrocite (5-FeOOH) in the
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. _— 100um
(A} Mapping of arsenie, ron and oeypen present
in the procipitate i8) Mapping of cxypen found in the precipitate

m ann . !
100pm
100um

(1) Mapping of arsenic in the precipitate

() Mapping of iron present in the precipitate
Ficure 7.4: Mapping of elements found in the Fe-As'™) preeipitate by SEM

precipitate [209]. The shift of the peak at 1029 cm ! is caused by the bending vibration
of Fe-0-OH bond present in f-FeOOH due to interactions with arsenic ions [304]. The
shift in the peak at 1055 em ! indicates the presence and interaction of iron oxide in
the maghemite phase [298]. Fig. 7.6 shows the XRD analysis of the calcined samples of
Ast"Mand As'™Y), The XRD pattern confirms the formation of ferric oxide in both the
precipitates [305]. The peak positions obtained are 24.12 (012), 33.16 (104), 35.64 (110},
40.88 (113), 4944 (024), 54.06 (116), 57.56 ((018), 62.42 (214),; 63.98 (300). This further
corroborates with the formation of hematite phase of iron oxide in the precipitate [306].
a-FeqOg having a rhombohedral structure has been identified from all the peaks [307].
T'he size of the ferric oxide nanoparticle ealeulated from Debye Scherrer equation is 11

nm (270

The FTIR spectra of all the three combinations of arsenic species are given in Fig. 7.7a.

The peaks in the range of 1100-1700 cm ! corresponds to As™Ylindicating the conversion
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of AsMia AsV)[203]. The presence of iron oxides in different phases are indicated by
the peaks at 879 cm !, 1045 em ! and 1087 em . The peak at 803 cm ! is attributed
to the arsenate adsorbed on iron oxide[303]. The peak at 879 cm ! indicates the bending

vibrations of Fe-O-OH in goethite[308].
100

4
=

=

&

Transmittance (%)

on
-

—As(V)

523

40
1500 1250 1000 750 000
Wavenumber (¢cm!)

Froure 7.5: Plot of the FT1R data for the precipitate obtained from the removal of arsenic ions

The shift of the peak at 1045 em " is due to the oscillatory vibrations in magnetite[209].
The peak at 1087 em ' further confirms the presence of iron oxide in the goethite
phase[301]. Fig. 7.7b shows the XRD analysis of the calcined samples.

The XRD pattern confirms the presence of goethite, hematite and lepidocrocite in the
precipitates[305]. The peak positions obtained are 27.25 (130)[307], 32.07 (104)[306],
35.64 (110), 45.36 (202)[307], 57.56 (018) and 62.42 (214). This further corroborates the
formation of iron oxide in the precipitates[306]. The sizes of the ferric oxide nanoparticle
calculated from Debwe-Scherrer equalion are 35, 38 and 47 for cases Ast: A5V 1
1, AsD- AV 1 - 2 and AsUTD:ASIY): 20 1 combination of arsenic ions, respectively[270].
EDX coupled with SEM have been used to analyze the elements for chemical character-
ization of the precipitate. The measured intensities provide quantitative information on
the elemental composition and distribution. The EDX elemental analysis of precipitate

is given in Fig. 7.8,
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The maximum peak is of alumininm as aluminium foil has been used for the drop casting
technique. The major elements include iron, arsenic and oxygen. The mapping of the
elements as given in Fig. 7.9a conlirms the distribution of oxyegen, iron and arsenic in
diferent colors as the main elements that constitute the precipitate are shown in Fig.

T4, Fig. 7.9c¢ and Fig. 7.9d respectively.

7.4 Adsorption isotherm modelling

The adsorption data of As(D, As(Wand combined arsenic species were fitted into the
isotherm models, viz. Eq.(2.84) through Eq.(2.94), as shown in the Fig. 7.10 and Fig,
7.11. The Freundlich isotherm shows that the adsorption for removal of the combined

arsenic species fit well with R? varying from 0.9519 to 0.9759.
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Froure 7.6: Plot of the XD data for the precipitate obtained from the removal of arsenic ions
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Firogure 7.7: Plots for the precipitate obtained from the removal of arsenic ions
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TapLe 7.2: Coeflicient of the isotherm models for all the arsenic ions

_ As(IT):As(V)  As(I):As(V)  As{IIT):As(V)
Model | Parameters As(III) As(V)
2 (1:1) 2 (L1:2) i (2:1)
Ky, - 10657 -126.54 (.354 1.222 (1.956
2
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Ry 94x 107" -79x 1070 0.025 0.0054 0.0069
R* 0.9772 01.9038 0.9125 0.9571 0.909
RMSE 2.3683 12.09604 3.924 1.435 1.702
¥ 0.1613 1.09495 0.711 0.066 0.323
HFEF 0.2511 0.53248 2,270 0.432 1.86
In Kp 17.352 32.226 13.048 3.2724 19.944
- 1/n 4.227 7.0588 11.143 1.6381 5.9635
% R? (.9594 0.9593 0.9759 0.9519 ().9688
E‘: RMSE 0.0846 0.2197 02030 0.0524 0.1442
x (.0020 0.0160 0.0170 0.0008 (L0061
HFEF 0.0844 0.1243 0.004 0.149 0.661
Rp -3.297 -6.059 -10.143 -0.6378 -1.9635
g In A 17.352 32.226 4:3.048 32712 19.944
2 R 0.9322 (19455 0.9710 0.7517 (1.9556
;Z RMSE (.0846 0.2197 0.114 0.0522 0.1442
2 x? 0.00563 0.0244 0.096 0.0041 0.012
HIEF 0.2337 0.1939 32.329 0.861 0.82
Ks 4.227 T.059 (.92 (1.56 (L85
ag 29x107* 1Lox10°M 0,021 0.123 0.035
B R? (1.9594 0.9593 0.976 0.952 0.969
& RMSE 0.0846 0.2197 0,018 0.0312 0024
x* 0.0020 0.0160 8E-5 0.00024 0.00015
HFEF (L0885 0.1272 12.14 0.0875 (1066
b 1092.91 1050.15 1962.12 33480.7 1822.68
Kr 156,34 176,39 66.72 92.11 15.65
;-E K* (1.363 0.512 0.7678 0.9758 0.8909
= RMSE 0.34 0.42 0.055 0.0027 0.0511
v 00006 0.0578 0.03 0.00022 0.01242
HFEF 0.45 1.24 197.33 (1.589 2.475
8 A 6.97x 107*  1L15x 107 232x 107 3.34 x 10® 1.36 x 1077
% E 2677.62 2088.17 1469.65 3872.15 1916.86
% H? 0.9573 0.956 0.9793 0.9487 0.9663
"'g RMSE 0.087 0.263 0.188 0.054 (.150
E
TH-BSS?_ljﬁlmﬂ?nﬂs
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2 0.0021 0.0174 0.015 0.00086 (.012
HFEF 0.0853 0.1298 0.002 0.155 0.00234
maz 0.0004 0.00003 4% 1075 0.0043 0.0133
. Ky _601.61 _1076.2 _585.13 190,922 _65.430
% R? 0.9668 0.9717 0.9779 0.948 0.9298
5 RMSE 0.0764 0.1831 0.1552 0.0015 0.0066
2 0.0016 0.0111 0.1396 0.00007 0.0052
HFEF 0.0815 0.1022 2.3263 0.0098 0.0871
nH _0.2366 0.1416 0.0785 0.6313 1.0758
Iij 0.0165 0.0104 19.0149 5.080 1.015
g R? 0.9594 0.9593 0.9812 0.9592 0.9564
- RMSE 0.0846 0.2197 0.0082 0.0011 0.0037
X 0.0020 0.0160 0.0048 0.00069 0.0015
HFEF 0.0840 0.1242 0.0949 0.0069 0.0376
H; LI0x 1071 349x 1075  0.000142 0.000346 0.001882
@ B ATT3 -1.895 4,024 3728 -3.533
3 R? 0.9168 0.6266 0.935 0.9095 0.9668
2 RMSE 213.91 3335.57 269.49 120.87 36.1
£ x> 36.60 3977.95 72 16.35 8.43
HFEF 0.621 1.756 0.05 1.2 2.45

Similarly, the Dubinin-Radushkevich model fits well with the data in accordanes to the
Ast . AsMdata suggesting the adsorption process to be heterogeneous in nature, The
mean adsorption energy calenlated from the Dubinin-Radushkevich isotherm is in the
range of 1.5 - 3.9 kJ-mol~! indicating a physical process of adsorption oceurring for
the arsenic species as it is below RkJ-mol~' [309]. Langmuir model fits well with the
experimental values for all the arsenic species (vide Table 7.2), however the regression
produces unrealistic model parameters, and thus the isotherm is not reliable. The 2
test values are low in Lhe range of (LO66-00.T11 indicating there is nol much difference
between linear and non-linear regression analysis of this model. However, the high
RMSE and HFEF values indicate that there are differences between the experimental
and predicted data of the adsorption model, This strengthens our assessment abouat the

adsorption being heterogeneous in nature instead of homogeneous. The Temkin isotherm

TH-3557_156107008



Chapter 7: Removal of arsenic by the hybrid technique 165

(a) AsT A5V 1 0 (B} A" A5V 122

() At ARV 9.

Figure T7.8: FESEM-EDX analysis of the precipitate obtained from Fe-As interactions

model predicts that the binding energies decrease linearly with the surface coverage
due to indirect interactions between the adsorbate-adsorbent in the adsorption process.
However, the Temkin isotherm model fits well in case of (1:2) ratio of arsenic species.
T'he heat of sarption equal to 1.96, 33.48 and 1.82 kJ-mol ! for As"D-As™V)in the ratio
of (1:1), (1:2) and (2:1), respectively. The positive variation in adsorption energy (the
value of b) indicates it to be a physical adsorption process [310] that is exothermic in
nature [261]. The RMSE values in the range of 0.0027-0.055 and low x* test values
indicate that Lthere is not much dilference between the experimental and predicted data
& between linear and non-linear regression analysis of this model. However, the high
values of HFEF for A A5V 1 2 1and for AstMD:AsMV: 2 ¢ 1 further corroborates

that this model fits well with the adsorption data of for AsU: AV 1.2,

Though the R? values are in the range of 0.9035-0.9668, the negative isotherm constants

ol Harkins-Jura model and high statistical error values of RMSE, y? test and HFEF
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Figure 7.9: Mapping of clements in the precipitate

renders this model to be a misht for the adsorption data.  Smaller statistical error
values stipulate similarities between the calculated data obtained [rom the model and
the experimental values. While larger values indicate the variation between the two
sets of data. Based on this evaluation, Freundlich isotherm and Dubinin-Radushkevich
model Ats well with the adsorption data in comparison to the other two-parameter
isotherm models. It is observed that the adsorption of combined arsenic species on iron
complexes follow a pore filling exponential distribution that is heterogeneous in nature
as suggested by the fitting of Freundlich and Dubinin-Radushkevich models. Moreover,
indirect adsorbate-adsorbate interactions occur leading to the generation of adsorption

energies in all the molecules of the layer, which ig estimated through Temkin isotherm
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Ficune 7.10¢ Plot of sotherm models for AsUMand AgY)

model.  However, neither monolayver homogeneous adsorption process nor multilayer

adsorption with heterogeneous pore distribution on the surface of adsorbents oecur in

cither of the arsenic species as assessed by the Langmuir and Harkins-Jura isotherm

models: Sinee the Langmuir model doesn’t fit the adsorption data, Redlich-Peterson

model which has been developed by combining Langmuir and Freundlich models follows

the same pattern for the experimental adsorption data. R? values of the Redlich-Peterson

model are in the range of 0.7517-0.971 and smaller statistical error values shows that

there are similarities between the experimental values and the predicted data obtained

from the model. But the negative isotherm constants indicates that the data does not

fit into this model.

In ease of three-parameter isotherm models, Sips isotherm fits well with the data. Sips

isotherm model is also a combination of Langmuir and Freundlich models but fits well

with all the adsorption data. R* values of the Sips model are in the range of 0.952-0.976.

Low values of RMSE and y® test reflects that the model fits well with the adsorption
data. Based on the HFEF values, the model fits well with the adsorption data of

AsT:AgVY- 1 2 and AstT:As(V):: 2: 1 | This diversion is due to a low concentration
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Frovre T.11: Plot of sotherm models for mixed arsenic species

of adsorbate in which this model transforms into the Freundlich model. Thus confirming

the heterogeneous adsorption nature and exponential distribution of active sites in iron

compounds for adsorption and removal of arsenic species through complex formation.

Jovanovie model yields negative K and small gy and hence it is not appropriate.

7.5 Adsorption kinetics modelling

l'able 7.3 & Table 7.4 depict the adsorption kinetics models for individual and combined

arsenic species. The PFO rate constant, &y values are in the range of 0,008-0.0241; &

being maximum for As'Y)and minimum for combined arsenic species in the ratio of (1:2).

The adsorption rate values for PFO are low owing to the very low concentration of the

adsorbent. The pseudo-lirst-order model is found to it the data based on the consistency

ol the experimental adsorption capacity with the ealculated adsorption capacily eoupled
with lower statistical error values as observed in RMSE, x2, and HFEF. Though the R?
values of the PSO model is higher than the PFO model, the PFO model is a better
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fit owing to the low statistical error values for all the individual and combined arsenic

species,

TavLe 7.3: Coeflicients of the adsorption kinetics models and statistical error fooctions for
removal of Ast"g AgtV)

Adsorption kinetics models Parameters & Values obtained for
statistical error
functions
Astih) Ast¥}
Qejexp 0.0075 (0.0054
o cal 0.0095 0.0058
k1 0.0138 0.0241
FFO rate (L0000 (100013
R (L9975 (L9948
Pseudo-first order
RMSE 0(0.0516 (.12
¥ 0.0004 0.0017
HFEF 0.0844 (1.2001
ka 16825 ]
I’'SO rate (L0126 1]
£? (1.9982 L
Psendo-second order
RMSE S04 ARG (L5875
2 6.245 0
HFEF (L1607 {(1.0002
Cx (1L.ODO3 (L0009
o) A0 L0
R? (L9861 (L9309
Elovich model
RM5IE (.0003 0.0002
X (L0000 (L0000
HFEF (1.5242 (14444
ks (1LOOOS (L0015
Eh (.A047 (12343
Fractional power function £ aaks i
RMSE {10559 (10515
X* (L0006 (1L.OO00S
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HFEF 0.1224 0.1048
Kipd 0.0004 0.0002
(] 0.0014 0.0027
1 0.9363 (0.8317
Intraparticle diffusion
RMSE 0.00045 0.0004
X2 0.00003 0.00003
HFEF (1.7483 (1.8388
Kiya 0,0138 0,0241
C (.0009 0.0719
R 0.9975 0.9948
Liquid film diffusion
RMSE 0.0546 (.12
v 0.0014 0.0045
HFEF (12205 (1.52492

Tapre T.4: Coeflicients of the adsorption kinetics models and statistical error functions for
remmeoval of eombined arsenic ions

Adsorption ki- Parameters & Values obtained for As!"™and As'Vin the ratio of

netics models statistical error

functions
Ast AV AT AGIVY:: AT ALIV):
111 1::2 2:1
e cxp 0.0051 0.0061 000466
e vl (0.0059 (.0068 (L0067
ky (L0104 1.008 0,009
f PFO rate 0.00005 0.000048 0.000065
gb R? 0.9933 0.9984 0.9985
_;bﬁ RMSE (.0812 0.0371 0.0365
“l‘%' X2 (.001 (L0002 0.0002
HFEF 0.0928 0.0281 0.0484
ka 0.8016 1.3289 06317
5}\? PS50 rate 000416 0.0081 0.0042
é{g‘? R? ().D688 (.9992 0.9723
:_"5’; HMSE 2027 461 2114
&

Q)
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¥ 161 1.8892 111
HFEF 0.3639 0.0695 0.3121
¥ 0.0001 0.0002 0.00012
& i 588,24 588,24 154.55
g R? 0.9669 0.9964 9971
gg RMSE 0.00027 0.0002 0.0002
y2 0.00002 0.00001 0.0001
HFEF 0.44084 0.35795 0.35286
F Ky 0.0002 0.0004 0.0002
ﬁ u 0.5686 0.4439 6483
& n? 0.9528 0.9643 0.9284
q:ﬁ RMSE 0.0944 0.0637 0.1303
& ¥ 0.0016 0.0007 0.0031
& HFEF 0.1157 0.0827 0.2012
& Fipd 0.0003 0.0003 0.0004
ggf ¢ -0.0004 0.0008 0.0001
1 @E}"” R? 0.9612 0.9538 0.937
f RMSE 0.00027 0.0005 0.0008
éf e 0.00002 0.00005 0.00012
HFEF 0.8827 0.6294 1.04857
< kifa 0.0104 0.0079 0.0008
& C 0.2243 -0.1307 0.1183
f R? 0.9933 0.9983 0.9985
,f RMSE 0.0812 0.0399 0.0365
,;;,9*““} x* 0.004 0.0009 0.0008
HFEF 0.3911 0.1613 0.196

The adsorption and desorplion constants are obtained from the alpha and beta values

ol the Elovich model.

The adsorption value is found to be the minimum for com-

bined arsenic species in the ratio of [1:1] having a valoe of (L0001, The adsorption
values arranged in ascending order is as follows AstMASOY 101 <AUASVI 102
< AstD =AU A5VY: 2 0 1 <As!VYas shown in Fig. 7.12c. The high B* values in the

range of (.9309 - 0.9971, and low statistical error values indicate that this model is a
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Freure 7.12: Adsorption kinetics modeling

good fit. The desorption value is found to be the maximum for As™having a value of

1000 in comparison to AsUWand AsU-As(V)combined species in the ratio of (1:1) and

(1:2), The minimum desorption value is found to be for As™MP:As™Y):: 20 1, This shows

that adsorbed AsVeannot be easily extracted [rom the iron-arsenic complex as shown

in fgure 7.12.

Further, the low adsorption constant indicates that a saturation level is almost achieved.

While a high desorption value indicates that the arsenic is strongly entrapped into the

iron complex and cannot be easily released into the bulk liguid phase.

The fractional

power [unction maodel also fits well with the data. The rate constant value is found to
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be maximum for individual As™Y), and As"™Mbut it is minimum for combined arsenic
species of (1:1) and (2:1) ratios. However, the values of the rate constant are too small,

and w is less than unity [266].

The intraparticle diffusion (1I"D) and liguid film diffusion (LFD) models are investigated
to determine the rate-controlling step and to further understand the diffusion mecha-
nisms. The A2 values of the IPD model is in the range of (0.8317-0.9612. Based on the
R? values, this model is a good fit for the adsorption kinetics data of AsM:AgV):: 121
. While the B* values of the LFD model is in the range of 0.9948-0,9985, indicating that
LEFTY model is a better fit in comparison to TPD model. But these models cannot be es-
tablished as the only rale-determining step as all the plots have an intercept value €' # (.
The value of C for individual arsenic jions is positive for both TPD and LFD models. The
positive C values indicate that adsorbent boundary thickness and liguid film thickness
participate in the adsorption process. The thickness in the case of As":As™V):: 12 14s
negative for the IPD model. Moreover the thickness of As":As(V):: 112 s also nega-
tive for the LFD model. This negative thickness is due to a combined effect of diffusion
and surface reaction for which the boundary layer is negative [311]. The thickness for
IPD and LED models is minimum and positive in the case of As0M:Ag(V): 0.1

7.6 Operational cost analysis

Operational cost analysis is a valuable tool to optimize the operations, enhance cost
cfficiency, and maintain financial sustainability. It provides a detailed understanding
of the cost structure, enabling better-informed decision-making at both tactical and
strategic levels. As this hybrid technique relies on an electric current to facilitate its
processes, involving the release ol ions within the eleclrocoagulation reactor during the
treatment period, the expenses associated with operating this reactor are crucial. From
an economic standpoint, the total operating cost of the electrocoagulation reactor has

been assessed using the following Fq.(7.6) [312] .
{J{T = P;g,— A Wr!r. + P&p x Em (T.ﬁ}

where
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¢ OC is the total operational cost {]NH..m"'i],

e P, is the price of unit weight of electrode (INR.mg™) [during the research period,

the value equals to 15 x 10% [NR.mg™' l,
o W, is the weight of actual electrode consumed (mg m™),

o P..is the price of unit electrical energy (INR.kWh™) [during the research period,
the value equals to 1.49 INR.kWh],

o E.uue is the electrical energy in kWhom™ that is utilized for the process as calculated
by the Eq.(7.7) [313]

VIt

F, - 7.7
ST w1000 (®.7)
where, V is the voltage applied (volt), I is the applied electric current (Amps.}, t is the

electrolysis time in hours, and v is the volume of the water treated in m®.

The primary components of the operational expenses for the electrocoagulation sys-
tem are predominantly associated with the electricily consumption. While the cost
of dissolved metal is contingent on the chosen material, its significance in the context
of electrocoagulation i minimal. It is noteworthy, however, that the costs of distinet
systems do not exhibit direet proportionality due to variations in electrode materials,
offiuents, chemicals, and system configurations. 'The total cost estimated for arsenic
ramoval by batch process of electrocoagulation systems are reported in Table 7.5.

Considering the average current and voltage, the electricity consumiption per cubic meter
of treated water amounted to 6.16 kWh.m™ for As™ 644 kWh.m™ for As(V), 9.24
kWh.m™ for As™M-AsMin the ratio of (1:1), 9.54 kWh.m™ for As")_AsOV}in the ratio
of (1:2), and 9.66 kWh.m™ for As("-AsM)in the ratio of (2:1) in the batch process.

The electrode material usage for the electrocoagulation process stood at 3.69 kg.m™
for As"™) 3.36 kg.m™ for AstY), 1.13 kgm™ for AsU™M-AsMMin the ratio of (1:1), 1.39
kg.m™ for Ast.AsViin the ratio of (1:2), and 4.19 kg.m™ for AstM-As™in the ratio
of (2:1). Upon computation, the operational costs per million m® of drinking water were
determined to be INR 64.5 for As'"™and As(Y)| and in the range of INR 31- INR, 77 for
AstLAsM eombined ratios as given in Table 7.6. However, it is crucial to acknowledge
that these costs are contingent on various factors, as indicated in Fq. 7.6, and thus

cannat be directly compared with those of other svstems as compiled in Table 7.5.
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TapLE 7.5: Cest estimation for arsenic removal by electrocoagulation systeins

Water treated  Reactor design & Anode ma-  Energy  con-  References
terial with electrode conlipura-  sumption
tion (kWh-m )
Tap water con- 2 litre plastic reactor with 2- 0.5 [314]
taining AstY) G iron electrodes in monopolar
parallel connection mode
Groundwater ~89 cc plastic reactor with 3.9 [315]
7 aluminium  electrodes  in
momopolar parallel connection
mode
Synthetic  ar- (0.8 litre Plexiglas reactor with .09 [316]
senic water 4 iron eleetrodes
Groundwater 01.95 litre reactor with iron ball  01.015 [317]
anode
Tap water 3 litre beaker with a pair of 8.33x10* [318]
iron electrode in monopolar
maode
Synthetic  wa- 1 litre with stainless steel elec- 0.9 [319]

ter & ground-

water

trodes in monopolar parallel

connection mode

TaLk 7.6: Feonomic analysis for the electrocongulation parh of the hybreid technigue

Arsenic species Flectrical energy  Weight of ac- Total OpPEri-
consumed (Eon.) tual electrode  tional cost (OC)
(kWh-m—) consumed (W) (INR-m 3 % 10°%)
(mgem )
As(h) 6.16 3.69 64.53
AgtV) 6.44 3.66 64.49
Ast:As(M) 121 9,24 1.13 30.72
AsTAs(VY 122 054 1.39 35.07
As:AsV): 2: 1 0.66 1.19 77.24
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Summary of the removal of arsenic by the hybrid technique

o Hybrid technigue method involving supported liguid membrane and electrocoag-
wlation processes has been found (o be an excellent technigque for the removal of
arsenic species from water by uphill transport of arsenic gpecies asainst its con-

centration gradient along with coagulation and adsorption by iron oxyhydroxides.

¢ Optimum process conditions are pH 5 of the feed phase, pH 7 of receiving phase
with 1M NaCl solution as the receiving phase using 2 volts for removal of As"and
As'VMrom the contaminated water. While pH 6.5 of the feed phase and pH 7 of
the receiving phase play signilficant roles in enhancing the removal elliciency of the

combined arsenic species.

e Almost 90% of the arsenic was removed after the treatment of the water by the

hybrid technigue.

¢ The iron-arsenic complex characterized by SEM-EDX, TEM-EDX, FTIR, and
XRD indicated the formation of various phases of iron hydroxide/oxide such as
goethite, hematite, lepidocrocite, and magnetite.

e Further, the FTTR spectra stipulated the conversion of AstWta AsMdue to oxi-

dation reactions oceurring during the electrocoagulation process.

¢ Among the models, the Dubinin-Radushkevich model, and Freundlich isotherm
model fit well with the adsorption data suggesting a heterogeneous and physical

adsorption process occurring in all the combined ratios of arsenic ions.

e The Temkin model fits well with the adsorption data of (1:2) ratio predieting that
the binding energies decrease linearly with the surface coverage duoe to indirect
interactions between the adsorbate-adsorbent in the adsorption proeess and the
positive variation in adsorption energy points to an exothermic physical adsorption

process,

¢ However, the Temkin isotherm model does not support either of the arsenic ad-
sorption data of As/"Dand As™indicating that the adsorption is characterized by

i noo-uniform distribution of binding energies.

o Pzeudo first-order model was found to fit the kinetic data for all based on the

statistical error analysis.
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¢ On evaluating the economic aspect of the electrocoagunlation part of the hybrid
technoigue, it was observed that the total operation cost was estimated to be in the

range of 31-77 INR per cubie centimetre for removal of arsenic species,

Abbreviation

EDX Energy dispersive X-ray spectroscopy
FCCCD Face-centered cenlral composite design
FTIR Fourier transform infrared spectroscopy
HFEF Hybrid fractional error function

IR Infrared radiation

RMSE Root mean square error

RSM Response surface methodology

SLM Supported liguid membrane

SEM Scanning electron microscopy

TEM 'I'ransmission electron microscopy

XRD X-ray diffraction

Nomenclature

A Redlich-Peterson constant

s Sips constant

Ap. Amount of iron liberated from anode

B Harkins-Jura constant

b Temkin constant assoeciated with the heat of sorption

’; Initial concentration of arsenic in the agueous phase
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. Equilibrium concentration of arsenie in the aqueous phase
'y Final concentration of arsenic in the aqueous phase
¢ Thickness of the adsorbent for adsorption kinetics

F Faraday’s constant

H; Harkins-Jura constant

I Applied carrent

K Freundlich constant for adsorption capacity

K, Langmuir binding constant

Ky Halsey isotherm constant

K Jovanovic isotherm constant

K5 Sips constant for adsorption eapacity

K¢ Temkin isotherm constant for adsorption capacity
ky Pseudo-first order rate constant

ko Peseudo-second order rate constant

ks Fractional power constant

kg Intraparticle diffusion rate constant

kia Rate coeflicient for particle-diffusion controlled process corresponding to the parti-

cle size of the adsorbent
M Atomic weight of iron
N Number of observations
n Freundlich constant for adsorption intensity
ny Halsey isotherm constant
p Number of parameters

¢ Arsenic removal eapacity per dissolved iron anode
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e Quantity of adsorbate at equilibrium per unit weight of the adsorbent
g Quantity of adsorbate adsorbed at time |
e Maximum sorbent capacity

R Gas constant

Ry, Langmuir's separation etor

fp Redlich-Peterson constant

He s Arsenic removal efficiency

T Absolute temperature

t I'reatment time

v Volume of the reactor

Y mean of the samples

Y: Obtained amount of adsorbate of sample observation i at equilibrium from the batch

experiments

y; Estimated /caleulated amount of adsorbate of sample observation § from the isotherm
maodels for corresponding Y;

% Number of electrons transferred in the reaction

cv Initial adsorplion rate constant

4 Activity coeflicient of Dubinin-Radushkeyich model
G Desorption constant

¢ Polanyi potential of Dubinin-Radushkevich model

o Posttive constant, of fractional power function model for adsorption kineties
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Chapter 8

Case studies on the removal of
arsenic by the hybrid technique

T ms chapter outlines the application of the hybrid technique on groundwater samples
obtained from various regions of Assam and West Bengal, India. The arsenic remowval
mechanism by hybrid technigue from five different groundwater samples was studied
through nine adsorption isotherm models and six adsorption kinetics models as men-
tioned in the previous chapter. ‘The nine adsorption isotherm models studied here include
Langmuir maodel, Freundlich model, Redlich-Peterson model, Sips isotherm, Temkin
model, Dubinin-Radushkevich isetherm, Jovanovic model, Halsey isotherm and Harkins-
Jura model. Similarly, six adsorption kinetic models have been studied to understand the
adsorption kinetics of the arsenie removal mechanizm namely, pseudo first order, pseudo
second order, Elovich model, fractional power function, intraparticle diffusion, and liquid
film diffusion model, The adsorption isotherm and kinetic models have been validated
through statistical error analysis. The validation of the modeling was investigated using
statistical error analysis. 'The experimentations were conducted following BSM using a
face-centered central composite design. Additionally, perception-based analysis had also
heen carried out to understand the status of groundwater contamination in Baruipur

through the people living in arsenic-affected areas of West Bengal.
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8.1 Study area

In Assam, India, three gronndwater samples were gathered from distinet locations. The
initial sample originated from a private well actively used by a family residing near
Bamungaon in Jorhat. Apother sample was obtained [rom a well located in Mariani,
near Kenedy Park, adjacent to a temple and a nearby tea estate. The third sample
was collected from a private well in close proximity to Bogagaon in Titabor. Fig. 8.1a
illustrates the geographical distribution of these sample collection points. Fig. 8.1b
provide information about the sampled locations in West Bengal. One of the samples
was obtained from Vidyanagar School in the Kobla Chak region of Purbasthali-1, Madhya
Srirampur, situated in the Purba Bardhaman district of West Bengal. Due to prior local
water sample testing indicating arsenic contamination, the school children and staff
refrained from consuming water from the specific hand pump. The second groundwater
sample was collected from a recently installed private hand pump regulacly used by
a local family near Canning Hoad, Ramnagar in Bamipur, located in the South 24
Parganas district of West Bengal. Table 8.1 provide the GPS coordinates and initial

characteristics of all the groundwater samples for further reference.

8.2 Design of questionnaire for perception-based analysis

Conducting perception-based surveys involving local communities allows for active en-
gagement, and inclusion of their perspectives [320]. It helps in understanding how res-
idents perceive the quality of their water and contributes o a more comprehensive,
community-oriented water quality assessment.  Perception-based surveys and analysis
can serve as an early warning system by identifying concerns or issues related to wa-
ter gquality that may not be immediately apparent through traditional testing methods
[321]. Residents may notice changes in taste, color, or odour that could indicate potential
problems. While scientific testing provides objective data on water quality, perception-
based analysis offer a subjective dimension. Integrating both scientific measurements
and community perceptions provides a more holistic view of the overall water quality
gituation. Perception-based analysis help identily localized coneerns that may vary from
one community to another. Understanding the specilic waler quality issues that residents

perceive allows for targeted interventions and tailored solutions [322]. Perception-based
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Froune 8.1: Maps showing the districts in India from where groundwater samples
wore collected

surveys aid in effective risk communication. By understanding how people perceive wa-
ter quality risks, anthorities can communicate more effectively, providing information
that addresses community concerns and dispels misconceptions. People’s behaviours re-
lated to water use and consumption are influenced by their pereeptions of water quality.
Perception survey analysis can uncover these behaviours, helping to design interventions
that encourage positive water-related practices, Assessing public perceptions contributes

Lo public health awareness.
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If communities are aware of potential water quality issues and understand the importance
ol sale water practices, it can lead to improved public health outcomes. Policy makers
can use perception survey data Lo inform the development of water quality policies. By
aligning policies with community concerns and priorities, policy makers can ensure that
regulatory frameworks address the most relevant issues [322]. Perception surveys provide
insights for long-term planning. Understanding how communities perceive water quality
allows for the development of sustainable and effective long-term strategies to address
both current and future challenges. Involving communities in water quality assessments
through perception surveys empowers them to take an active role in safeguarding their
water resources. Empowered communities are more likely to participate in and support
water qualily improvement initiatives. Perceplion survey analysis supports adaptive
management approaches. As water quality conditions change, the ongoing collection
and analysis of community perceptions allow for flexible, adaptive responses to emerging
issues. In summary, perception survey analysis is integral to a comprehensive water
quality assessment strategy. By incorporating the community’s perceptions alongside
scientific data, authorities ean develop more offective, community-driven, and sustainable

solutions for maintaining and improving water quality.

While the emphasis on the necessity for safe and dependable potable water is paramount,
various research endeavours are underway to identify contaminants and enhance water
quality. This is particularly crucial as millions of individuals i rural areas continue
to depend on untested and untreated water sources for consumption, This analysis
intercepts the perceptions of local water users, considering the general demographics of
the surveyed areas, to identify dependent water sources, water usage patterns, and water
quality. Questionnaire surveys are employed in further investigations to comprehend the
adopted waler treatment methods and taise awareness about arsenic contamination and

ils irnpacts.

The guestionnaire for this study is crafted following the template outlined by the WHO /U-
NICEF Joint Monitoring Programme for Water Supply and Sanitation (JMP), which
furnishes essentlal inguiries regarding drinking water and sanitalion for household sure-
veys [323]. Additionally, insights from the Intellectual Property document of Publie
Affairs Centre (PAC) and relevant research articles on surveys, such as those by Gev-
era et al. [324] and Francis et al. [325], have been incorporated into the questionnaire

design.
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TapLe 8.2: Design of guestiounaire survey for arsenic-contaminated areas

Section  Title No. of Description

les-
Lions

Part |  General de- T This consists of details related to location,
mographic GPS coordinates, gender, age, occupation,
questions duration of residence in the communily, aned

the number of members in the family.

Part IT  Water use and 16 This comprises of questions about the avail-
organcleptic ability of water, svailable sources of water in
characteristics the community and individual’s house, con-

sumption of water per day, and organoleptic
characteristics such as color, odor, and taste
of the consumed water.

Part 1Il Water quality 14 The third part has questions related to the
and arsenic re- quality of water, treatment of water before
Iated gquestions consumption, presence of arsenic in ground-

water, permissible limit of arsenic in drink-
ing water and its health impacts, number
of people affected by consuming arsenic-
comntaminated water in a family and the com-
munity, and other water-related issues faced
by the locality (if any).

Part IV Bore well/~ 3 This concluding segment is specifically tai-
hiand lored for individuals who obtain water from a
pump/open bore well, band pump, or open well, as these

well usage

sources are known to be associated with the

potential presence of arsenic,

The questionnaire is structured into four segments (I-1V), encompassing a total of forty
questions (vide Table 8.2). The initial section covers general demographic inguiries,
including location details with GPS coordinates, gender, age, occupation, vears of res-

idency in the specific locality, and the number of family members in the household.
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The second segment focuses on water usage and organcleptic analysis, probing into as-
pects like the odour, color, and taste of consumed water, as well as the availability,
sources, and conswmplion patterns of water. The third set of questions delves into
water quality, water treatment practices for consumption, and arsenic contamination in
proundwater. These questions aim to assess the locals’ awareness regarding the presence
of arsenic, its permissible limit in drinking water, and the consequences of consuming
arsenic-contaminated water. The fourth part of the questionnaire explores the source of
consumed water, informing the design of the final section. This concluding segment is
specifically tailored for individuals who obtain water from a bore well, hand pump, or
open well, as these sources are known to be associated with the potential presence of

arsenic. Fig. A5 to Fig, AJ3E show the prepared questionnaire for this stady.

In West Bengal, a group of researchers examined over one lakh water samples to assess
the status of groundwater arsenic contamination, understanding regional variability and
temporal changes over a 20-year period [326]. The state is reported as an "arsenic-
endemic” region of India [327], especially in the lower parl of the Ganga basin where
nine out of 18 districts have arsenic concentrations above 50 pph [171]. The Bengal
Delta plain’s arsenic-allected areas are mainly concentraled in the eastern part of the
Hooghly River, the lowermost western tributary of the Ganga. Due to severe arsenic
contamination in South 24 Parganas, a study explored the seasonal variation of arsenic
in tube wells in this region over a one-year period [171]. Given the Bengal Delta Plain’s
notorious status as the most arsenic-contaminated region (3281, a case study in Baruipur
and Sonarpur block of South 24 Paraganas district, West Bengal, aimed to determine
groundwater arsenic concentration and its effects on children in the region [329]. An-
other study in Baruipur sought to identify the nature of arsenic pollutants in the Bengal
basin's groundwater [175]. The persisting three-decade-long erisis of high arsenie con-
tamination in West Bengal’s drinking water has prompted researchers to consider policy

maodifications for effective implementation and a lasting solution to this issne [327).

Among the worst arsenic-affected areas in West Benggl is the Ramnagar block of Baruipur
in the South 24 Parganas district [175]. Despite this, there is insufficient information
regarding drinking water quality and arsenic contamination awareness among users in
the rural region of Ramnagar block, which has o history of arsenic mass poisoning as
established through literature review, Consequently, this study targets the local per-

ception of water quality and awareness of arsenic contamination in the area. The key
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ohjectives of this study include:

to record the demographic traits of the residents iving in the localities

to identify the dependent water sources, water usage pattern, and understand the

perceived water quality notions
e Lo investigate water treatment methods adopted,

e to create awareness about arsenic contamination and its health impacts

The survey aimed to collect information and insights regarding water quality and usage
patterns in regions of Baruipur, West Bengal, where arsenic contamination is preva-
lent. This initiative songht to comprehend the perspectives of the loeal residents. The
survey questions were verbally presented in the vernacular language (Bengali) and later
translated for documentation. Participation was voluntary, with random interested indi-
viduals willingly taking part; no one was compelled to join. Participants were informed
solely about the research purpose of the questionnaire survey, and their anonymity was
preserved. They were encouraged to freely share their opinions and suggestions, resulting

in each survey lasting approximately 15-30 minutes.

The research area is situated near Canning Road, Ramnagar, in Baruipur, within the
South 24 Parganas district of West Bengal. T'he South 24 Parganas district is positioned
in the lower Ganga basin, identified as part of the mature tract of the Gangetic plain,
The district is covered by quaternary sediments, ranging in thickness from 15 to 75
meters, deposited by the rver Ganga and its tributaries. Groundwater-bearing aquifers
are located within these quaternary and Tertiary sediments, characterized by alluvium
with a clayey nature, [ine sand, and a silty-clay capping. The district experiences an
average annual rainfall of approximately 1800 mm, with a hot and humid climate. The
hottest month sees temperatures as high as 40 °C | while the coldest month typically

has temperatures as low as 10 "C .

According to 2009 statistics, Ramnagar 11 is the gram panchayat of Ramnagar village,
covering an estimated geographical area of 1364.2 hectares. The village comprises about
3,964 houses, with a total population of 17,053 people, including approximately 8,706
males and 8,347 females. The reported literacy rate for Ramnagar village is 67.78%,

with 72.62% of males and 62.73% of females being literate. Groundwater resources from
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shallow and deep tube wells serve as the primary sources for irrigation, supplemented

by surface water [rom rivers, canals, and ponds,

The statistical analysis of the survey data includes descriptive statistics, incorporating
mean, median, and standard deviation to deseribe the central tendency and dispersion
of variable responses. A normality test assesses the distribution pattern of the data. The
Kruskal-Wallis test examines statistically significant differences between groups, and the
chi-square test determines the relationship or independence of categorical variables. Post
hoe tests and variance analysis identify specific means that show differences. Addition-
ally, multinomial logistic regression is employed to model nominal variables with more

than two levels,

8.3 Perception analysis based on questionnaire survey

The participation rate was modest, with nearly 3 out of 10 locals engaging in the entire
questionnaire survey, except for a few who abstained due to time constraints or lack of
interest. Incomplete responses were exeluded from the final survey. Over 30 individuals
from three distinet locations in Ramnagar, Barnipur, took part, and a cumulative total

of 97 participants from all locations provided responses to all survey questions,

8.3.1 Demographic characteristics

The demographic questions in the initial set of the survey consisted of gender, ape,

occupation, and residency in that particular location (vide Table 8.3 and Fig. 8.2).

TapLE 8.3 Demographic characteristics of the respondents (in %) based on geoder and duration
of residency

Gender Recidency period
Location
Male Female <5 years 5-10 years 10-50 years = 50 years
1 46.858  H3. 13 18.7H 3438 25.00) 21.88
2 48.39  51.61 12.90 41.94 3548 0.63
3 47.06  52.94 17.65 23.53 29.41 2011

Out of the total 97 participants, 47% were male and 53% were [emale respondents who

completed the questionnaire survey as given in Fig.8.2. The age was categorized into six
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Firaoune 8.2: Demographic analysis of the gquestionnaire survey for characterization of the re-
spondents

groups from 18 to above 68 years [330]. Fig.8.2 shows that around 29% of the respondents
belonged to the age group of 29-38 years and 25% were from the age group of 18-28
years. Further, the occupation of participants was classified into farmer, homemaker,
labourer, carpenter, unemploved, and others. U was noted that the occupation of most
of the participants were homemakers and farmers as in FigR.2, This could be due to

the majority of respondents being females participating in the interview. Moreover, the
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Fiaune 8.3; Water sources available for domestic purposes

years of residency in the particular area were asked to establish the duration of living in
the same place along with the number of members living in the family. It was ohserved
that most of the respondents have been living in the study area for more than five years
with at least three to four members in their families as established from Fig.8.2.

8.3.2 Waler usage pattern

Figure 8.3 illustrates the available waler sources in the area, encompassing tap water
supply, open wells, household bore wells or hand pumps, and nearby surface water
resources like ponds. However, for drinking purposes, 78% of households in the first
location and 71% in the third location primarily relied on tap water supply, while 65%
of households in the second location depended on open wells within the community.
Locals predominantly relied on tap water supply, open or bore wells, and hand pumps
for various household water needs, including drinking and cooking.

In the first location, approximately 75% of respondents reported having a water source
within their households. Conversely, in the second location, T4% lacked access to water
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within their households and had to feteh water from within 50 meters of their homes.
Similar 1o the first location, the third location heavily depended on tap water supply
and bore wells, with 82% of participants reporting having waler resources within their
households. Approximately 62% of all participants acknowledged having a water source
within their households, and 46% reported consuming more than 5 litres of water per

day per individual.

8.3.3 Perceived water quality

Table 8.4 illustrates that the majority of participants did not report any noticeable
changes in color, odor, or taste while consuming water from their respective sources.
However, about 31% observed alterations in water color, and an even smaller percentage
(12%) noted changes in food color when utilizing the same water for cooking. While this
change in water color was observed across all three locations, alterations in food color

were predominantly reported by respondents in the first and third locations.

Upon eloser examination, it was determined that the change in water color occurred
primarily during the summer or mensoon seasons. Participants described the altered
water eolor as unclear, muddy, and reddish. This phenomenon is likely attributed to the
presence of iron, which imparts color to both water and food (especially rice, a staple
in this region) when cooked in it. This is particularly noticeable in the summer when
more water is drawn from aquifers through bore wells or hand pumps. Additionally,
the change in waler color during the monsoon season could be linked to the mixing of

sewage with potable water.

TapLe 8.4: Percoived water quality of all the redpondents based on orpganoleptic characteristics

Organoleptic characteristics

Location
Odour  Taste Colour Cooked food colour change
1 0 0 21 .85 12.5
2 { 0 32.26 9.68
3 H.a8 0 3524 14.71
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Ficune 8.4: Perception of respondenis about the presence of arsenic in proundwater

8.3.4 Arsenic based notions

The Fig. 8.4 shows that the majority of participants were aware of the presence of
arsenic, with almost 53% acknowledging its existence in the groundwater. However,
knowledge about the permissible limit of arsenic in drinking water was not widespread
among the residents. Even though 60% of the participants were not familiar with the
acceptable level of argenic in drinking witer, most were aware of the health impacts
associated with consuming arsenic-contaminated water. This awareness stemmed from
first-hand observations of neighbours or family members experiencing conditions such

as melanosis and skin lesions.

Approximately 20% of the participants admitied to having at least one family member
currently experiencing arsenic poisoning, while 54% stated that none of their family
members were presently suffering [rom arsenic poisoning. In contrast, 23% of the total
participants reported that 5-10 individuals in their locality had heen severely affected by
arsenic in the past. Some participants mentioned witnessing the unfortunate deaths of

their neighbours due to arsenic poisoning, underscoring the serious health implications of
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Firoure 8.5 Participants” responses to the nnmber of peaple affected by arsenic in their funily
and locality

arsenic contamination. The responses of participants affected by arsenic in their fumilies

and locality are depicted in Figure 8.5.

8.3.5 Water treatment

While the majority, comprising 59% of the participants, believed that they consumed
safe water, and 29% rated the water quality as "very good,” 40% of the total population
took precautions by treating their water before consumption. The remaining 60% placed
blind trust in and relied solely on their water sources, without adopting any water
treatment methods, as depicted in Fig.8.6a. The accompanying Fig.8.6b illustrates the
prevalent water treatment methods embraced by the locals, with boiling being the most
commonly adopted approach. Among the 10% who treated their water, 21% resorted
to boiling, 10% opted for filtration, and 9% utilized alum as a water treatment method

belore consumption.
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FiourEe B.6: Partieipants’ responses to the water related matters
8.4 Statistical modelling

8.4.1 Normality and ANOVA test

To assess the normality of the data, Kolmogorov-Smirnov and Shapiro-Wilk tests were
conducted, revealing significant differences from a normal distribution (p < 0.05). Conse-
quently, the Kruskal-Wallis test was emploved instead of a one-way analysis of variance.
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Based on the Kruskal-Wallis test, several variables exhibited statistically significant dif-
ferences among the three localions, Variables such as the distance covered by users
to obtain water, awareness of arsenic, the presence of arsenic in groundwater, the per-
missible limit of arsenic in water, health impacts of arsenic, and the number of family
members affected by arsenic consumption in a household displayved notable povalues (p
= 0.05). A higher Kruskal-Wallis H value indicates a more substantial difference, as

detailed in Table 8.5,

Taprk 8.5: Test statistics of Kruskal-Wallis test with location as the grouping variable for
statistically sipnificant, parameters

Parameters Kruskal- df Asymptomatic
Wallis H significance

Distance of water source from household 25.200 2 =0.001

Perception un arsenic H.256 2 0016

Presence of arsenic in groundwater B.G92 2 003

Permissible limil of arsenie for drinking waler 7.436 2 024

Health impacts on consuming arsenic-contaminated  7.460 2 24

wialer

No. of members affected by arsenic in the family 7.142 2 0028

Among these variables with statistical significance, the distance traveled by users to
obtain water exhibits a substantial Kruskal-Wallis H coeflicient of 25.21, indicaling a
significant difference amonpg the three locations. The chi-square test conducted for all
locations indicates statistical significance (p < (1L.05) for several variables, namely age,
occupation, the number of family members residing, organoleptic characteristics of the
consumed water, and water-related 1ssues, along with perceptions of arsenic. This sup-
gests an association between these variables and the locations. Conversely, gender, water
quality rating, and the water treatment adopted (if any) by the users appear to be in-
dependent of the loeation. The Pearson chi-square coefficients for all the statistically
significant variables across the three locations are presented in Table 8.6, The test of
between-subjeets effects in the mullivariste analysis of variance test further substanti-
ated the significance of parameters, including the distance travelled by users to obtain

water, awareness of arsenic, the presence of arsenic in groundwater, the permissible limit
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of arsenic in water, and the number of family members affected by arsenic consumption

in a household (p < 0.05).

TapLe 8.6 Test statistics of the Chi-square test for statistically significant parameters associ-
ated with the locations

Parameters Chi-square  df  Asyvmptomatic

significance

Ape 23.062 5  =(L0O0
Oceupation 70.072 5 <0001
No. of members in the family 22,124 4 <0041
Water consumption 8.433 2 0.015
Distance of water source from household 5454 I 0.020
Odor 06,515 2 =0.001
Taste A0L918 1 =0.001
Color 17.095 2 <0001
Perception on safe water 34.412 2 =001
Process for water treatment G GRI) 3 =0.001
Perception on arsenic 22.351 2 =0.001
Presenee of arsenic in groundwater 25.072 2 =(.001
Permissible limit of arsenic in drinking water 31.320 2 =0.001
Health  impacts of copnsuming  arsenic- 24.352 2 <=h0ol1
contaminated water

Family members affected by arsenic 72.815 4 =000
No. of people affected by arsenie in the locality 84,546 o =0.001
Other water-related issues 33.732 2 <0.0Mm
Specific water-related issues H.000 2 0.8

The multivariate bests revealed a signilicant main elfect, as indicated by Hotelling’s {race
value and Roy's largest root for the locations, both with p-values < 0.05 (vide Table
B.7).

TH-3557_156107008



Chapter 8: Case studies on the removal of arsenie by the hybrid technigiee 200

TapLE 8.7 Multivariate test statistics for all the loeations.

Multivariate tests  Value F Hypothesis df  Error df  Significance

Pillai’s I'race 0.773  1.890 A8 144 0.002
Wilks” Lambda (1359 1979 18 142 0.001
Hotelling's Trace  1.418  2.068 A8 140 < (L0
Roy's Largest Rool  1.076  3.227 L | 72 (L0001

The estimated marginal means provided in Table 8.8 illustrate the means and standard

errors of the outcome for each location of the dependent variable,

TapLE B.8: Hstimated margingl means of statistically significant variables for all the locations
from multivariate analysis of variance

Dependent Standard 95% confidence interval
Location Mean
variable error Lower Upper
bound bound

1 1.376 {.123 1.131 1619
Perception _

2 1.581 {1.125 1933 1.828
ol arsenic

3 1.853 (114 1.617 2080
Presence of 1 1.344 0.118 1.110 1578
arsenic in 2 1.581 (1120 1.343 1.818
groundwater a 1.824 0.114 1.597 2.050)
Permissible limit 1! 1.906 (1.108 1.6491 2.122
of arsenic in 2 2,323 0.110 2103 2.542
drinking water 4 2.000) (.105 1.791 2.200
Health impacts on 1 1.375 L1116 1.145 1.605
consuming arsenic- 2 1.710) (L1158 1.A76 1.944
contaminated water 3 1.735 0.113 1.512 1.959

1 2875 0.228 2.422 3.328
No. of family members

2 3.710 0.232 3.250 4.170
affected by arsenic

3 3.2065 (h.221 2.82h $.704
No. of people 1 3438 {1.370 2.702 4.173
affected by arsenic 2 3.710 (L3376 2.962 A4.457
in the locality 3 4.471 (1.359 3957 5.184
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8.4.2 Logistic Regression Analysis

The goodness-of-fit table within multinomial logistic regression presents two measures,
Pearson and Deviance chi-square statistics, providing an assessment of how well the
model aligns with the data for all the locations. The high value of the Pearson chi-
square statistic (175.55), coupled with a statistically significant result (p<0.05), implies
a poor fit of the model to the data. In contrast, the Deviance chi-square statistic
(122.32) vields a p-value of (.72, suggesting a better fit. T'he p-value for model fitting
is =<.001, indicating that the full model is statistically significant, and it predicts the
dependent variable more effectively than the intercept-only model. The pseudo R*
measures, calculated by Cox and Snell, Nagelkerke, and McFadden, are reported in
Table 8.9.

TABLE 8.9: Pseudo RR? values for multinomial logistic repression modelling on statistically sig-
nificant parameters for all the locations.

Multinomial Logistic Regression modelling for Statistic Coefficients

Cox and Snell 0.534
Respondents’ perception of arsenic-related questions Nagelkerke 0.601
MelFadden 0348

Cox and Snell 0.268

Water quality assessment based on participant’s response  Nagelkerke (.302
MeFadden 0.142

Cox and Snell .281

Respondents” perception on water treatment Nagelkerke 0.317
Meladden 0.151

Cox and Snell 0.2641

Participants’ waler usage pattern MNagelkerke 0.297
McFadden (0.139

T'he logistic regression model, focusing on users” perceptions of arsenic-related questions,
highlights that variables such as the permissible limit of arsenic in drinking water and
the number of people affected by consuming contaminated water are statistically signif-

icanl across all locations | p-values of 0048 and 0.040, respectively, [rom likelihood ratio
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tests), However, the overall statistical significance value for the model’s coefficients is

nob significant.,

Similarly, a logistic regression model for water quality assessment indicates a well-fitting
model with high Pearson and Deviance chi-square statisties (169.88 and 164.99), though
the p-value for model fitting is 0.45, suggesting lack of statistical significance. Pseudo
R? values are reported as (.268, 0.302, and 0.142 for Cox and Snell, Nagelkerke, and
MeFadden, respectively. The users’ perception of water safety emerges as a statistically

significant variable for all locations (pwalue = (0L027) from likelihood ratio tests.

In the third logistic regression model focused on water treatment, the model fits well
according to low Pearson and Deviance chi-square statistics (83.22 and 97.55), both
with non-statistically significant results (p = 0.624 and (.228), However, the p-value
for model fitting is 0.022, indicating overall stalistical significance. Pseudo R? values
are calenlated as 0,281, 0.317, and (1.151 for Cox and Snell, Nagelkerke, and MeFadden,
respectively,  The participants’ response to water treatment processes is statistically

significant (p-value = 0.002).

The final logistic regression model, focusing on water usage, indicates high Pearson
and Deviance chi-square statistics (120,18 and 107.40) with non-statistically significant
p-values (0.083 and 0.288), yet the model is statistically significant overall (p<0.001).
Pseudo R* values are reported as 0.264, 0.297, and 0.139 for Cox and Snell, Nagelk-
erke, and McFadden, respectively. The distance traveled by locals to fetch water is a
statistically significant parameter.

The overall conclusions emerging from this study include that people are well aware of
arsenic contamination and its impacts.  Other than arsenic there are o few apeoming
water-related issues as complained about by the locals. Though there is an abundance
of water resources available to the loeals including tap water supply, open wells in
the community, household bore wells, hand pumps, and surface water sources such as
ponds, water scarcity is an upcoming water-related issue, especially in summer. Most
ol them are habituated to consuming water from bore wells and hand pumps increasing
their dependency on groundwater. The majority of the respondents were females and
homemakers with their ages ranging from 29-38 years. Consumption of safe water and
arsenic contamination increased awareness amongst a few for which water treatment

methods were followed by a few and reliability on tap water supply was observed. The
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small number of respondents focussing on a particular block of an area is a limitation of
this study. This work could be extended to other arzenic-impacted regions and a large
mass of people could be approached lor the survey. Further, a temporal variation could

be recorded by conducting similar surveys for each season.

8.4.3 Design of Experimentation

Table B.46 shows the experimental desipn with responses for all the locations. The
experimental design comprises thirleen experiments with four factorial runs, four axial
runs, and five center points for samples from each location. The independent variables
included in this study are extractant concentration (A) and pH of the receiving phase
{B). The extractant concentration range has been studied within 10-40% (v/v). The
receiving phase pH has been varied here from 3 to 7. Sodium chloride (1 M) salt has
been used as the receiving phase solution and 2V potential difference has been applied
in all the experiments condueted. The experimental data is plotted based on sequential
analysis of variance modeling which is based on significant p-values and insignificant
lack of fit F-values. A quadratic model is predicted and the contour plots are generated
Lo investigate Lhe optimum process conditions for the maximum removal of arsenic [rom
all the different locations. The following are the quadratic equations in terms of coded

factors fur each location.

Yy = B8.53-3.514 + 1.258 + 0.625A8 + 2.004% — 3.628* (8.1)
Yivis — 82.86-10.834 -3.008- 1.50A8 + 6.984” — 10.52B* (8.2)
Yas: = 98.25 4.484 0.328 0.30A8 3.424% + 0.688° (8.3)
Yiss = 08.93 3.834 0.8053 0.60A8 3.124% + 0.0852 (8.4)
Yags = 88.64 + 3.124-1.728 0.18AB + 1.314% 0.195* (8.5)

The model F-value of 145.62 for WBI implies that the model is significant and there
is only a 0.01% chanee that an F-value this large could oceur due to noise. Based on
the p-values, it is evident that A, A* and B? are significant model terms. The lack of
fit F-value of 1.2 indicates it to be nob significant relative to the pure error. There is
a 41.57% chance that a value this large could oceur due to noise. Similarly, the model

F-value for the second sample WB2 15 found to be significant with an insignificant lack
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of fit F-value of 1.2, P-values less than 0.01% indicate model terms to be significant
on the basis of which A and B? are found to be significant model terms. The analysis
ol variance for the models is given in Table B4R, The normal probability plots in Fig.
A4S illustrate a normal distribution of the residuals with a moderate scattering of the
data. The R* value obtained from the modeling of W1 is 0.9905 and the predicted R*
of 0.9479 is in reasonable agreement with the adjusted R* value of 0.9837. While the R®
value is (1,983 for WB2. The predicted B? value of (.907 has a difference of less than 0.2
with the adjusted R? value of 0.971. The adequate precision value compares the range of
the predicted values at the design points to the average prediction error and gives a value
of 32,75 for WB2. Further, the signal-to-noise ratio depicted by the adequate precision
value is 4493 for WB1. Table B.A7 posits the optimum conditions oblained from the
quadratic modeling. The coefficient of variation (C.V.) is a statistical measure depicting
the relative dispersion of the data around the mean of the data series. In other words, it
is the extent of variability expressed as a percentage of the ratio of standard deviation
to mean. In ascending order, the CUV. values can be outlined as 04T for WB1 and 2.03
for WB2. The lower the value of C.V,, the more precise is the estimate due to less
dispersion of data around the mean. The model F-value of 40.96 for AS1 implies that
the model is significant and there is only a 0.01% chanee that an F-value this large could
occur due to noise. Based on the p-values, it is evident that A and A? are significant
model terms. The lack of fit Fovalue of 1.49 indieates it to be not significant relative to
the pure error. There is a 34.4% chance that a value this large could oeeur due to noise.
Similarly, the model Fovalue for the second sample AS2 is found to be significant with
an insignificant lack of it Fovalue of 1.64. There is a 31 4% chance that a value this large
could oceur due to noise. P-values less than 0.05 indicate model terms to be significant
on the basis of which A, B, AB, and A* are found to be significant model terms. The
model F-value of 76.38 for AS3 study is found to be significant with an insignificant
lack of fit F-value of 1.08. The analysis of variance for the models is given in Table
B.49. In Fig. A.33, a plot of observed response values vs. predicted response values is
depicted to check the outliers. Further, the normal probability plot in Fig. A.33 shows
a normal distribution of the residuals with a moderate seattering of the data. The R?
value obtained from the modeling of AS1 is 0.9669 and the predicted R* of 0.8463 is in
reasonable agreement with the adjusted R value of 0.9433. While the R* value of 0.9931
for AS2 elucidates a better prediction of the model in comparison to AST and AS3. The

predicted R* value of 0.9637 is much closer to the adjusted R? value of 0.9881. Further,
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the signal-to-noise ratio depicted by the adequate precision value is maximum for AS2
(38.77) and minimum for AS1 (16.35). In the third case study of AS3, the R? value is
0.982. The predicted R? value is in reasonable agreement with the adjusted R? value.
Table BAT posits the optimum conditions obtained from the quadratic modeling. The
adequate precision value compares the range of the predicted values at the design points
to the average prediction error and gives a value of 30.88. The coeflicient of variation
(C.V.) is a statistical measure illustrating the relative dispersion of the data around the
mean of the data series. In other words, it is the extent of variability and expressed as
a percentage of the ratio of standard deviation to mean. In ascending order, the C.V.
values can be outlined as 0,361 for AS2, (L5177 for AS3, and 0.897 for AS1. The lower the
value of C.V., the more precise is the estimale due to less dispersion of data around the
mean. On the basis of the coefficient of determination and the epefficient of variation
values, the guadratic model fits and prediets better for AS2 in comparison to AS1 and
AS3.

8.5 Effect of variables

8.5.1 Extractant concentration

Several organic extractants have been reported to have the eapability of removing arsenic
from their solution. I'hese include acidic extractants such as bis(2,4,4-trimethylpentyl)
dithiophosphinic acid (Cyanex 301), neutral extractants viz, trioetylphosphine oxide
(Cyanex 923) and tributyl phosphate (TBP), and basie extractants such as tricctylamine
(TOA) and methyltrioctylamonium chloride (Aliquat 336). However, Aliquat 336 is
preferred for its abilily to react with both dissociated and undissocialed arsenic lons
present in the feed phase. Based on these research works, the extractant applied for this
study is aliguat 336 and the liguid membrane is a pseado-binary mixture of sesame oil
and aliguat 336. The extractant concentration is rendered to be a significant factor in
all the case studies. The optimum concentration of aliquat 336 in the liquid membrane
is found to be 10% for WB1, WB2, AS] and AS2. This exhibits that As"™is the
prominent arsenic species present in the groundwater samples of these places. As it has
heen established in the earlier research works that As!'"is mostly present as HyAsO,

that forms complex with 10% (v/v) aliquat to extract arsenic from the feed phase into the
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membrane phase[218]. The optimum extractant concentration is 40% for AS3. Aliquat
is required to form complexes with combined arsenic species of As!"and AstY). This

extends the presence of both As™and As'Yspecies in groundwater samples of AS3.

8.5.2 pH of the receiving phase

The initial pH of the receiving phase was varied between 3 and 7 as ferric hydroxide
precipitation starts in this pH range[? ]. The arsenic ions present in the feed phase
are either in the dissociated state such as HaAsOy, HAsO4®, AsO4% (in case of AstV))
or in the undissociated forms like HyAsOy (in ease of As{”'}] depending on the pH of
the feed phase[106]. The initial pH of the groundwater sample which is used as the
feed phase of AS] is 6.8 while that for AS2 and AS3 is pH 7.9 and 7.7, respectively.
On the basis of pH and the extractant concentration, HyAsOy is the prevalent form of
As"found in AS1 and AS2. While HsAsQ4, HaAsQ, ", and HAsOQ4? forms of As"and
AstV)might be present in AS3. pH 5 is found to be favorable for the maximum removal
ol arsenic ions from the groundwaler samples of WBL and WB2. The hydrolysis of the
ferrous ions starts precipitation usually at around pH 7 which leads to the formation
of floes of Fe{OH),, by polymerization that causes the adsorption of arsenic ions. But
the presence of iron and other pollutants in the groundwater samples accelerates this
process for which the optimum pH is lower than the reported pH [218]. The optimum
pH of the receiving phase is observed to be pH 3 s0 as to maintain a pH difference that
would readily transport arsenic jons from the membrane phase to the receiving phase.
Further, the pH of the receiving phase rises as the electrocoagulation process progresses
and becomes highly alkaline with the liberation of hydrogen gas which leads to the
transformation of ferrous to ferric ions and As(Mto As™)ions. This difference in pH
between the feed and the receiving phases leads Lo immediate reactions and interactions
between iron and arsenic as is evident, [rom the adsorption kineties liguid diffusion model

(explained in section 8.7).

8.6 Adsorption isotherms modelling

Nine isotherm models have been studied to fit the adsorption data as in Fig. &.7.

Assuming a mono-molecular laver of arsenic adsorption oceurring on the sites of iron
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Fiaure 8.7: Adsorption isothern modeling

uxyhydroxides that are homogeneous in nature, the Langmuir model predicts the surface
coverage. Langmuir isotherm model fits well with the data with R® values to be 0.99.
This indicates that monolayer adsorption between adsorbate and adsorbent mostly oc-
curs in all samples. The chi-square test values and the HFEF values are low and within
the range of (LO1-0.56 and 0.12 (.32, respectively. But the RMSE values have a wide
range of 1.1 for WB1, 7.7 for WB2, 0.88 for AS3, 1.41 for AS2, and 5.38 for AS1. This
means that the average difference between the experimental and predicted data is low for
samples obtained from WBL and AS3: and high for the adsorption data obtained from
WB2, AS1 and AS2. Based on the R* value and the statistical error funetion analysis,
it can be predicted that the Langmuir model fits well with the data obtained from WBI1
and AS3. Langmuir model can be expressed by a dimensionless constant known as the
separation factor (Ry,)[256]. Ry, values are positive and less than | indicating that this
is a favorable adsorption process[256]. Similarly the Freundlich isotherm model fits well
with the R* value in the range of 0.985-0.9957. The RMSE values obtained are 0.016,
0.052, (.095, 0.053 and 0.037 for WBI1, WB2, AS1, AS2 and AS3 respectively. The
chi-square test values are very low and in the range of 0.0001-0.0026. The HFEF values
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are less than one and in the range of 0.03—0.15. Therefore, all the adsorption data fit
well with the Freundlich isotherm model inferring that the adsorption is heterogeneons

in nature as well.

Redlich-Peterson isotherm and Sips isotherm models are three-parameter empirical mod-
els developed by combining both Langmuir and Freundlich models. These models also
validate the experimental data. The Sips sotherm model fits well with the data as
this model transforms into the Freundlich isotherm model during low concentrations
of adsorbate with respect to the concentrations of adsorbent. The R? values for this
model are in the range of 0L985—0.9957. The statistical error analysis values are low
indicating that the predicted model fits well with the experimental values. However, the
Redlich-Peterson model doesn’t fit well with the data obtained from WEB1, WB2 and
AS3 based on R? values. Though both Langmuir and Freundlich models are valid for
all the sets of adsorption data, based on the R? value and the statistical error function
analysis enlisted in Table 8,10, the Freundlich isotherm model predominates as affirmed

by the Sips model.

TanLe 8.10: Coclicients of the adsorption isotherm models and statistical error functions

Isotherm Parameters Values obtained for
models &  statis-
tical error
functions
W1 Wn2 AS1 AS2 AS3
K 1.7419 2.8223 T37.9 1284 2.3
" "y, L0026 0.0139 0.065 0.199 0.91
;EL R? 0.9937 (L9938 (1.991 (1.996 0.997
Et RMSE 1.04831 7.6966 5087 1.406 0.877
e 0.0163 (0.2753 {).561 0.061 0.03
HFEF 0.1229 0.3183 ().879 0.372 0.297
In Ky (0.0545 0.0534 (.1781 1.0206 (.29403
5 I/n 0.9:397 (.9931 (.5983 0.7145 0.9759
% R 0.94932 (1.9849 ().9889 (.9957 0.9913
i RMSE 00157 00520 00952 00531  0.0372
x* 0.0001 0. 0005 (.0026 (000 0.0004
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HFEF 0.0316 0.0763 {10585 0.1525 0.1001
Rp 0.0603 0.6 0.4017 (.2855 0.0241
E In A (0.0545 0.0534 (L1781 L0206 0.290:3
e R? 0.3764 0.0032 0.9757 09735  0.0647
% RMSL (0.0157 0.0520 01.0852 (.0531 0.0372
o X2 0.0007 0.0298 0.0034 0.001 0.0037
HFEF (.4514 4.9370 (.5284 0.2002 0.93
Kg (.9397 (:9931 (1.5983 0.7145 0.9759
i1g 0.94659 (L0480 ().8368 (.36 0.744
& R? 0.9932 0.9849 (1L.ORSY 0.9957 0.9913
. RMSE 0.0157 0.0520 ().0952 .0531 0.0372
x* (.06 (LIS 0.0026 0.0008 0,060
HFEF 0.0351 0.0848 (1.2484 0.1695 0.1112
b 1.82 x 10° 476 x 10° 129 58.6 79.2
In Kv 56471 f.4038 8.369 7.253 1.9
% R* 0.9901 (.8815 (.788 01.944 0.9118
= RMSE (1.0003 (LOO0E (1.015 (L0116 0,004
X2 1% 107% 0.0001 0.0053 0.0023 0.0003
HFEF 0.1780 1.0151 2866 1.7017 0.7515
E (- — 0.1274 0.0722 (11881 0.414 0.2137
% 8 1.69 x 149 x  0.0074 (.0104 0.0204
é w0 105
i'-‘g o) 5440.3 n&1.1 8.2041 6.925 1.9472
E R? 0.9945 0.92804 0.9805 0.9983 0.9824
R RMSE 0.0138 (1.0591 (1.1261 0.0329 0.0528
x2 1ok A0 2 (LO007 (L0045 (L0003 (L0008
HFEF 0.0267 0.0758 (0.2431 (.0952 0.1538
Trnaix 0.0057 O.CHILS 0.015 0.0218 0.011
o K; ~B7 .66 -20M36 -142.42 -118.2 ~43.031
E R? 0.9692 0.9464 (1.7038 (.8511 0.9523
g RMSE 040335 0.0979 (.4919 0.3115 0.087
¥e 0.0003 (0.0018 (0.0691 0.0304 0.00:24
HFEF (1.0550 {1.1559 1.15543 (L8317 0.2242
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nu L0641 -1.0069 16714 -1.399 1.025
K 0.9436 0.9476 0.7425 0.2307  0.7427

% R? 0.9932 09819 00880  0.9957  0.9913

o RMSE 0.0157 0.0520 0.0952 0.0531 0.0372
z2 0.0001 0.0005 0.0026  0.0009  0.0004
HFEF 0.0316 0.0763 0.2235 0.1525  0.1001
H; 100x10°¢ 8.5x10°% 170%10°% 810x10°% 320%10°¢

= B 10430 48946 -5.18 -1.63 3.23

“; R? 0.9204 0.8004 (1.687 {).6051 0.9043

= RMSE 586.44 24820 5998.71 111532 4144

m % 61.742 11015 6276.05 82248 19756
HFEF 0.7780 3.628 0.487 6.11 3.73

The Temkin isotherm model establishes that direct and indirect intermolecular inter-
actions occur during the complex formation. Additionally, it predicts that the binding
energies decrease linearly with the surface coverage due to indirect interactions between
the adsorbate-adsorbent in the adsorption process. The R? wvalues for this isotherm
are in the range of 0.788-0.99 indicating that the Temkin isotherm model fits well the
adsorption data of all samples, especially in the case of AS2. The heat of sorption of
476 kJ-mol' is maximum for WB2 in comparison to WB1 (182 kJ-mol '), AS1 (129
kJ-mol '), AS2 (58.6 kJ-mol!') and AS3 (79.2 kJ-mol!). The positive variation in ad-
sorption energy indicates it to be a physical adsorption process that is exothermic in
nature. The high heat of adsorplion suggests thal the process could oecur on or near the
surface of the adsorption sites indicating surface coverage whose cumulative interactions
lead to such a high energy generation, while the lower heat of adsorption for samples
from AS2 and AS3 stipulates non-uniform heterogeneous interactions that occur during
the adsorption process. The RMSE values in the range of (L0003-0.015 indicate that
there is not much difference between the experimental and predicted data. The low chi-
square test values portray that there is not much difference between linear and non-linear
regression analysis of this model. However, the high values of HFEF for WB2, AS1 and
A52 reflects that the linear expression of this model fits well with the adsorption data

ol WB1 and AS3.
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The Dubinin-Radushkevich model is a two-parameter isotherm that differentiates be-
tween physical and chemical adsorption mechanisms on heterogeneons surfaces with

iaussian energy distribution [255]. The R# values for the Dubinin-Radushkevich model
lie in the range of (.9804-0.9983 suggesting that this model fits well with the data. The
low statistical error values estimated for all three locations further confirm the goodness
of the fit. The mean adsorption energy caleulated from the model is in the range of
4.95-8.2 kJ-mol'. The mean adsorption energy for WB2 adsorption data is higher than
WEB1 but the model fits well with the data obtained from WIB1 based on the R* value of
0.9948 and low statistical error values of RMSE (0.0138), chi-square test value ((0.000)
and HFEF (0.0267). The mean adsorption energy for AS1 adsorption data is high but
the model fits well with the data obtained from AS2 based on the R value of (1.9983
and low statistical error values of RMSE (0.0329), chi-square test value (0.0003) and
HFEF (0.0952). Though the values of g, and 8 obtained from the expression are very
low, the heterogeneous adsorpfion process is aflirmed through the coefficient values and

error functions calculated.

Jovanovie isotherm maodel fits well with the adsorption data having R? values of .9692
for WB1 and 0.9464 for WB2, but the K constants are negative for both samiples,
Muoreover, the statistical error values and g, estimated are quite low, rendering it to
be s misfit with the experimental data. Jovwanovic isotherm model fits well with the
adsorption data of AS3 having R* value 0.9523, whereas the R* yalues for ASI and AS2
are (L7038 and (L8511, respectively. The RMSE values are in the range of 0.087-(.492
and the y* test values are very low and in the range of 0.002-0.069. However, the HFEF
values are low for AS2 (0.832) and AS3 (0.224) but high for AS1 (1.155). Since the
Jovanovie model is based on the coneepts of the Langmuir model. the adsorption data
from AS3 it this model better than the data obtained from AS1 and AS2, predicting
that monolayer formation occurs during the adsorption process. However, the negative
coefficients render it to be a misfit with the experimental data. Similarly, the Halsey
isotherm model fits well with the data but the negative coefficients make it unsuitable
to draw inferences about the removal mechanism of arsenic, Further, the Harkins-Jura
model does not fit the data. This helps to rule out the multilayer adsorption process

with heterogeneous pore distribution following a pore-filling mechanism.
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8.7 Adsorption kinetics modelling

The rate of binding arsenic to the ferrie hydroxides is determined through adsorption
kinetics by delermining the rate constant and the rate-controlling step. Researchers
have identified three prominent steps in adsorption that includes adsorption on the
interior regions of the adsorbent; pore or intraparticle diffusion in which the adsorbate
percolates in the interior sites of the adsorbent particles; and surface or liguid film
diffusion that involves the transportation of the adsorbate from the bulk solution to the
external surface of the adsorbent[331]. Based on these steps, the following six models
have been studied, pseudo-first order model (PFQ}, pseudo-second order model (PSO]),
Elovich model, fractional power function model, intraparticle diffusion model (IPD]),
and liguid film diffusion model (LFD). This provides insight into the mechanism of the
adsorplion process. Fig. 8.8 depicts the adsorption kinetics models for all the samples.

Jonsidering the R? values only it seems that the PSO maodel fits well but the statistical
data values along with R? values presented in Table 8.11 suggest that the PFO model
fits well with hoth W1 and WB2 data. Though the rate constant values and PFO rate
are low, the consistency of the experimental adsorption capacity with the calculated
adsorption capacity coupled with lower statistical error values as observed in RMSE,
y* and HFEF supports PFO model as the best fitting kinetics model in comparison to
PSO.

Taspk 8.11 Coefficients of the adsorption kinetics models with statistical validation

Kinetic Parameters Values obtained for
models & sta-
tistical
Error
fune-
tions
WB1 WB2 AS1 AS2 AS3
Gz 0.0050 0.0022 0.0056 0.007 (LOORG
Ge.cal 0.0053 0.0024 0.0058 (.0062 0.009
ky 0.0110 0.0079 0.0071 0.007 (L0103
rate 5.84 % 1079 136 % 1077 398 x 1077 489 % 107% 694 x 1079
Pseudo R? 0.9942 0.9897 0.9915 (L9919 0.0938
first order
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RMSE {.0652 0.0625 0.06:31 (.06 (0771
¥2 (0.0006 0.0005 0.0006 0.0006 0.0009
HFEF (.1157 0.0088 0.0872 L0862 0. 1067
Jeua 1.3168 A.7613 3.0229 .4556 1.7563
riate 6156 x 1078 326x107° 10x107% BHI16x10°% 17x 107"
Pseudo _
R? ().9966 0.9822 0.9937 ().9882 0.9972
second
RMSE 74912 44356 1550.4 1242.72 651.502
order
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Fioure 8.58; Adsorption kinetics modeling

The Elovich model elucidates the adsorption and desorption constants by o and # values
based on the available concentrations of adsorbent and adsorbate. These values are
positive for all samples with high R? values and low statistical error values. The low
adsorption constant indicates that a saturation level is almost achieved whereas a high
desorption value indicates that the arsenic is strongly entrapped into the iron complex
and cannot be easily released into the bulk liquid phase. [ value is the highest for AS1
in comparison to AS2 & AS3. The fractional power function model also fits well with

the data but the values of the parameters are too small and less than unity[266].

T'he rate-controlling step and the diffusion mechanisms are explored throogh IPD and
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LFD models. Linear plots are obhserved for both madels with R? values of LFD maodel
slightly greater than [PD model. These models can be established as the only rate-
determining step il the plot beging [rom the origin., However, there is the thickness
of the adsorbent, calculated from IPD as the value of € = 0 for both samples. The
value of C for W1, WB2, AS51 and AS3 are (L0001, 0.00053, 00022 and 0.0025. The
thickness in the case of AS2 is negative. The value of C estimated from LFD models
are (.054 for WB1 and -0.24 for WB2. The positive C values for WB1 in both [PD and
LFD models indicate that a liquid film boundary and adsorbent boundary thicknesses
participate in the adsorption process in which the liquid film boundary layer thickness
is more than that of the adsorbent layer thickness. However, in WB2 there is a positive
adsorbent layer of thickness 0.0003 (IPD) while a negative thickness in the case of
ligquid film diffusion. This exhibits the oceurrence of & combined effect of diffusion and
surface reaction for which the boundary layer i negative[311]. The value of C estimated
from LFD models is negative for all three samples. The positive © values for AST and
AS3 in the TPD model indicate that adsorbent boundary thicknesses participate in the
adsorption process. However, in the case of AS2 in the IPD model and LED models for
AS1, AS2, and AS3, there is a negative thickness due to a combined effect of diffusion

and surface reaction for which the boundary layer is negative{311].

8.8 Characteristics of precipitate

The FTIR spectra are given in Fig. #.9.  The peak at 437em™' is atiributed to
the stretching of Fe-O forming an octahedron shape[332]. The presence of As!'Wspecies
is indicated by peaks at 542cm ™! and 550 em ! that occur due to the As®'-O bond
stretching[332]. The shift in peak at 795c¢m ' corresponds to the interaction of ar-
senic with a-FeQON[333]. The peak at 890 cm " is attributed to the Fe-OH bending
vibrations of goethite[334]. The peaks in the range of 1100-1700 em ™! correspond to
AstY) [293]. The transformation of different forms of iron oxides for the adsorption of
arsenic species is indicated by the peaks in the range of 879-1088 cm—!. The peak at
879 em ! is attributed to the Fe-O-H bending vibrations in goethite[303].

The peaks at 1630 and 1640 cm ! correspond to As™V)[203]. This indicates that the
hs':"'}spccims is axidized to As'Y)by the electrocoagulation process. Fig. 8.10 shows the

XRD analysis of the calcined samples.
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The XRD pattern confirms the formation of ferric oxide in both precipitates|[305] as the
peak positions obtained are 30.08(220), 35.42(311), 43.05(400), 53.39(422), 56.94(511),
and 62.51(440)[335). The size of the ferric oxide nanoparticle caleulated [rom the De-
bye-Scherrer equation is 21 nm for WB1 and 19 om for WB2[270]. The peak positions
obtained are 27.25 (130), 31.54 (120), 35.64 (110), 45.36 (202), 56.23 (211), 62.42 (214),
and 66.04 (221). This further corroborates the formation of the hematite and goethite
phases of iron oxide in the precipitate[306]. The size of the ferric oxide nanoparticle
caleulated from the Debye Scherrer equation is 24, 20, and 3 nm for AS1, AS2, and
AS3, respectively[270].

Energy-dispersive X-ray spectroscopy (EDX) analyzes the elemental composition of the
precipitate. The EDX elemental analysis of precipitate obtained from the removal of
arsenic from the different areas for the case study is given in Fig, 8.11. The measured
intensities manifest the presence of iron, oxygen, and arsenic as the main constituents
of the precipitate. The presence of sodium, chloride, and silicon is attributed to the ions

present in the receiving phase,

Summary of the case studies on the removal of arsenic by

the hybrid technique

* Based on the perception study, it was observed that the people were well informed
about the issue of arsenic contamination and its consequences. In addition to ar-
senic, locals had raised concerns about a few emerging water-related issues. Despite
the availability of various water resources such as tap water supply, community
wells, household bore wells, hand pumps, and surface water sources like ponds,
water scarcity is becoming a noteworthy problem, especially during the summer

months.

e 'T'he perception study revealed that the majority of respondents were females and
homemakers aged between 29 and 38 years. A significant number of individuals
had developed a reliance on groundwater, primarily from bore wells and hand
pumps. However, increased awareness about safe water consumption and arsenic
contamination had prompted some individuals to adopt water treatment methods,

while others had shown a preference for Lap water supply.
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¢ The arsenic concentration in regions of Assam is above 100 ppb while in West

Bengal it is well below 100 pph.

e 'T'he application of the bybrid technigque leads to the removal of arsenic below 10

ppb in accordance with the WHO guidelines for safe drinking water.

¢ Fxtractant concentration was found to be the most significant parameter for all

the cases,

e The optimum concentration of Aliguat 336 in the liquid membrane is found to be
10% for AS1, AS2, WBI1, and WB2. While the optimum exiractant concentration
is 0% for AS3.

o Receiving phase pll value less than 7 is found to be favourable for the maximum
removal of arsenic jons due to the presence of iron in the groundwater samples

that accelerates this process.

e The iron-arsenic complex was characterized by SEM-EDS, FTIR, and XRD con-
firming the formation of various phases of iron hydroxide /oxide such as goethite,

hematite, lepidocrocite, and magnetite.

e Both Langmuir and Freundlich isotherm models were found Lo fit with the adsorp-

tion isotherm data.

e Pseudo first-order model was found to fit the kinetic data for all the gronndwater

samples.

Abbreviation

EDS Energy dispersive X-ray speclroscopy
FCCCD Face-centered central composite design
FTIR Fourier transform infrared spectroscopy
RSM Response surface methodology

SEM Scanning electron microscopy

XRD X-ray dillraction
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Chapter 9

Conclusions

T]IIR coneluding chapter summarizes the inferences drawn from the present research
work, lists out its limitations, and provides recommendations towards future direction

for removal of arsenic from water using hybrid FSSLM-electrocoagulation technigue.

9.1 Concluding remarks on the salient research contribu-

tions of this study

In the present work, the performance of liquid membrane-based processes has been in-
vestigated for the removal of arsenic fons from water. Preliminary experimentations
were done in a two-phase equilibrium study Lo identify the most ellective environmen-
tally benign diluent and extractant for arsenic extraction. The volumetric, acoustic,
physicochemical, spectroscopic, and thermodynamic properties of the identified diluent-
extractant pseado-binary mixture were estimated thoroughly over a temperature range
of 25-60°C . T'he extraction efficiency of individual and combined arsenic ions was ex-
plored through a variation of different parameters in two phase studies. The extraction
equilibrinm constants were estimated for application in a FS5LM using the identified

diluent-extractant combo in the two phase study. Consequently, the three-phase FSSLM

221
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study was performed using this selected liguid membrane (i.e. pseudo-binary mixture of
diluent and extractant) to find the extraction¥ and recovery% of individual and mixed
AsMand As(Mspecies in water. As arsenie is naturally found to be adsorbed in iron
minerals, ferric chloride solution was used as the receiving phase for the FSSLM study
with PVDF as the solid support for the iquid membrane. The modeling of the arsenic
transport process was explored through statistical and machine-learning approaches for
hoth two-phase and three-phase studies in predicting the optimum process condition
that would ensure the highest yield in terms of optimum extraction and/or recovery™.
ANN coupled with Genetic Algorithm based optimization tool was applied in machine

learning algorithm.

To further improve the removal efficiency of arsenic below 100 ppb, a hybrid technique
was applied which is a combination of FSSLM and electrocoagulation process with sae-
rificial iron anode and graphite cathode in its receiving phase. This led to the formation
of an iron-arsenic complex that precipitated below during this process. Various charae-
terization technigues were applied to identify the iron oxyhydroxides and also Lo conlirm
the formation of the said complex of iron-arsenic. Case studies were performed with this
technigque on the groundwater samples collected from various locations of the states of
Assam and West Bengal, India. All the experimentations were performed by follow-
ing the face-centered central composite design of the response surface methodology to
randomly design a group of experiments by varying the parameters simultanepusly and

generate an empirical model for optimization.

This study makes significant contributions to the field of arsenic removal, offering a
holistic and innovative approach to address the epvironmental and health challenges
associated with arsenic contamination. The salient research findings and features of this

study are presented as follows:

e Sesame oil is the most effective environmentally benign diluent for arsenic extrac-
tion, while Aliquat 336 is the preferred extractant due to its ability to react with
hoth dissociated and undissociated ions of arsenic. They form pseado-binary mix-
ture, i.e. organic phase, which act as a good liguid membrane for FSSLM. The
identification of vegetable oil as an environmentally benign diluent and the formu-

lation of a liguid membrane using sesame oil and Aliguat 336 represent pioneering
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steps towards more sustainable approach to arsenie removal methodologies than

traditional solvents.

e The exploration of volumetric, acoustic, spectroscopic, and thermodynamic prop-
erties provides a thorough understanding of the liguid membrane system. Tor
instance, negative excess molar volume indicates strong molecular interaction in
the mixture. A new relation was obtained between density, surface tension, vis-
cosity, and intermolecular free length based on the experimental findings of this

study,

¢ Determination of equilibrium constants, permeability coefficients, and mass trans-
fer coefficients for individual and combined arsenic species through two-phase and
three-phase studies offers valuable insights into the efficiency of the removal pro-
cess. For instance, it is revealed that the formation of Arsenic-Aliquat® 336 com-
plex in the organic phase [ollows the stoichiometrie ratio of 1 @ 1, whereas the
extraction of As™into the arganic phase is more favourable in comparison to
As™Mand combined arsenic species. It is further observed that mass transfer re-

sistanees are more during the transport of As'Y)than that of AsU!).

s The implementation of statistical analysis and machine learning-based modeling
not only optimizes conditions but also demonstrates a forward-looking, data-driven
approach. For instance, the error percentage of statistieal approach is in the range
of 11.45 to 2.47 and ML based analysis is in the range of 0.21 to 11.9 for extraction
and recovery of all the arsenic species. It is also revealed that the feed phase pH
and extractant conceéntration are lound to be the common signilicant parameters in
most of the cases. Pillai’s trace is more robust than the other stabistical tests based
on model assumptions, which indicates that the receiving phase concentration has

a significant main effect in the multivariate test.

s T'he proposed hybrid technique, combining FSSLM and electrocoagulation pro-
cesses, presents an innovative solution for achieving arsenic levels below 10 pph.
FTIR spectra stipulated the conversion of As!"™to As™V)due to oxidation reactions
ocenrring during the electrocoagulation process, The precipitate indicates the for-
mation and presence of different phases of iron oxide /hydroxides such as goethite,
hemaltite, lepidocroeite, and magnetile. The size of the ferric oxide nanoparti-

cle calculated rom the Debye-Scherrer equation was 19 - 34 nm aller treatment
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of groundwater samples from various locations of Assam and West Bengal. The
irop-arsenic precipitate is 2 saleable value-added product that has applications in

constroction materials as well as pesticides,

o The adsorplion studies show that Dubinin-Radushkevich model and Freandlich
isotherm model fits well with the adsorption data suggesting a heterogeneous and
phvsical adsorption process occurring in both individual and combined ratios of ar-
senic jons. Temkin isotherm model does not support either of the As(" /As(Vad-
sorption data indicating that the adsorption is characterized by a non-uniform dis-
tribution of binding energies. While it fits well with the adsorption data for the case
of AstD:AsV)=:1:2 ratio predicting that the binding energies decrease linearly with
the surface coverage due to indireet interactions between the adsorbate-adsorbent
in the adsorption process and the positive variation in adsorption etergy points to

an exothermic physical adsorption process.

o The inclusion of an arsenic-specific questionnaire survey for perception-based stud-
ies in contaminated areas of Assam and West Bengal adds a sociocultural dimen-
gion to the research, contributing fo a comprehensive understanding of arsenie-

related challenges in specific regions.

o Overall, this study stands as a multidimensional and impactful contribution to the

ongoing efforts in arsenic remediation research.

In summary, the contributions cover a broad spectrum, from the choice of solvent and
membrane preparation to in-depth analyses of properties, coefficients, and the develop-
ment of a hybrid technique. The inclusion of statistical analysis, machine learning, and
a survey adds a multidimensional aspect to the study, making it 2 comprehensive and
impactful piece of research in the field of arsenic removal. The results of this work were

compared to other recently-published works, as shown in Tables 9.1 and 9.2.

Despite the promising applications of the study in arsenic removal from drinking water, it
is essential to acknowledge certain imitations. Firstly, the effectiveness of the proposed
methods may vary under different environmental conditions, and the scalability of these

approaches to diverse settings needs careful consideration.
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Additionally, the relianee on modelling approaches, whether mathematical, statistical, or
machine learning, introduces inherent uncertainties and assumptions that may not folly
caplure the complexily of real-world seenarios. Practical implementation may encounter
challenges related to the availability of resources, infrastructure, and community cooper-
ation. Furthermore, while surveying provides valuable insights into public perceptions,
it may not encompass the full spectrum of socio-cultural factors that influence eommu-
nity engagement. Understanding these limitations is crucial for refining and adapting
the proposed arsenic removal strategies to ensure their practical viability and long-term

suceess in diverse contexts,

9.2 Limitations of this study

This study has several notable limitations that should be acknowledged (o provide a
comprehensive understanding of its Andings. Firstly, the exclusive focus on batch pro-
cesges i contaminant removal restricts the generalizability of the results, as industrial
operations often employ diverse processing modes. These findings may not fully cap-
ture the intricacies associated with continuous or hybrid processes, limiting the broader
applicability of its conelusions. Furthermore, this study’s concentration on specific con-
taminants may overlook the challenges posed by a wider range of pollutants prevalent in
different industrial contexts. To enhance the scope of this work, future research should
explore additional contaminants Lo olfer o more holistic perspective on conlaminant re-
moval processes. Additionally, the reliance on localized surveys [or the perception study
introduces o potential biag, as the findings may not accurately represent the diverse
viewpoints present in a global or more extensive demographic context. To overcome
this limitation, future research should consider conducting perception studies on a more
diverse and widespread scale. Lastly, incorporating ease studies from various geograph-
ical regions and industrial sectors would provide a more comprehensive understanding
of the challenges and solutions related to contaminant removal. While the study on
batch process arsenic removal provides valuable insights, these limitations underscore
the necessity for future research endeavours to broaden the seope, incorporate diverse
case studies, and account for the nuaneed variations in contaminant removal processes

across different industries and regions.
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9.3 Scope for further research work

Future research in the field of contaminant removal processes should aim to address the
identified limitations and [urther advance our understanding of this eritical area. Firstly,
investigations should extend beyond the confines of batch processes to encompass con-
tinuous and hybrid systems, ensuring a comprehensive analysis of contaminant removal
methods across diverse operational modes. Additionally, researchers should delve into a
broader array of contaminants, recognizing the multifaceted challenges posed by diller-
ent pollutants in varied industrial settings. To enhance the study's applicability, future
research should incorporate extensive case studies representing various industries and
geographical regions, accounting for the contextual variations that influence contami-
nant removal efficiency. Moreover, expanding perception studies on a global scale and
across diverse demographics can provide a more inclusive understanding of stakeholders’
perspectives. Future research offers several avenues for further research and exploration
in the field of water treatment and analysis. Here are some potential areas for future

investigation that can be further extended by studying:

¢ Continuous mode experiments: Fvaluate the efficiency of the hiquid mem-
brane technique in continuous mode operations. This could involve designing and
conducting experiments that simulate real-world scenarios, where water treatment
processes typically operate continuously rather than in batch mode and include

parameters related to scalability.

¢ Cumulative impact of contaminants /ions: Investigating the impact of mul-
tiple contaminants or lons present in water that affects the overall ellicieney of
the liquid membrane technique. This could involve studying synergistic or antag-
omistic effects between different pollutants and their impact on the removal of the

target species.

e Interaction of pollutants with arsenic: Dxplore in-depth the interactions
between various pollutants and arsenic in water. Understanding these interactions
can provide insights into the selectivity and specificity of the liquid membrane

technique {ur arsenie removal in the presence of other contaminants.

e Application of this technique for removal of other contaminants: Extend

the liquid membrane-based separation technique fo address the removal of other
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contaminants beyond arsenic. Investigate its efficacy for the removal of ditferent

types of pollutants, broadening the application range of this techonology.

e Micro/Nano-sized sensing devices: Explore the development of micro/nano-
sized sensing devices based on liguid membrane technology, These devices could
be designed for on-site and real-time monitoring of arsenic or other contaminants
in groundwater or wastewater, providing a more dynamic and responsive approach

to water quality analysis.

e Environmental impact assessment: Assess the environmental impact of the
ligguid membrane technique, considering factors such as waste generation, energy
consumption, and the potential release of by-products. This will contribute to
a comprehensive understanding of the sustainability and eco-friendliness of the

technology.

Owerall, the scope of future research should encompass a bolistic and integrated ap-
proach, transcending the limitations identified in the current study, to offer more nu-
anced insights into contaminant remeval processes and their real-world applications. By
delving into these areas, researchers can contribiite Lo the advancement of knowledge in
water treatment and pave the way lor the development of more effective and sustainable

technolopies for addressing water qualily challenges.
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INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI
DEPARTMENT OF CHEMICAL ENGINEERING

WATEE QUALITY BASED QUESTIONNAIEE SURVEY IN ARSENIC
IMPACTED EEGIONS OF BARUIPUR (WEST BENGATL., INDIA)

The survey has been conducted to gather information and gain insights into the guality and
usage pattern of water in arzenic dominant regions of Baruipur, West Bengal (India). This helps
to understand the perception of people residing in these areas. The survey iz being conducted
for research purpose only and the anonymity of the participants 1s maintained.

The questionnaire has been divided into four parts; first part consist of general demographic
questions, second set of the guestionnaire 13 related to water usage and organoleptic analysis
of consumed water, third set of questions are linked to arsenic contamination in grovndwater
and the last part 13 specifically for people who consume water from bere well'hand pump/open

well.

Part-I General demographic questions

1. | Location

2. | GPS coordinates

3. Gender

1. hale
2. Female

4. | Age

1. 18-28 vears
2. 29-38 years
535048 years
4. 4958 yeary
3. 30-68 years
6. Above 68 vears

3. | Occupation

6. | How long have you lrved here?

1. Farmer

2. Homemaker
3. Labourer

4. Carpenter

5. Unemployed
6 Otners

1. Less than 3 years
2:5-10 years

5. 10-30 years

4. More than 30 years

=1

How many members are there in your family (including
yourzelf;?

1. One

2. Two

3. Three

4. Four

3. More than four

Part-IT Water use and organoleptic related questions

Figure A4k Questionnaire for perception study Page 1
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What are the available sources of water in this location?
(multiple choice)

1. Tap water supply

2. Open well (community}

3. Household bore well’ hand pump
4. Ponds/ lakes

5. Others

What iz/are the source(s) of drinking and cooking water at
home? (multiple chotea)

1. Tap water supply
2. Open well {community)
3. Houzehold bore well! hand pump
4. Ponds/ lakes
. Others

10

Is the water available throughout the vear?

. Yes
.No

11.

How much water do you consume per day?

. Less than 1 Htre

. 1-2 litres

. 2-5 litres
4 More than 5 litres
3. Unsure

3
1
2
3. Cannot say
1
2
3

1.

How far is the source of water from vour household?

1. Within the houze

2. Within 30 meters

3. 50-100 meters

£ 100-500 meters

3. More than 500 meters
6. Unlnown

13.

Iz there any odour in the water being consumed?

1.%es
2. No
3. Unsure

14

If yes. please describe the odour?

1. Pieasant
2. Unpleazant
3. Ofther (specify)

If yes, when do you aotice the odour in the water?

1. Summer

2. Monszoon

3. Winter

4. Throughout the yvear
3. Other (specify)

16

Is there any specific taste in your drinking‘cooking water?

17

If yes_ how is the taste of the water?

1. Yes
. No

. Metallic
. Others (zpectfy)

18.

If yes. when iz the taste in water most prevalent?

l

2

3

1. Summer

2. Monsoen

3. Winter

4. Throughout the vear
5. Others (zpecify)

19

Dioes your drinkingicooking water have any colour?

1. ¥es
2. No
3. Unsure

TH-3557_156107008
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20.

If yes, what is the observed colour of the water? . Unclear

- Mugtoy/ hluddy

. Greyish

. Reddish

. Dthers (z3pecify)

21

Summer

. Monsoon

. Winter

. Throughout the year
. Other (specify)

If yes, when do vou notice the change i colour in water?

23

Yes
Ma
Unzure

Dioes the food change in colour when cooked boiled in the same
water?

23

If yes, when do you notice the change in colour in food? Suminer

- Monzoon

Winter

. Throughout the year
. Other (specify)

B e e S T S e e IS [ S W A ey

Ly

Part-TIT Water qualiry and arsenic related guestions

Wes
Mo
Unzure

Do you trust the sources of the water to be safe?

How would you rate the qualsty of water? Very good
Good
Muoderate

Poor
Very poor

28.

Wes
No

Dia you treat your water before consumption?

oS

How do you trest your drinking water? Boiling

. Filtration (usage of water filters)
. Coagulation (using alum)

None

28,

Yes
MNo
Unsure

Do yvou know what arsenic 437

- Yes:
Mo
Unzure

Do you know that arsenic is present in the groundwater?

30

Dio you know the permissible limit of arsenic m drinking water? Yes

3L

Do you know the health impacts of consuming arsenic polluted
water?

WNHWNMWMH!L&JMI—‘&WMI—EMI—IILM.I".LMHMLHMM

Do you know that people fall sick/ill by consuming arsenic 1. ¥ea
contaminated water for drinking‘cocking purposes? 2.No

33

How many member(s) 13/are affected by arsenic in vour family? | 1. One

TH-3557_156107008
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. Two

. More than two
. None

. Unsure

. Less than five
. 53-10

. 10-25

. 25-530

. More than 30
. Unsure

34. | How many people have been affected by consuming arsenic
contaminated water in this area?

35, | Other than arsenic, s there any other water related 1ssue faced . Yes

by vou or others in this locality?

36. | If yves, what 1s the issue?

I e R e e o R R e e S e LT VI

4. Others (specify)

37. | fves, in which season does the water related issues occur? 1. Summer

2. Monsoon

3. Winter

4 Throughout the year
5. Others (specify)

S b —— = Fi

Part-IV Bore well’hand pump/open well related guestions

38 | When was the bore well‘hand pump built? 1. 0-5 years
2.5-10 years
3. 10-25 years
4 23-50 years

39 | What 15 the depth of the bore well’hand pump being used? _== 10 meters
. 10-25 meters
. 23-30 meters
. 50-100 meters

. Unknown

40. | What 15 the frequency of cleaning the open well(s)? . 1-3 months

. 3-6 months

. 6-12 months

. =12 months

. Not once i1 a year

. Unknown

L R e

Fioure A48 Questionnaire for perception study Page 4
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TapLe B.1: Preparation of pseado-Dinary mixtures
weight¥  Extractanl mole fraction

{} .00
i} 0.099
Lo (.189
20 (.34
3 (.473
1) 0.583
) 0.677
i) 0.759
i) (.8:30
Gl (.854
) 0.950
100 LODO
207
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TasLE B.2: Analysis of variance for two-phase extraction of As(Y)
Soures Sum of squares  df  Mean square Fevalue p-value

Madel 10114.76 20 505.74 134.26 <0.0001
A 1502.24 1 1502.24 398.81 <0.0001
B 1372.24 1 1372.24 364.3 <0.0001
C 355.88 1 355.88 94.48 <0.0001
D 98,94 1 98,94 26.27 <0.0001
E 24,74 I 24.74 6.57 (0.0158
AB 13,78 1 13.78 3.66 0.0657
AC 0.28 ] 0.28 0.075 (.7866
AD 0.031 1 0.031 8206 107%  (.9281
AE 0.28 | 0.28 0.075 ().7866
BC 7.03 1 7.03 1.87 0.1824
BD 7.03 1 7.03 1.87 0.1824
BE 0.28 1 (.28 0.075 (. 7866
CD 0.78 1 (.78 021 ().6522
CE (.28 1 0.28 0.075 ().7866
DE 0.031 1 0.031 8.206x10°%  0.9281
Al 1325.23 1 1325.23 351.82 <0.0001
B* 3.26 1 3.26 0.86 ().3602
G2 0.054 1 0.054 0).014 (.9057
D# 0.054 1 0.054 0.014 (L9057
B* 1.04 1 1.04 (.28 (L6038
Residual 109.24 29 397
Lack of fit 96.36 22 4.38 2.38 (1.1206
Pure error 1287 T 1.84
Total 10224 19
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TasLe B.3: Analysis of variance for two-phase extraction of As(MD Az 121

Source Sum of squares  df  Mean sgquare Fovalue  pevalue
Model 9302.02 20 465.10 1077 <0.0001
A 2434.28 1 243428 213,38 <0.0001
B 1163.92 1 1163.92 102.02  <0.40001
C A07.98 1 497.98 43.65  <(0.0001
D 578 1 .78 445 (.04356
E 1604.62 1 104.62 9.17 0.0051
AD 241.45 1 241.45 21.16 =< (.0001
AC OE.91 1 8.91 567 .0063
Al 377 1 377 0.3302 {15699
AE .65 1 30165 2.69 .1120
BC 49.55 1 49,55 .34 .0461
B 0. 4656 1 0. 4656 0008 1.8413
BE .20 1 34.20 3.00 0940
CD 2.01 1 2.01 L1762 0.6T78
CE 1.17 1 1.17 01026 0.7510
DE 0.0162 1 00162 0.0014 0.9702
A? 610,72 1 f10.72 nd.a3 <0001
B? 0.1501 1 0.1501 0.0132  0.9095
c* 38.37 1 3837 3.36 0.0769
D? 5.46 1 5.46 04789 0.4944
E? 28,57 1 28.57 250 01244
Residual 330,84 29 11.41
Lack of Fit 2092.34 22 13.29 2.42 1167
Pure Frror 3850 7 5.50
Cor Total 0G32.86 A9
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TasLe B.4: Analysis of variance for two-phase extraction of As(D Az 1.2
Source Sum of squares  df  Mean square  Fovalue  p-value

Model G153.11 20 30766 58.44 < (L0
A 1514.62 1 1514.62 287.70 <0001
B 8. 90 1 665.93 127.06 <0.0001
L 267.5T 1 267.57 .82 = (LA01
D 35.35 1 35.35 6.72  0.0148
F 20.05 I 20.05 3.81 0.0607
AB 6.26 1 6.26 119 0.2846
AC 5.18 1 518 0.9832 0.3296
AD 0.5592 1 ().5592 0. 1062 ().7468
AR 4.18 1 4.18 0.7946  0.3800
BC 6.89 1 6.89 1.31 (12619
BD 5.32 1 5.52 1.01 0.3230
BE 1.76 1 1.76 0.3348 (.5673
D 0.1163 1 0.4163 0.0791  0.7805
CE 0.0, 1 (LR, BRIR (19531
DE 2.14 1 2.14 (. ACH (1.5200)
AZ 667.18 1 66T.18 126.73  <0.0001
B? 0.4877 1 0.4877 0.0026  0.7630
a° 0.5441 1 (.5441 01034 0.7501
D? 0.0029 1 0.0029 0.0005  0.0815
E? 3.71 1 3.71 0.7039  0.4083
Residual 152.67 29 5.26
Lack of Fit 135.20 22 6.15 2.46 0.1119
Pure Frror 17.48 7 250
Cor Total 6305.79 19
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TasLe B.5: Analysis of variance for two-phase extraction of As(D Az 2.0

Source Sum of squares  df  Mean sgquare Fovalue  pevalue
Model 6312.37 20 315.62 53.75  <0.0001
A LGR2.00) 1 16R2.00 28644  <0.0001
B 931.15 1 031.15 158.57  <(0.0001
C AR50 1 38850 G6.16 <0001
D 26.82 1 26.52 A4.57 (L0411
E 13.28 1 13.28 2.26 (1434
AD H4.34 1 84,34 14,36 0.0007
AC GOAL 1 G935 11.81 .001s
Al 1.42 1 1.42 0.2410 (1.627T2
AE L1.14) 1 11.10 1.89 (1.1 706
BC 22.56 1 22.56 3.84 (.0596
B 7.29 1 7.29 1.24 (.2744
BE 3.000 1 J.00 05101 (1.4808
CD 2448 1 24.48 417 .0504
CE 1.86 1 1.86 0.3163 (3.5781
DE J.2329 1 (.2329 0.03397 {).8435
A2 441,10 1 A41.10 75,12 <0H.0001
B? 0.6448 1 0.6448 0.1098  0.7128
c* 11.75 1 11.75 2.00 0.1679
D? 1.37 1 137 0.2334 (L6326
E? f.lT 1 G.17 1.06 .3138
Residual 170.29 29 b.BT
Lack of Fit 15044 22 .84 241 0.1172
Pure Frror 19,85 7 2.84
Cor Total G182.66 A9
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TanLe B.6: Spearman’s correlational analysis for the extraction of combined arsenic ions in

twirphase system

Type Variables Parameters A B C D 4 Yol
A Correlation cosflicient 1 () i) i) 0 05003

Significance (two-tailed) - 1 1 1 I 0
= B Clorrelation coeflicient { 1 i i (0 (.269
kA Significance (two-tailed) 1 - 1 1 | 0.059
5t o Clorrelation coefficient { ] 1 ] 0 0.155
2 : Significance (two-tailed) 1 1 - 1 | ().284
-T, D Correlation cosfficient 0 (1 0 1 0 (0.069
=3 Significance (two-tailed) 1 1 1 - 1 0.634
E . Correlation coefficient 0 0 0 0 | 0,041
Significance (two-tailed) 1 1 1 | - (.676

O Fx Correlation coellicient  -0.503 0269 (L1556 0.069  (LO61 1

¢ Significanece (two-tailed) { 0059 0281 0631 (0L.676 -
A Clarrelation coefficient 1 0 ] ] 0 (). A8G

Significance (two-tailed) 3 1 1 | I 0
~ B Correlation coefficient 0 1 ] 0 0 (.254
= Significance (two-tailed) 1 : 1 1 1 0075
P‘ . Caorrelation coefficient { 0 1 i) { 0.133
%{; 7 Significance (two-Lailed}) 1 1 - 1 1 0.358
-, D Correlation coellicient 0 4] { 1 0 0.077
= Significance (two-tailed) 1 1 1 - I 0504
L‘é E Correlation cosfficient { 0 i ] 1 0.047
Significance (two-tailed) | 1 1 1 - (L.746

O Fx Correlation coeflicient  -0.486  0.254 (0.133 0077  0.047 1

Significance (two-tailed) ] 0075 0358 0.591 (.746 -
n Correlation coellicient 1 { { i 0 -0.439
Significance (two-tailed) - 1 1 1 1 0.001
. B Correlation coeflicient { 1 0 1] 1] (.:301
= Significance (two-tailed) 1 - 1 1 1 0.034
N C Correlation coefficient 0 0 1 ] 0 0.187
?a’r Significance (two-tailed) I 1 - 1 | (.195
- D Correlation coeflicient 0 0 0 1 0 0.054
=3 Significance (two-tailed) 1 1 1 - I (1.711
'EE i Correlation coetficient { ] ] 1] | 0.044
Significance (two-tailed) | 1 1 1 - 0.763

i Correlation coefficient  -0.430  0.301 0,187 0,051 0.044 1

= Significance (two-tailed) 0001  0.034 0.195 0711 0.763 -
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TaBLE B.7: Univariate analysis of variance for extraction of As™in two phase

Source Type 111 Sum of Squares  df  Mean Square F Significance
Corrected model 11211.125 42 243,122 132.183 (L0000
Intercept fGR246. 104 1 f8246.109 A7104.6581 (1.00H)
A 1934.578 2 O67.280 H26.905 (0000
B 1122.421 2 B61.210 3056.124 (LOUH
C 313.490 2 156.745 85.221 (RO
D 00330 2 ANGED 27.002 (.00
E 36.514 2 18.272 9.%934 {1,000
AB 13.781 1 13.781 T.A93 (.029
AC 0.281 1 (0.281 ().153 0,707
AD (.0:31 | (L0331 0017 (.900
AR {.281 1 (1.281 {1153 0.707
BC T3 1 T3 J.823 (091
BD 7.041 1 T.031 3823 0.091
BE (1.281 1 ().281 0.153 0.707
§1B! (.781 1 (.751 (.425 {1545
CE ).241 1 (0.281 (1.153 0.707
DE (.031 1 0.0:31 (017 (1,90}
ABC 9.031 1 9.031 4.910 (L.0G2
ABD (0.781 1 0.781 (1425 (L5435
ABE (.051 | (.031 0.017 (LK)
ACD 1.531 1 1.531 (1.533 0.392
ACE {.031 1 (.031 0.017 (1904
ADE (.031 1 (0.031 0.017 (. 900D
BCD 2.531 1 2.931 1.376 0.279
BCE 0.031 1 .01 0017 (.900)
BDE (1.281 1 (0.281 (.153 (.707
CDE 0.031 1 (0.031 (L.017 (0900
ABCD (1.251 i (1.281 ().153 0.707
ABRCE ().781 1 (L7581 {).425 (.535
ABDE (1.281 1 0.28]1 0.153 0.707
ACDE (LOG 1 I (031 (Lo17 (1L.90H)
BCDE (.2581 1 (0.281 (153 (L707
ABCDE (1.281 1 (1.281 ().153 (0.707
Error 12.875 T 1.830
Tatal 176112 50
Corrected total 10224 49
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TapLe B.8: Univariate analysis of variance for extraction of As!":AsMV): 1 1 in two phase

Source Type 111 Sum of Squares  df  Mean Square F Significance
Corrected model 9594.356 42 228.437 11.533 (L0000
Intercept BEA11.733 1 B6E311.733 15692 716 (L O0UHD
A 188T.962 2 a943.981 171.629 (0000
B THSa11 2 284,955 TR (LOUH
C 48547 2 242674 44.122 (L0
D 48462 2 24231 4.406 (L0458
E 173.962 2 260981 15814 (1.003
AB 241,450 1 241.450 43.899 {1.0CH3
AC 08.912 1 08.012 17.984 (.00
AD 3,768 | 3. 7T6G8 (1685 (L.435
AE 30,654 1 0654 h.573 (.05
B 49.551 1 49.551 9009 (L0208
BD (). 466 1 (). 466 (.085 (.780
BE 34.196 1 34,196 6.217 0.041
§1B! 2.010 1 2.0 {).365 {1565
CE 1.170 1 1.170 (1213 {16549
DE (L0166 1 0.016 (L0003 (L4958
ABC 126.405 1 126.405 22,082 (Lo02
ABD 4,061 1 4.061 (1.738 419
ABE 17.971 | 47.971 B.722 .021
ACD 0.054 1 0.054 0.010 0.924
ACE {.041 1 .041 0.007 (1934
ADE 1.665 1 1.665 (). 303 {.5949
BCD (. 140 1 ). 146 0.026 (LETR
BCK 0.006 1 (.006 0.001 (.976
BDE L33y 1 1.337 0.243 (.637
CDE 1.240) 1 1.241() ().226 (1.649
ABCD 1.25%107° 1 1.25%x107° 0 0.999
ARCE 0.011 1 (011 .002 (1.965
ABDE 0.572 1 (.572 0104 ().756
ACDE (1442 I (1442 (1 0E0 (L7805
BCDE (.120 1 0.120 (3.022 (.887
ABCDE ().308 1 (L3058 (1,056 (.520
Error 38.501 T 5.5
Tatal 227550,353 50
Corrected total D6I2.85T 49
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TapLe B.9: Univariate analysis of variance for extraction of As!":AsMV): 1 2 in two phase

Source Type 111 Sum of Squares  df  Mean Square F Significance
Corrected model G288.312 42 149.722 LRI ]
Intercept 97072087 1 97072.087 SEER3 A0 0
A 1330.526 2 (65.263 266480 0
B 431.747 2 215574 BE.1T1 {)
C 173.646 2 S6.823 34.TTH 0
D 43615 2 21808 H.745 (0.013
E 26.719 2 133,359 5351 {1,039
AB 6.257 1 6.257 2.506 (L1457
AC 0176 1 0. 176 2073 0193
AD (3.559 | (1.550 ().224 {.650
AE 4.183 1 4.183 L.676 (L2337
BC 6.5891 1 6.801 2,760 141
BD 5.322 1 5.322 2,132 (.188
BE 1.763 1 1.763 (1.706 0.429
§1B! (LA16 1 (0.416 (.167 {1695
CE (.019 1 (0.019 (1007 {19354
D 2137 1 2137 ().856 (356
ABC BT ALT 1 BT ALY 35016 (1001
ABD 5.192 1 5.192 2.080 0.102
ABE 1.616 | 1.616 (.647 (448
ACD 0.102 1 0.102 0.041 0.845
ACE {.014 1 .014 0.006 L9422
ADE L717 1 0.717 0.287 (L6085
BCD 1.449 1 1.449 0.581 0.471
BCK (), 454 1 0.454 ().182 (.683
BDE (}.588 1 ().B88 0.356 (.570
CDE (.000) 1 (LO00 (.000 (L991
ABCD 1.744 | 1.744 ().6498 0431
ABCTE 1.81 I 1.81 {1.725 (.423
ABDE ().493 1 (.493 0.197 (1670
ACDE (L1351 I (0.131 (L0535 (L5205
BCDE 0.027 1 0.0227 (1.011 0.920
ABCDE (L0033 1 (O3 (1.001 0.973
Error 17475 T 2.496
Tatal 24559, 434 50
Corrected total G305.TRR 49
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TasLe B.1{: Univariate analysis of variance for extraction of Ast":AsV): 21 1 in two phase

Source Type 111 Sum of Squares  df  Mean Square F Significance
Corrected model G462 812 42 153.874 a4.263 ]
Intercept 03098 807 1 0398897 J1ETEAN3 0
A 1302.070 2 651035 229.582 0
B G30. 156 2 15078 111.110 {)
C 2889441 2 144.721 a1.035 0
D 37953 2 18977 G692 (.0024
E 21.206 2 10,648 3.755 (LOTR
AB 54,338 1 84,358 29.741 (.00
AC G49.355 1 G9.355 24.457 0.002
AD 1.415 | 1.415 (3.499 {.503
AE 11.104 1 11.104 3.916 (1.088
B 22562 1 22.562 7956 (L0226
BD T.287 1 T.287 2.570 0.153
BE 2.995 1 2.995 1.056 (1.338
§1B! 24 483 1 24 483 8.6 {1022
CE 1.858 1 1.858 (1.655 (1.445
DE 0:233 1 0.233 (1082 (1.753
ABC 45.064 1 45.054 15.588% (LS
ABD 1.791 1 1.791 (1632 (L453
ABE 1.333 | 1.333 (.470) (1.515
ACD 158006 1 15806 5574 0.050
ACE {).144 1 (.144 (.051 (L8528
ADE S3.665 1 3,665 1.293 (.293
BCD (.342 1 ().342 0.121 (L7358
BCK T.249 1 7.249 2.556 0. 154
BDE 8.915 1 2915 3.144 (.124)
CDE s.303 1 8.333 29349 (L1330
ABCD (1029 I (.029 (010 (.922
ABRCE 16661 1 16661 5.875 (1.046
ABDE 1.005 1 1.005 0.354 (.570
ACDE 4.111 I 4.111 1.450 (1.2658
BCDE (.100 1 0. 104) (1035 (L8356
ABCDE 1.324 1 1.324 (L. AGT .516
Error 198501 T 2.836
Tatal 229105.954 50
Corrected total 6482.662 49

TH-3557_156107008



Appendix B. Extra tables to refer 307

TasLe B.11: Analysis of variance for extraction and recovery of As!"n 3 phase SLM

Type Source Sum  of Deoree  of Mean square  Fovalue  povalue
sOuAres freedom
Model 1834.15 9 203.79 2314 =0.0001
0 9.25 1 9.25 1.06 (13295
G 162.57 1 16257 18.46 0.0016
= i 23.35 I 23.35 2.65 0.1345
% FG 0040 1 (.40 0.045  (.8354
ﬁ FH1 0.AT7 | 0.AT (1.053 {18228
E GHI1 0.2 1 (.20 0.022 (. 8246
E F? 3606 1 J6.06 4100 00705
g  G* 425,67 I 425.67 48,34  <0.0001
_E H1? ad.49 1 54.19 .19 (10321
= Residual 88,06 10 8.81
Lack of fit 40.20 H 2.0 0,84 0.57306
PPure error 47.87 5 AT
Corrected total 1922.21 149
Madel 1657.82 9 18420 15.41 < (LMK}
F 25.34 1 25.34 2.12 (L1760
G 108,10 1 106,10 9.13 {10129
=3 HI1 33.67 1 33.67 2.82 (.1242
E:,., rG T.84 1 T.84 0.66 0.4368
= FHI1 0.20 1 .29 (1.024 (LETY9G
B GHI 3.10 1 3.10 026 (0.6216
E‘ I 12.82 1 12.82 1.07 ().3248
§ G*= 32041 1 320.41 'Zﬁ._Hl (0.0004
2 .~Hl 3 120,30 1 120.30 10.06 (L0055
Residual 119.53 10 11.95
Lk of fit 27.24 ] 5.45 0230 (LEOGT
Pure error 02.29 H] 1846
Corrected total 1777.35 19
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TasLe B.12: Analysis of variance for extraction and recovery of As'¥)in 3 phase SLM

Type Source Sum of Degree of Mean square F-value p-value
squares  freedom
Model 2411.28 9 271.59 R85 <0.0001
F 202.95 1 202.95 20,003 (1.0003
G 8.63 | 8.63 1.23 (.2925
=~ H 28.12 1 28.12 4.02 0.0727
= FG 6.44 | 6.44 0.92 0.3597
.. FH1 9.8x107% 1 0.8x107%  1.402x107%  0.9700
o GHI 0.14 | 0.14 0.063 0.8066
2 F? 528.24 1 528.24 75.56 <(.0001
2 G* 149.76 ! 1419.76 21.42 0.0009
:’f: H1? 17.32 1 17.32 2.48 (11466
Residual 69.91 11} 6.949
Lack of fit AT.A8 5 9.50 2.12 0.2151
Pure error 22.44 5 4.49
Carrected total  2514.19 19 ) B
Model 264331 9 293.70 11.99 <0.0001
F 18207 1 182.07 26.03 0.0005
: 0.40 1 0.40 0.057 (1.8158
_ HI1 54.94 1 54.94 7.85 0.0187
£ Vg A.50 1 4.50 0.64 0.4412
< FHI1 2.00 1 2.00 0.29 (.6045
T gHl 18,00 1 18,00 2.57 01398
E 72 61,00 1 G51.00 43.06 <{.0001
5 G? 45.13 1 45.13 6.45 0.0294
& ~HI? 74.39 1 74.39 10.63 0.0086
Residual 659,95 10 7.0}
Lack of fit 13.12 5 8.62 1.61 0.3077
Pure error 26.83 5 5.37

Corrected total 2713.20 19
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TasLk B.13: Analysis of variance for extraction and recovery of AstM:A50) 12 1 in 3 phase

SLM
Type Source Sum  of Degree of Mean square Fovalue  povalue
sOuaAres freedom
Muodel 1466.08 ] 162.590) 102,29 <.0MI
—~ T 1056949 1 1056.949 66:3.72  <(LOMH
— & 3024 1 3924 2464 (L0006
& H2 200.74 1 290.74 182,56 <0.0001
“:% FG 3.19 1 3.19 2.00 (1L1875
= FH2 13.03 I 13.03 8.18 (L0169
= GH2 2.70 1 2.70 1.70 (1.2219
-1 F# 3242 1 3242 )36 0.0011
T @ 1.30 1 1.30 (L8135 (1.3883
g H2 1.19 1 1.19 0.7491  0.4070
S Residual 15.93 10 1.50
5"* Lack of Fit 11.84 5 2.37 2.90 00.1341
: Pure Error 4.09 5 0.8176
Corrected total  1482.01 19
Model 1428.001 9 | 5867 103.57 <0.00d]
i F a990.62 I 590,62 G46.60  <0.0041
= G 20.08 1 20.08 13.11 (LOO4T
it H2 J68.93 1 S68.93 240.81  <0.0041
1,%] FG 0.7321 1 0.7321 04778 (L5051
< FH2 12,60 1 12.60 5.22 (L0167
E GH2 0.2888 1 0.2888  0.1885  (.6734
B I 9.38 1 938 fi.13 (L0328
b =T 1.84 1 184 120 0.2092
e H2E 0.2513 1 (L2513 0.1640  0.6940
g Residual 15.32 10 1.53
‘E Lack of fit 10.63 5 2.13 2.26 (.1954
Pure error 4.69 ! (.9380
Corrected total 144333 19
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TasLk B.14: Analysis of variance for extraction and recovery of AstM:A5M) 12 240 3 phase

SLM
Type Source Sum  of Degree of Mean square Fovalue  povalue
sOuaAres freedom
Model 1440.46 9 160.05 7R3 <0.0001
& F 104244 1 1042.14 512,76 <0.0001
- G 42.85 1 4285 21.08  0.0010
& H2 273.53 1 273.53 134.55  <0.0001
“:% FG 2.00 I 2.00 0.9838 08447
=1 FH2 15.68 | 15.68 7.71 (L0195
= GH2 1.62 1 1.62 0.7969  0.3930
- F? 33.60 1 3360 16.53  0.0023
° @ 1.01 1 1.1 0.4944  0.4980
g H2 0.9751 1 0.9751 0.4796  0.5044
S Residual 20.33 10 2.03
5’“ Lack of Fit 15.00 5 3.00 2.81 0.140%
L Pure Error 5.39 5 .07
Corrected total  1460.79 19
Model 142600 9 158.44 102.23  <0.0001
a F 994.01 1 994.01 641.38  <0.0001
2 G 19.88 1 19.88 1283 0.0050
i H2 361.82 1 364.82 235.30  <0.0001
z  FG 0.6050 1 0.6050 0.3904  0.5461
<  FH2 11.52 1 11.52 743 (L0213
E GH2 0.4050 1 0.4050  0.2613  0.6203
P 8.12 1 8.12 524 0.0451
i e 1.84 1 1.81 119  0.3013
e H2E 0.6028 1 {.6028 (L3889 0.5468
§ Residual 15.50 10 1.55
ﬁ Lack of fit 11.12 5 2.29 2.54 0.1644
Pure errar A.38 5 (LETH0
Corrected total 144150 19
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TasLk B.15: Analysis of variance for extraction and recovery of AstM:A5M) 2 21 1 in 3 phase

SLM
Type Source Sum  of Degree of Mean square Fovalue  povalue
sOuaAres freedom
Model 1453.60 9 161.51 107.00  <0.0001
~ F 1048.58 1 1048.58 69526 <0.0001
o G A0.00 1 40.00 26.52  0.0004
& H2 287.30 1 287.30 190.49  <0.0001
% FG 3.25 1 3.25 216 01728
=t FH2 12.25 | 12.25 812 0.0172
= GH2 3.00 1 3.00 1.99  (.1887
-  F? 2864 1 28 64 1899  0.0014
° @ 0.9020 1 0.9020 0.5981  0.4572
g H2 1.88 ] 1.88 125 (.2001
S Residual 15.08 10 1.51
5’“ Lack of Fit 12.04 5 2.41 306 0.0786
L Pure Error 3.04 5 0.6080
Corrected total 1468.68 19
Maodel 1430.36 9 158.93 102.19  =0.0001
- F 1004.00 1 1004.00 645.56  <0.0001
2 G 18.22 1 18.22 11.72  0.0065
i H2 361.20 1 361.20 232.25  <0.0001
Z ¢ G 03200 1 0.3200 0.2058  0.6598
< FH2 10.58 1 10.58 6.80  0.0261
E GH2 0:1250 1 0.1250  0.0804  (.7826
5 9,64 1 9,64 6.20 0.0320
G *R 1.86 1 1.86 120 0.2996
g bl 1.2864 1 (128641 0.1842  (.GT6Y
§ Residual 15.55 10 1.56
55 Lack of fit 10.80 5 2.16 297  0.1944
Pure errar 4.75 ] (L9507
Corrected total  1445.91 19
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Tapri B.18; Pearson correlstional analysis in 3 phase SLM for single species arsenic
Type Variahles Parameters K G H %Ex  %Re
" Pearson Correlation 1 0 0 0075 0.127
Significance (two-tailed) . 1 1 0.752  0.593
G Pearson Correlation i I i (.3009  0.254
Significance (two-tailed) 1 - | 0,185  0.279
. H Pearson Correlation ] 1] 1 0,103 0,135
g Significance (two-tailed) 1 l - 0.666  0.571
= 07 i Pearson Correlation h.075  0.309  -0.103 1 0.976
“ Significance (two-tailed) 0.752 0.185 0.666 - 0
Y% Re Pearson Correlation 0L127  0.254  -0.135  0.976 1
' Significance (two-tailed) (.583  0.279  0.571 ] -
F Pearson Correlation 1 0 1 (.547 026
Significance (two-tailed) - | | 0.013  0.267
a Pearson Correlation 1] | 0 0107  -0.012
/ Significance (two-tailed) 1 - 1 (.653  0.960
B H Pearson Correlation ] 1] 1 -0.102  -0.145
= Significance (two-tailed) 1 1 - D670 0541
= % Ex Pearson Correlation (L.547 007 -0.102 1 0.907
? Significance (two-tailed} 0013 0.653  0.670 - 1]
%Re Pearson Correlation 0.260 -0.012 -0.145 0.907 1
' Significance (two-tailed) 0267 0960  (.541 0 -
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Tapre B.19: Pearson correlational analysis in 3 phase SLM for combined salt arsenic

Type Variables Parameters F G H YEx  %Re

" Pearson Correlation 1 1] ] (L8415 (.828
Significance (two-tailed) - 1 1 { 0

3 G Pearson Correlation { 1 0 0.163 -0.118

= Significance (two-tailed) 1 - 1 0493 0.62

T i Pearson Correlation ] ] L (443 0506

E::_;} Significance (two-tailed) 1 1 - (.05 0.023

-, Golix Pearson Correlation  0.845 0.163 (0.443 1 0.989
= v Significance (two-tailed) 0 0.493  0.056 - 0
:ﬂg %Re Pearson Correlation 0.828 0.118 0.506 0.080 1
Significance (two-tailed) () .62 (L0023 0 -

F Pearson Correlation 1 ] ] 0845 0.83
Significance (two-tailed) = 1 1 0 0

- a Pearson Correlation 0 1 0 0171 0.117

B Significance (two-tailed) 1 : 1 047 0.622

1 b Pearson Correlation 1] 0 1 0.1433 (.503

= Significance (two-tailed) 1 1 - 0057 0.024

-:E %Lk Pearson Correlation 08415 (L1711 (0.433 1 0.987
=) Significance (two-tailed) () 047 0.057 - 0
:E %Re Pearson Correlation (.83  0.117 0503 0.987 1
: Significance (two-tailed) () (.622 (.024 0 -

B Pearson Correlation 1 ] 1] (L5845 (.833
Significance (two-tailed) = 1 1 0 0

- a Pearson Correlation 0 1 0 0.165 0.112

o Significance (two-tailed) 1 = 1 0487  0.637

g H Pearson Correlation ] 1] 1 (0.442 (1.5

. Significance (two-tailed) 1 1 - 0.051  0.025

=L, % Fx Pearson Correlation 0.4845 0165 (442 1 0.99
B Significance (two-tailed) 0 0487  (.05] - 0
‘:% %Re Pearson Correlation  0.833 0112 05  0.99 I
Significance (two-tailed) 0 0.637 0025 0 a
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TasLy B.20: Multivariate Analysis of Variance (MANOVA) test for As("in three phase

Effect Value F  Hypothesis df Frror df Sig.  Partial *
Pillai’s Trace (1.999  2859.573 2 1 0 (1.999
Intercept Wilks' Lambda ll.(}ﬂl 2859573 2 | ] (1.999
Hotelling's Trace 1429.787  2859.573 2 4 ] (1.999
Roy's Largest Root  1429.787  2859.573 2 4 i (1.999
-~ Pillai’s Trace 1057 2.804 4 10 0L085  (0.529
P Wilks' Lamhbeda 0.119 J.803 4 H (r{ka1 (LG5S
Hotelling’s Trace 5.937 4.452 1 6 0.052 (.718
Roy’s Largest Root H.67T5H 14. 188 2 D (L0049 (1.850
Pillai's Trace 0.974 2372 4 10 (122 0487
o Wilks' Lambda 0.026 10341 4 b (r{}03 (L8338
Hotelling’s Trace 37075 27.806 4 £ (L0001 (1.949
Roy's Largest Root  37.075  92.688 2 5 0 0.971
Pillai’s Trace 0.9338 2,200 4 10 (141 (.469
T Wilks' Lambda (.075 5304 1 8 0.022 (.726
Hotelling's Trace 12,159 9119 1 6 (L0100 (1L.854
Roy’s Largest Root 12.144 30,361 2 ] (002 (1,924
Pillai’s Trace 0.230 (.507 2 A (0.693  0.230
FQ Wilks' Lambd:_a. £.770 0.597 2 4 0.5893 0.230
Huotelling's I'race 0.29% 0.597 2 1 (1593 (1.230
Roy's Largest Root (). 200 0.507 2 4 (.5093 (3,230
Pillai's Trace 0.028 0.059 2 4 0.044 0028
FH1 Wilks' Lambda 0.972 0.059 2 | 0.944 028
Hotelling’s Trace 0.029 0.059 2 1 0,914 0.028
Roy's Largest Root 0.029 0.059 2 1 0.4 0.028
Pillai’s Trace 0.230 (1597 2 1 0.593 0.230
CHIL Wilks" Lamhbda 0.770 0.597 2 4 (1L.593 (.230
Hotelling's Trace (1.2094 (.597 2 q (0.593 (1,230
Roy's Largest Root (.299 (1597 2 1 (1.593 (1.230
Pillai's Trace (.043 (1081} 2 L] 1.916 0.043
FCIHI Wilks' Lambda 0.957 (1.09) 2 4 0.916 (10413
Haotelling's Trace (.045 RN 2 4 (L9116 RIS B
Rov's Largest Root (.05 (1.080 2 4 0016 (L043
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TanLe B.21: Multivariate Analysis of Variance (MANOVA) test for As'™in three phase

Effect Value F  Hypothesis df BError df Sig.  Partial
Pillai’s Trace (LO99 1665929 2 4 (] (1.994
Tntéicent Wilk:i" Lambda 0.001  1665.929 2 4 (1.999
Hotelling's T'race 232,964 1665929 2 4 0 (0.999
Roy's Largest Root 832964 1665929 2 4 ] 0.999
-~ Pillai’s Trace 1939  T79.801 1 10 0 0.970
P Wilks' Lamhbeda (.00 65.929 4 8 0 0.971
Hotelling's Trace 63,008 51006 1 (4] il 0.971
Roy’s Largest Root 42470 106,174 2 5 ] 0.977
Pillai's Trace 1.619 10.635 4 10 (.01 (L810
o Wilks' Lambda D._Dl?' 13.271 q o (.00 (L8G9
Hotelling’s Trace 201195 15.146 q i} (0.003 (0.910
Roy’s Largest Root ~ 18.150  45.376 2 5 0.001  0.948
Pillai’s Trace 1.326 1.923 G | 10} (0.019 (L663
T Wilks' Lﬁml?dn 0.074 5.342 1 8 0.022 0.728
Hotelling's Trace 7077 5308 1 i} (1.036 0.780
Roy’s Largest Root 6.207 15.518 2 b 007 (0.861
Pillai’s Trace 0168 1.757 2 4 03283 0468
FQ Wilks' Lambd:_a. 11,532 1.757 2 4 (1.283 (L4682
Huotelling's I'race (1L.8TH 1.757 2 4 (0.283 0.468
Roy’s Largest Root {1,879 L7567 2 i 0.283 (0.468
Pillai's Trace 0.416 1.426 2 4 0341 0416
FH1 Wilks' Lambda {}53-'1 1.426 2 4 (.341 0.416
Hotelling’s Trace 0.713 1.426 2 1 0341 0.416
Roy's Largest Root 0.713 1.426 2 4 0.341 0416
Pillai's Traee 0.693 4.516 2 4 0.094 (0.693
CHI Wilks" Lamhbda 0,307 4.516 2 4 (1.094 (h.693
Hotelling's Trace 2258 4.516 o G | 0.094 0.693
Roy's Largest Root 2.258 1.516 2 4 (0.094 0.693
Pillai’s Trace (1.555 2.496 2 4 (1. 108 (1.555
FCIHI Wilks' Lambda (1.445 2.496 2 4 0.108 (1.555
Haotelling's Trace 1.248 2496 2 4 (L1948 (.505
Rov's Largest Root L.248 2496 2 4 L1998 0.550
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TapsLk B.22: Multivariate Analysis of Variance (MANOVA) test for As(M:AM): 1 1 in three

phase
Effect Value F  Hypothesis df Frror df  Sig.
Pillai’s Trace 1 16685.519 2 1 ]
Tntéicent Wilks' Lambda 0 16685.519 2 1 0
Hotelling's T'race H32.76 16685519 2 4 0
Roy's Largest Root  8342.76  16685.519 2 1 0l
~ Pillai’s Trace 1.319 4847 4 0 0.02
P Wilks' Lambida 0002 A0.181 4 bt ]
Hotelling's ‘I'race 300,734 225.50 4 fi 0
Roy’s Largest Root  300.257 750643 2 H ]
Pillai's Trace 1.353 5.227 4 0 (L6
a Wilks" Lambda 0,047 7217 4 8 (L3009
Hotelling’s Trace 11.744 B.R0OR 4 6 0.011
Roy's Largest Root 10,969 27.423 2 o (002
Pillai’s Trace (.992 2461 4 0 113
H2 Wilks' Lambda 0.011 16.948 4 & 0001
Haotelling's Trace B8. 406 fifi.d14 1 fi ]
Roy's Largest Root 88462 221.156 2 b 0
Pillai’s Trace 0.44 1.573 2 i 0313
FQ Wilks' Lambda .56 1.573 2 4 0313
Hatelling's T'race (1.786 1.573 2 4 0.313
Roy's Largest Root ). 786 1.573 2 4 00313
Fillai’s Trace 0.7 T7.729 2 4 0,042
FH2 Wilks' Lambeda 0.206 T7.729 2 4 0.042
Hotelling’s Trace 3.865 T.720 2 4 0,042
Rov's Largest Root 3.860 7.729 2 1 (042
Pillai's Trace ().564 2582 2 4 (.19
GH2 Wilks' Lambda .436 2.582 2 4 019
Hotelling's Trace 1.291 2582 2 4 (.19
Roy's Largest Root  1.291 2.582 2 4 0.19
Pillai’s Trace 0.07 149 2 4 ()L.B66
FQI2 Wilks' Lambda (.93 149 2 4 ().B66
Motelling's Trace 0.07TH 149 2 4 (.866
Rov's Largest Root 0.075 149 2 4 [.866
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TasLk B.2:3: Multivariate Analysis of Variance (MANOVA) test for As(M":AsM): 122 i three

phase
Elfect Value F' Hypothesis df FError df  Sig.
Pillai’s Trace 1 14664.853 2 1 1]
Tntéicent Wilks' Lambda 0 14664.853 9 1 0
Hotelling's T'race TH32.426 14664853 2 1 H]
Roy's Largest Root 7332426  14664.853 2 1 {
~ Pillai’s Trace 1.273 4.38 ] 10 0.027
P Wilks' Lambida LTREK] 7494 4 8 ()
Hotelling's ‘I'race 281.413 211.06 4 i} {
Roy’s Largest Root 281.03 T02.575 2 5 0
Pillai's Trace 1.343 5115 1 1y 0oy
a Wilks" Lambda (.052 6.73 | 5 (LO11
Hotelling’s Trace 10.511 T.884 q 6 0.014
Roy's Largest Root 9737 24.342 2 5 0.003
Pillai’s Trace 1.067 2,861 1 10 0081
2 Wilks' Lambda 0.011 17.341 4 8 (.001
Haotelling's Trace 85.221 63916 q fi 0}
Roy’s Largest Root 55135 212837 2 b {
Pillai’s Trace 0.278 0.769 2 d 0522
FQ Wilks' Lambda {).722 (.769 2 4 .522
Hatelling's T'race 1.385 (1. 76D 2 4 0.522
Roy's Largest Root ). 385 (L.769 2 4 0.522
Fillai’s Trace 0.7592 T614 2 4 0.043
FH2 Wilks' Lambda 0. 208 T.614 2 4 0,043
Hotelling’s Trace 3.807 7.614 2 4 0.043
Rov's Largest Root S.807 7.614 2 4 043
Pillai's Trace 0414 1411 2 4 03414
GH2 Wilks' Lambda (L.586 1.411 2 1 0344
Hotelling's Trace (1.706 1.411 2 4 .34
Roy's Largest Root 1.706 1.411 2 4 (344
FPillai's Trage 0.164 0.392 2 4 0.699
FQI2 Wilks' Lambda (LH36 (1.392 2 1 0.699
Motelling's Trace (). 196 (.392 2 4 0.699
Rov's Largest Root (11096 0.392 2 4 0.699
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TapsLk B.24: Multivariate Analysis of Variance (MANOVA) test for As(M:As0M): 20 1 i three

phase
Elfect Value F' Hypothesis df FError df  Sig.
Pillai’s Trace 1 18312672 2 4 {
Tt Wilks' Lambda 0 ]5312.672 2 4 0
Hotelling's T'race O156.356 18312672 2 1 H]
Roy's Largest Root  9156.336  18312.672 2 4 0
“Pillai’s Trace 1.237 1.05 1 10 0.033
P Wilks' Lambida (K2 42636 4 8 ()
Hotelling's ‘I'race S78.253 28369 4 G {
Roy’s Largest Root  377.930 D44.846 2 5 0
Pillai's Trace 1.204 4.581 1 1y 0.023
a Wilks" Lambda (.041 T.809 | 8 (LO0O7
Hotelling’s Trace 15.2949 11.474 1 G (.00G
Roy's Largest Root 14.743 S6.857 2 5 0.001
Pillai’s Trace ().9632 2462 1 10 0113
2 Wilks' Lambda (.009 18.669 q 2] 0
Hotelling's Trace H5.622 T9.217 1 fi 0}
Roy’s Largest Root 105.62 264.051 2 5 0
Pillai’s Trace 0.53 2.255 2 i 0221
FG Wilks' Lambda 047 2.250 2 4 .221
Hatelling's T'race 1127 2,255 2 4 0.221
Roy's Largest Root 1.127 2255 2 4 0,221
Fillai’s Trace 0816 H.E0] 2 4 0034
FH2 Wilks' Lambda 0.184 25491 2 4 0,034
Hotelling’s Trace 4.445 8.801 2 4 0.031
Rov's Largest Root 4445 H.891 2 4 034
Pillai's Trace 0.595 2.938 2 4 (164
GH2 Wilks" Lambda 0,405 2.938 2 4 0.164
Hotelling's Trace 1. 464 2.938 2 1 (L1641
Roy’s Largest Root 1.169 2.938 2 4 0.164
Pillai's Trace (11336 0.314 2 4 0747
P2 Wilks' Lambda (18641 (.314 2 4 0.747
Hotelling's Trace (L1567 {314 2 4 0.747
Rov's Largest Root 0.157 0314 2 4 0747
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TasLe B.25: Tests of between-subjects effects for As®Vin three phase

Source Dependent Type 11 df Mean Square F Sig.  Partial r*
Variable Sum of
Squares
Corrected Modal Fxtraction 2007967 14 149.855 27.923 0,001 0.987
Recovery 1765300 14 126.379 36.104 0 (.990
Interoept “Extraction 26220511 1 25220.511 4699471 0 0.999
Recovery 14970857 | 14910.897 A260.256 () (19499
¥ Fxtraction 103.263 2 5l.63 9.621 L0199 0,794
Recovery fif).525 2 30.262 &.646 024 0.776
a Extraction 66.3.935 2 331.968 G1.857 ] .96
Recovery 370,900 2 189,950 54.271 {} 0.956
Hi Fxlraction 140.066 2 70.033 13.05() 0.010  (.839
Recovery 171080 2 Bhadl) 24.440) 0003 0.907
el Extraction 0.125 1 (1.125 (.023 (1885  0.005
Recovery 4.500 1 4500 1.286 0.308  0.205
FHI Fxtraction (.125 1 0125 (1023 (.885  0.005
Recovery (.50 1 0.500 (1.143 (0.721  0.028
iy Extraction 0.125 1 0125 0.023 (1L885  0.005
Recovery 450 | A4.500 1.286 0.308 0205
FOHI Extraction 1.125 1 1.125 (.210 (ha66 (L0410
Recovery ] I 1] | ]
Error Extraction 26,833 5 R.36T
Recovery 17.500 5 3.500
Total Extraction 0032 20
Recovery 31278 20
1 Extraction 2124.800 19
‘orrected Total Relowery 1786.800 19
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TasLe 13.26: Tests of between-subjects effects for Ast™in three phase

Source Dependent Type 11 df Mean Square F Sig.  Partial r*
Variable Sum of
Squares
Corrected Modal Fxtraction J102.200 14 221,586 26.379 0,001 0.987
Recovery 2697 967 14 19%2.712 40909 0 (.990
Interoept “Extraction 30645551 1 30645.551 3648280 0 0.999
Recovery 11881702 | 11881.702 2213982 1) (19498
¥ [xtraction 1252.041 2 641.020 T6.312 ] (1.965
Recovery GO0, T 2 349.895 G5. 198 ] 1.963
a Extraction 102.426 2  51.213 G.097 6 0.709
Recovery T8.648 2 39324 T.327 033 0.746
Hi Exlraction 164883 32 82442 9814 0019 0.797
Recovery 152.50H 2 250 14.208 (0.009  (.850
el Extraction 0.125 1 (1.125 (.015 (908  0.003
Recovery 4.500 1 4500 {1.839 0.402  0.144
FHI Fxtraction (L.125 1 0125 (1L015 (.908  0.003
Recovery 2 1 2 (1.373 (1.668  0.069
GHIL Extraction 3125 1 3.125 0.372 (1669 (.069
Recovery 15 | 18 3.354 0127 (.40
FOHI Extraction _1.1‘25 1 1.125 .134 (.720  0.026
Recovery 2 1| 2 (1373 (rLo68  0.069
Error Extraction 42 5 B.A00
Recovery 26.833 5 5367
Total Extraction GOS18 20
Recovery 28072 20
1 Extraction 3144.200 19
‘orrected Total Relowery 9794.800 19
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TapLk B.27: Tests of between-subjects effects for A" As0V):: 1 ¢ 1 in three phase
Source Dependent Type I df Mean Square F Sig.  Partial 7
Variable Sum of
Squares
e e Extraction 77918 14 105.566 129.114 0 0.997
" Recovery 1438.632 14 102.759 109,447 (0 (.897
darost Extraction 33996.216 1 33996.216 11579.652 0 1
Recovery 1285528 1 12855.28 13691.901 0 1
" Extraction 1025.636 2 512.818 627.211 0 (1.996
Recovery 961,400 2 ABDLTOS 511.980 0 (0.995
a [xctraction A44.224 2 22112 27.044 0.002 0.015
Recovery 22,344 2 11.172 11.899 0013 0.826
Y Extraction 259.312 2 129.656 158.578 0 (.981
Recovery 334.568 2 167.284 1TR.AT1 0 (1.986
el Extraction 3188 1 3.188 3.800 0.105 (438
Recovery 0.732 1 0732 (.78 0.418 0.135
FII2 Extraction 13.031 1 13.081 15.947 .01 0.761
Recovery 12.6 1 126 13.42 (1015  0.729
i Extraction 703 1 2.703 3.306 0.129  0.398
Recovery {).280 1 [.289 (130K .60%  (L0O68
FCGH2 Extraction 0.3 1 0.3 (.367 (L5671 0.068
Recovery 0.14 1 014 (115 (L7156 (.029
Error Fxtraction A.08% 5 0O.8IR
Recovery 4.694 5  0.939
Total Extraction 55?81.659 20
Recovery 22131.855 20
] Extraction 182,006 19
‘orrected total Bascnoss 1443.327 19
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TapBLk B.28: Tests of between-subjects effects for AsU":As0V): 1 2 in three phase
Source Dependent Type I df Mean Square F Sig.  Partial 7
Variable Sum of
Squares
e e Extraction 1455.456 14 103.961 O7.464 0 (.996
" Recovery 1437.122 14 102.652 117316 (0 (.897
Interoept Extraction 36619.508 1 36649.508 34358.014 0 I
Recovery 14517568 1 14517 568 16G591.506 0 1
¥ Extraction 101348 2 506.74 A75.065 ] (1595
Recovery 967.230 2 4AR3.619 Hh2.708 0 (0.995
a [xctraction A8.004 2 24.002 22.502 0.003 0.0
Recovery 22.592 2 11.296 12.910 0.011  0.838
H2 Extraction 243.21 2 121.605 114,005 V] (.979
Recovery 331.999 2 165:999 189.714 0 (L9587
el Extraction 2 1 2 1.875 0,220 0.273
Recovery 0.605 1 605 (1.691 0.444  0.121
FH2 Extraction 15.68 1 15.68 14.7 0.012 0.746
Recovery 11.52 1 1152 13.166 .015 0.725
i Extraction 1.62 1 1.62 1.519 0273 0.233
Recovery 0).405 1 0405 (1463 0.527 (0BG
FOH? Extraction .98 1 0.98 0.819 (1.382  0.155
Recovery 0.045 1 L5 (1051 (L830  0.010
Error Extraction 5.333 5  1.OGT
Recovery 4.375 5 0875
Total Extraction H0800.65 20
Recovery 24800.11 20
3 Extraction 1460.790 19
orrpced 0B SRS 1441497 19

TH-3557_156107008



Appendix B. Extra tables to refer 325
TapBLE B.29: Tests of between-subjects effects for AsU":As0V):: 2 ¢ 1 in three phase
Source Dependent Type I df Mean Square F Sig.  Partial 7
Variable Sum of
Squares
e e Extraction 1165.642 14 104.689 172.185 0 (.998
" Recovery 1441.159 14 102.940 108.282 (0 (.897
Interoept Extraction 27835.261 1 27835.261 A5781.680 0 I
Recovery 9117.061 1 9117.061 a590.177 0 (1.999
¥ Extraction 1013.248 2 56624 8533263 ] (1997
Recovery g72.497 2 AB6.249 hl1.482 0 (.995
a [xctraction 44.612 2 22306 36.688 0001 0.036
Recovery 20,749 2 10.374 10,913 0.015  0.814
H2 Extraction 255.939 2 137.970 210477 V] (L9588
Recovery 328,707 2 164354 172,882 {0 (L9856
el Extraction 3251 1 3.251 5.347 0069 0517
Recovery 0.32 1 032 (.337 0.587 0.063
FH2 Extraction 12.251 1 1 2.251 20.15 (.006  0.801
Recovery 10.58 1 10.58 11.129 1.021 (.69
it Extraction 3.001 1 3.001 1.936 0.077  0.497
Recovery 0.125 1 0125 (131 .732  (L.026
FOH? Extraction .451 1 0.451 0.742 0.428 0.129
Recovery 0.32 1 032 (0337 (LG87  (0.063
Error Extraction 3.0 5 0.608
Recovery 4.753 5 0.951
Total Extraction 4596886 20
Recovery 16155.8 20
3 Extraction 168,682 19
orrpced 0B SRS 15912 19
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Tasie B.30: Post hoo (Tukey HSD) analyvses for Ay throe phiase

95%, Confidence

Dep. Var, F; F; ]E;[;Etu %1:;”' Sig. Interval
(Fi—F;) Lower Upper
z hound hound
1 2 =15 3% 1.26886 { -19.4288  -11.1712
3 o3 146515 0.366 69676 25675
SR 5 i 15.9% 126886 0 111712 10,4288
3 13.17 | 26886 0 SOTI2  17.2288
) 1 2.2 146515 0.366 25675 6.0675
2 13.1* 126886 0 J17.2288 80712
| 9 147 102470 i 180843 -11.3657
3 34 118322 0.076 72501 0.4501
A ) 1 14.7% 1.02470 0 113657  18.0343
3 e 102470 {0 7.96457 14,6343
2 1 34 118322 0.076 -0.4501 7.2501
2 i1.3* 102470 0 11.63143  -7.9657
Gy oy Gi—G;)
3 5 22" 1.268%6 0 36,8288 185712
7 9* 146515 0.000  -13.7676  -1.2325
- . 3 22.7% 1 26886 0 185712 26.828%
7 137" 1.268%6 0 05712  17.8288
- 3 o+ 146515 0.001 12325 13.7675
5 13.7% 1.26886 0 17.8288  -0.5712
. 5 C10.87 102470 0 231313 -16.4657
7 6.8% 1.18322  0.005  -10.6601  -2.0490
oo m 3 10.8% 1.02470 0 164657  23.1313
7 13* 1.02470 0 06657  16.3313
] 3 6.87 1.18322  0.005 29199 10.6501
5 13% 1.02470 0 163313 -0.6657
Hi; Hil; (HL;—Hl;)
0p 290 3.7 1.26886 0 172288 RO712
3010 3 1. 46515 0,196 -1 -TﬁT’E 7.7675
” = 200 1317 1.26886 0 8OTI2 172288
Extraction: 200 —=gh 16.1% 1.26856 0 11,0712 20.2288
s0n 200 5 LAGS15 0,106 7675 L7675
250 16.1% 1.26886 0 20,0288 110712
o0p 290 13F 1.02470 0 16,3343 -0.6667
300 36 118322 0.063 02500 7.4501
. 200 13 102470 0 9.6657  16.3343
Recovary 250 350 16.6% 102470 0 13.2667  10.0343
00 200 36 18322 0.063 TA501 0.2501
250 16.6% 1.02470 0 10.9313  -13.2657
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TanLe B.31: Post hoe (Tukey HSD) analyses for AstYYn three phase

95%, Confidence

Dep. Var, F; F; ?;i;tu %1:‘;]' Sig. Interval
(Fi—F;) Lower Upper
z hound hound
1 2 =28.5* 1.58745 { 336654 -23.3046
3 10.4% 1.83303 0 25.3645 -13.4355
Biteackion 9 1 24 5% 158715 { 23,3346 33.ﬁ§5fl
3 0.1% 158745 0.005 30316 14.2654
2 1 19.4% 1.83303 0 13.4356  25.3645
2 0.1 1.58745  0.005  -14.26564  -3.036
E 2 95.3% 126886 0 204288 -21.1712
3 -8.6% LAG51S  0.005 133676 -3.8325
Rt ) 1 25.3% 1.26886 0 211712 204288
3 16.7% 126886 0 125712 20.8288
2 1 8.6% LA6515  0.005 3.8325  13.3675
2 16.7F 1.26886 0 20,8288 125712
Gq G; (Gi—G;)
5 5 16.3% 158745 0 214654 -11.1316
T 3.8 183303 0.190 07645 2.1645
o 5 3 16.3% 158745 0 11.1316  21.4654
7 12.5* 158745  0.001 73316 17.6654
- 3 3.8 183303 0.190 -2.1645 9,7645
5 S12.5% 158745 0.001 17.6654  -7.336
4 5 _16.2% 1.26886 0 20,3288 -12.0712
7 0. 4000 LA6515  0.960 43675  5.1675
Recovety % 3 16.2* 1.26886 i 120712 20.3288
T 16.6* 1.26856 i 124712 20.7288
. 3 ~0.4000 116615  0.960 51675  1.3675
5 16.6% 126886 0 207288 124712
Hi; Hil; (HL;—Hl;)
00 200 -14.4% 158745 0.001  -19.56564  -9.236
300 36000 183303 0216 23615  0.5645
_ o7 200 14.4% 158745 0.001 0.2346  19.5654
Extraction: 200 —=gh 18.0% 1.58745 0 12,8346 23.1654
00 200 “3.6000 1.83303 0.216 95645  2.3645
250 1R.0F 1.58745 0 231651 -12.8316
S0 200 EYRE 126586 0 185288 -10.2712
A00 1.8% 1.46515 (LD (10325 9.5675
, 200 14.4% 126886 0 10.2712 18,5288
Recovary 250 350 19.2% 1.26886 0 150712 23.3288
300 200 487 LAGHI5  0.049 95676 -0.0325
950 10.2% | 26886 0 233288 _15.0712
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TanLk B.32: Post hoe (Tukey HSD) analyses for As(0:AsV):: 1 1 in three phase

95%, Confidence

Dep. Var, F; F; ?;i(;;tu %1:‘;]' Sig. Interval
(Fi—F;) Lower Upper
x hound hound
i 2 13.6980 0. 49526 i 15.3005  -12.0865
3 -20.5620 0.57188 0 224238 187012
s, 2 ] 13.6980 (149526 0 120865  15.3095
3 68640 0.49526 0 84755 -5.2525
2 1 20.5620 0.57188 0 187012 22.4228
2 6.86410 0.49526 0 5.2525 R.ATH5
| 9 -12.4720 (.53072 { 14,1989 10,5151
3 -19.9060) 0.61283 0 21.9001  -17.9119
o " 1 12.4720 0.53072 0 107451 141080
3 =T A0 0.53072 {0 -4 16049 -5.7071
2 1 19.9060 0.61283 0 17.9119 219001
2 7.4310 0.53072 0 5.7071 9.1609
Gi G (Gi—G;)
% 5 -3.7500 049526  0.001 53615  -2.1385
T -3.9620 0.57188  0.002 58228 -2.1012
_— o} 5 3 3.7500 0.19526  0.001 2.1385 5.3615
7 02120 0.49526  0.906 -1.8235 1.3995
- 3 39620 (L7188 0.002 21012 5.8028
5 0.2120 0.49526  0.906 -1.3095 1.8235
" 5 35210 0.53072  0.003 5.2500 -1.7971
7 28310 0.61283  0.013 1.8281  -0.8399
Recovery 2 3 3.5240 0.53072  0.003 17971 5.2500
T 0.6900 0.53072  0.454 10369  2.1160
. 3 2.8340 0.61283  0.013 0.8308  1.8281
5 -0.6900 0.53072 0.454 21169 10360
H2; Hﬂj I:Hi’i—}ﬂj:}
b 25 ~7.6990 0. 49526 0 93106 -6.0875
Al 10,7840 (L5T1BH { -12. 6448 -8.0232
ko e = 10 7.6990 0. 49526 0 6.0875 9.3106
10 ~3.0850 0.49526  0.004 16965  -1.4735
5 10 10.7840 0.57188 i 80232  12.6448
25 3.0850 0.49526  0.001 1.4735 1.6965
i 25 79750 0.53072 0 7019 -6.2481
A0 121480 0.61283 i 140421 -10.1530
A o 10 7.9750 0.53072 0 6.2481 9.7019
. A0 ~A.1730 0.53072  0.001 58000 24461
i M) 12.1480 (.61283 0 10.1539  14.1421
25 4.1730 0.53072  0.001 2.4461 5.8000
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TaBLE B.33: Post hoe (Tukey HSD) analyses for AsU0:As™V: 15 260 three phase

95%, Confidence

Dep. Var, F; F; ;‘;;;tu %1:;”' Sig. Interval
(Fi—F,) Lower Upper
bound bound
: 2 3.7 0.56560 i 15.5107 -11.8593
3 90.42 0.65320 0 225451 -18.2016
Bitenction 9 1 14.7 (L.5656Y { 1185493 lﬂ-ﬁdﬂi'_
3 6.72 (1.56569 0 -S0607 -4.8793
2 1 20.42 0.65320 0 18,2046 225454
2 6.72 0.56569 0 18793  8.5607
E 2 12,46 0.51235 0 141271 -10.7929
3 -19.94 0.59161 0 21,8650 -18.0150
o " 1 1246 0.51235 0 10,7920 141271
3 -TA8 (1.51235 {0 -0.1471 -5.8129
2 1 19.94 0.59161 0 80150  21.8650
2 748 0.51235 0 5.8120 9.1471
Gi G (Gi—G;)
% 5 -3.092 0.56560  0.002 57607 -2.0793
T 414 0.65320  0.003 6.2651  -2.0116
_— o} 5 3 3.02 0.56560  0.002 2.0793  5.7607
7 022 056560  0.921 20607 16207
i 3 4.14 0.65320  0.003 20146  6.2651
5 0.22 0.56569  0.921 16207 2.0607
" 5 351 051235  0.002 5.2071  -1.8729
7 282 0.59161  0.012 A.7450  -0.8950
Recovery 2 3 3.51 051235  0.002 1.8729  5.2071
T 0.72 051235  0.406 09471 23871
. 3 2,82 0.50161  0.012 0.8950 17450
5 0.72 0.51235  0.406 93871 0.9A71
H2; Hﬂj I:Hi’i—}ﬂ_f:}
b 25 ~7.56 (1.56560 0 -9.4007 57103
A0 1046 0.65320 0 -12.5864  -B.3346
e = 10 7.56 05656 0 5.7103 9.4007
' 10 2.9 0.56560  0.008 47407 -1.0593
5 10 10.46 0.65320 i 83316  12.5854
25 2.9 0.56560  0.008 1.0593  4.7407
i 25 -8.03 0.51235 0 06971 -6.3629
A0 1208 0.59161 i T4.0050 -10.1550
A o 10 8,03 0.51235 0 63620 0.6071
. A0 -4.05 0.51235  0.001 57171 -2.3829
i M) 12.08 0.59161 0 101550 14.0050
25 4.05 0.51235  0.001 23820 5.9171
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TanLk B.34: Post hoe (Tukey HSD) analyses for As('0:AsV):: 2 1 in three phase

95%, Confidence

Dep. Var, F; F; ?;i(;;tu %1:‘;]' Sig. Interval
(Fi—F;) Lower Upper
z hound hound
: 5 13.62 042708 0 T5.0007  -12.2303
3 90,48 0.49315 0 290817 -18.8753
e 5 i 13.62 042708 0 19.2303 150007
3 6.86 042708 0 82197 -5.4703
2 1 20.48 0.49315 0 1887563 220847
2) .86 042708 0 54703 R.2407
: 2 12,58 0.53404 0 14.3177  -10.8423
3 30.01 0.61666 0 22.0165 -18.0335
1 12.58 0.53104 0 10.8123  14.3177
L 2 3 746 0.53404 0 01977 57223
: 1 20.04 0.61666 0 18.0335  22.0165
‘ 2 746 0.53404 0 57223 9.1077
G, G; (Gi—G;)
3 5 -3.86 (L42708 0.001 ~5.2497 24703
7 A 049315 0.001 5.6047  -2.3953
I ) 2 3 .86 042708 0.001 34703 52497
7 0.4 042708 0.943 15207 1.2497
= 3 rl 0.49315  0.001 23953 5.6047
5 0.14 042708 0.943 12497 1.6207
5 3 3,10 0.63100 0,003 52277 -1.7523
7 270 0.61666  0.016 L7066 -0.6035
Rootvety v 3 3.49 0.53101 0,003 17523 5.2277
7 0.79 0.53101  0.375 09177 2.6277
. 3 2.70 0.61666  0.016 0.6935  1.7065
5 0.79 0531040 0.375 95377 0.047T
H2; HZ; (H2;,—H2;)
b 25 778 042708 0 10,1697 -6.3903
10 30,72 0.49315 0 123247 -0.1153
. o 10 758 042708 0 6.4008  0.1607
Exteaction - 10 294 042708 0.002 43297 -1.66083
10 10 10.72 0.49315 0 0.1153 123247
75 3.04 0AZ708  0.002 15503 4.3207
6 25 705 0.53401 0 0.6877  -6.2123
10 12.02 0.61666 0 14.0265 -10.0135
- 10 7.05 0.53404 0 62125 0.0877
L 2 10 407 0.53101  0.001 HA0TT | -2.3323
. 10 12.02 0.61666 0 10.0135  14.0265
75 107 0.53104  0.001 23323 5.8077

TH-3557_156107008



Appendix B. Extra tables to refer 331
Tansrk B.35: Levene's test of homogeneity of error variances in three phase
Type Based on 1 dfl df2 Sig.
Ext: Rec. Ext. BRec. Ext. HRec.  Ext. HRec.
_ Mean 0.011 0003 2 2 17 17 0958 0997
E Median (001 ooy 2 2 7 17 (0.999 0,984
- Median and 0001 0017 2 2 16,106 15996 0.999 0.984
adjusted df
Trimmed 0.006 0008 2 2 17 17 0.094 0.092
menn
Mean 1.683 0354 2 2 17 17 (.215  0.707
E Median 1139 (.34 2 2 17 17 (h.344  (.713
= Median and 1139 0345 2 2 14931 16634 0347 0.713
acljusted Jdf
Trimmed 1.57 0355 2 2 17 17 0.237  0.706
mean
Mean 1.338 6325 2 2 17 17 005 0009
F Median 3486 3638 2 2 17 17 (L0514  0.048
’gﬁ ) Median and 3486 3.638 2 2 HLTTL 12435 0.065 0,057
QQ\‘?' adjusted df
?é-' Trimmed 1376 6.030 2 2 L7 17 0.026 0009
e
Mean 4295 6.169 2 2 17 17 0031 0.01
Median 333 3.02 ] 2 17 17 0.6 0.061
= Median and 333 3302 2 2 10937 12288 0075 0071
\@'?' adjusted df
?3‘?' Trimmexd 4.353 6.1 2 2 17 17 003 0.01
TR
Mesin 4.7 6339 2 2 17 17 0.024  0.009
Median 3407 3459 2 2 i 17 (.057  (.055
3‘9\ ; Median  and 3407 3.459 2 2 1.753 12,687 0071 0.063
\@33*' adjusted df
?;'37 Trimmed 4.56 62589 2 2 7 17 0026 (.009
mear
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TasLe B.36: Experimental design with factors and response for As(Y)

Std Run Factor 1 - A Factor 2- 1B Factor 3 - € Factor 4 - D Response |
1 G .1 110 3 1 34
2 29 1.0 10 3 1 kit
3 Bl (11 40 ] 1 oy
4 20) 1.0 40 3 1 T8
o 2 0.1 10 T 1 52
i} 15 1.0 10 T 1 Fils
T T {11 40 i 1 7l
8 0 1.0 40 T 1 a0
9 27 (.1 10 3 2 45

10 10 1.0 10 3 2 75
11 ! 0.1 40 4 2 65
12 18 1.0 40 a 2 22
13 26 0.1 10 T 2 59
14 12 1.0 14 7 2 81
15 22 0.1 A0 T 2 Th
16 14 1.0 40 T 2 04
17 24 .1 a5 5 1.5 G
18 fi 1.0 25 o 1.5 89
149 13 (.55 25 3] 1.5 (§1s
20 25 (.55 40 b 1.5 it
21 19 (.55 25 3 1.5h 7h
22 28 (.50 25 T 1.5 By
23 21 .55 25 b 1 T2
24 17 .55 25 4] 2 =y
25 9 (.55 25 i} 1.5 B
26 1 .55 25 a L5 &1
27 11 0.55 25 a 1=5 82
28 3 (.55 25 5 1.5 74
29 8 (.55 25 5 1.5 23
30 23 (.55 25 b 1.5 Ha
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TasLe B.37: Analysis of variance for removal of As(V)

Source Sum of  Degree of Mean Fevalue p-value
suaAres freedom srquare
Muodel 552567 14 304,69 3257 <0001
A 2616.06 1 2616.06 215.86 < (L0001
B 1058 1 1058.00 B7.3 =0.0001
L& H89.39 1 HR0.39 A8.63 < (.0001
B 213.56 1 21:3.56 17.62 D008
AD fis.06 1 806 .62 0.0316
AC 22.56 1 22.56 .56 0.1926
A 7.56 1 7.56 .62 0.4419
BC 100,56 | 10,56 .87 (0.3653
BD (L063 1 0.063 5.157x 1077 0.9437
CD 0.063 1 0.063 5.167x 1073 0.9437
A? 233,83 1 233.83 19.20 0.0005
132 10,36 1 1036 0. 86 0.3697
C? (.65 1 .65 (.053 0.8203
D 2.509 1 2.59 0.21 0.6505
Residual 181.79 15 1212
Lack of fit 154.96 10 15.5 2.89 01267
Fure error 26.83 5] 54T
Corrected total 570747 20

TarLE B.38: Optimization results and error analysis for removal of As™)and Ast!h

Madel parameters

Optimum conditions for removal

AsV] AT
R* 0.9724 0.9681
Adjusted R?2 0.9475 0.9384
Predicted R? (.8613 (h.8722
Adequate precision 18179 23471
plI of feed phase b H.68
pH of receiving phase 7 7
Fxtractant concentration (in %) 10 3
Concentration of receiving phase (in M) 1 |
Electrical potential (in V) 2 2
Predicted removal efficiency {in %) 934 94
Fxperimental removal efficiency (in %) 02.7 92
Error (in %) 0.75 213
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TasLE B.39: Experimental design with factors and response for Ast
Factor 1 - A Factor 2 - 13 Factor 3 - C Response |
Std Run

plH  of fesd pH of receiving  Fxtractant Removal of ar-
phase phase concentration  semic (%)
(%)
1 6 3 3 1) 91.06
2 B 9 3 10 .77
3 1 3 ¥ 10 02.54
1 14 8 T 10 Hi).11
] 12 3 3 40 T1.85
fi b9 3 A 70
T 15 3 7 A0 T2
. 2 98 T 40 T0.56
9 20 3 5 25 75.2
1) 1 9 5 25 7232
11 3 6 3 25 74.5
12 13 6 T 25 T894
13 16 6 5 11} 52.07
14 9 6 5 40 (8.5
15 T 6 D 25 7.5
16 19 6 5 25 73.6
7 17 6 O 25 Vi)
18 I8 6 5 25 7
19 1 6 ] 20 T
20 11 6 ] 25 TH.D
TABLE B.A0: Analysis of varianee for removal of Ast)
Source Sum  of Degree of Mean F-value prvalue
sojares freedaom sejuare
Model 1195249 9 1352.81 At < (LOMH
A 7.38 1 7.38 2.17 0.1713
B 3.5 1 3.0 L.03 03337
C 1080.35 1 1080.35 318.1 <0.0001
A (0. 26 1 0,26 0.075 (.7894
AC 0.085 1 0.085 (028 0.8708
BC .021 1 0.021 6.19x10°%  .9389
A? B.38 1 8.38 247 (0.1472
B? 2.97 1 2.97 0.87 0.3718
c* f2.81 1 62.81 18.49 0.0016
Residual 33.96 10 3.4
Lack of Fit 26.06 1 5.21 1.3 (.1081
Pure Error 7.9 5 1.58

Corrected total 122026 14
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TaprLe B.41: List of IR bands (along with the published literature references) for goethite,
hematite, lepidocrocite and maghemite phases of iron oxyhydroxides

Phases of iron IR adsorption frequency bands (em ') References
exyhydroxides

Maghemite TO0, 640660, 620, K80, HE0, 460, 390, 305 [294]
Maghemite 628,57, 58480, 440,87, 1401.44 [295]
Maghemite 688, 635, phH2, 446 [206]
Maghemite 634, 580, 439 [297]
Maghemite G27, BTT, 444, 400 [298]
Maghemite 729, 702, 691, 645, 635, GO8, 584, BH2, H2G, [29!3]

A8L, ATG, A65, 442, 419, 393, 366, 349, 327,
300, 288, 2832, 274, 262, 258, 234, 212

Lepidocrocite 1154, 1023, 895, 748, 602, 524, 504, 467, 379, [209]
356, 281, 269, 259, 223

Lepidocrocite 3400, 3142, 1632, 1150, 1021, 754, 616 [300]

Joethite 009, 895, 799, 674, 632, 608, 582, 466, 454, [209]
420, 398, 374, 353, 297, 287, 276, 268

Goethite 3416, 3133, 905, 902, 899, 893, 805, 802, 799, [301]
797, 671, 664, 450, 156

Goethite 3400, 3142, 2024, 2850, 1632, 1153, 1383, 892, [300]
795, 635 _

Hematite 557, 540, 473, 471, 461 [301]

Hematite 3308.9, 2056.3, 1604.5, 14818, 1375, 1293, [302]

T48.2, H76.6
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Tabre B.42: List of IR bands {along with the published literature references) for iron-arsenic

precipitate
From the removal of As!l
Peaks (cm ')  Functional groups References
523 Formation of hematite (FeaOg) 301}
HET Transformation of arsenic species from [293]
Astig AstY)
632 Formation or  presence of  goethite [301]
(a—FeQOH)
1000 Formation or presence of lepidocrocite [299]
( f—1eQOH)
From the removal of AstY)
554 Presence of hematite FesCly [301]
650 Formation or presence of  goethite [301]
(—FeOOH)
804 Fe-O-As bending vibration in goethite [303]
(—FeOQOH)
1029 Bending vibration of Fe-O-OH bond present [304]
in lepidocrocite (#—FeOQOH) due to interac-
tinns with arsenic ions
1055 Presence and interaction of arsenic ions with [208]
iron oxide in the maghemite phase
1109, 1161, Corresponds to AsV [293]
1315, 1427
TavLe B.43: Experimental desipn with factors and response for arsenic removal
Run Factors Removal (%) of
A B Ash AT 1] AUV ASWY 12 AU ASIY )20
1 i 5 846 84.2 Hi.8
28 % 92.8 92.4 91.7
I &5 83.5 83.1 83
1 & 3 82.5 82.3 82.41
5 3 T 83.04 91.09 90
6 9 5 86 84.5 85.1
T: 3 3 T35 T6.58 T6.96
5 B 5 B4 H2.9 =527
9 6 7 95.18 93.81 93.5
I 3 5 51 80.789 50
11 9 3 84 853.60 4.1
12 6 5 B4.2 B3.8 83.66
13 6 5 83.8 83.31 83.9
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TabLe B.A%: Optimigation results and error analysis for reinoval of combined arsenic species

Maodel parameters AsT AV 101 ASUMLASOVY 102 ASUTL A 2.
R* 0.9891 0.9915 (956
Adjusted R? 0.9813 (.9854 0.9775
Predicted R? 0,9251 0.9627 0.9277
Adequate precision 36347 11.654 33,801

pH of feed phase (.52 648 G.45

pH of receiving phase T 7 7
Predicted Removal (%) 94.5 93.45 92.83
Experimental Removal (%) 92.5 941 093.8

Error (%) 2,12 0.58 1.

Tarte BA6: Design of experiments with factors and responses for all the locations
Factors Removal%, of arsenic in

Run "5 wB1 WB2 AS1 AS2 AS3
10 3 90 92 999 999 885
2 2 T B625H 68 992 08 BT
5 95 5 8875 84 99 091 891
4 256 5 B bati] 98 992 50
o 25 5 885 B3 98.5 09.3 889
6 10 5 93.75 00 90.5 09.7  B6.6
7 10 7 9125 90 999 995 85
3 208 3 BETh TH 909 9965 8206
q 40 3 81.25 T2 91.1 837 065
10 40 5 875 80 914 915 93
1 40 7 8 61 899 909 908
12 9 5 8825 8§ 9T 99 885
13 95 5 89 82 975 985 88

Tavre B.47: Optimization results and error analysis for all the locations

Parameters WB1 WwB2 A5l AS2 AS3
R* (.99  0.98 09669  0.9931  0.982
Adjusted R* .98 097 08433 L9881 (0.9691
Predicted R® 0895 0891 08463 09637 (0.9034
Adequate precision 14.93 32,75 16.3468 38.7704  30.BE
Coetlicient of Variation (C.V.) 047  2.03  0.8973 0.3607 0.5168
Extractant concentration (%(v/v)) 10 10 10 10 40
pH of receiving phase 5 ] 3 3 3
Predicted removal (%) 9.1 100 1M} 09.9 4.8
Experimental removal (%) 95 99.99 99 98.5 96.7
Error (%) .95  0.M 1011 1.42 1.96
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