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Chapter.1

Introduction and Background




1.1. Introduction to Dyes

Dye is a chemical substance that imparts color when applied to a substance (such as cloths,
papers, leathers etc.). Dyes and dyeing products are used in numerous sectors including textile,
plastic, rubber, paper & print, leather, cosmetics, and biomedical. The major application of dye
nevertheless is in textile industries. Dyes are applied in textiles simultaneously both for
imparting color to original raw material and to the products. They are generally used in the
form of powder, paste, or liquid dispersion, and they can dissolve completely in aqueous
medium (such as water). Dyes can be natural or synthetic.

Before the period of the industrial revolution with inventing technologies, textile materials
were colored with natural biodegradable dyeing compounds obtained from plant/animal
source, which were not ever a danger towards the Mother Nature as they were biodegradable.
But by 1900, synthetic dyes accounted for approximately 90 percent of the whole dye industry
market. There are many reasons which can be attributed for the diminishing utilization of
natural dyes in commercial market. The industrial revolution of 1850 in Europe was one of
them. This revolution created a huge surge in requirement of easily obtainable, and comparably
cheap or synthetic dyes.

1.1.1. Synthetic Dyes: Classification and class:

Dyes can be classified on the basis of chemical structure (azo dye, nitro dye, etc.), nuclear
structure (anionic, cationic, or nonionic), or industrial application (reactive dye, acid dye, etc.)
(Nikfar & Jaberidoost, 2014). From structural perspective, the dyes can be identified by two
key groups: chromophores and auxochromes. The chromophore provides color to the dye
molecule and auxochromes enriches the compatibility of the products (Salleh et al., 2011). On
basis of industrial usage, dyes can be classified as

Basic Dye: Basic dyes are mainly water soluble and known as cationic dye as they produce
colored cations by ionization in solution. They are largely utilized in paper, medicine industry,
and also used for dyeing polyacrylonitrile, silk, cotton, nylons, polyesters, etc. These dyes
specifically belong to the chemical structures of diazahemicyanine, triarylmethane, cyanine,
and acridine, etc. Some examples of basic dye are Methylene blue, Malachite green, Basic Red
46, Brilliant Green, etc (Nikfar & Jaberidoost, 2014).

Acid Dye: Acid dyes are water soluble and known as anionic dyes as they produce colored
anions by ionization in solution. These dyes are applied for coloring nylon, wool, silk, modified
acrylics, paper printing, leather, food, and cosmetics. Most of these dyes are anionic type and

have capability of dissolving in water. They mainly belong to the chemical structures of the




azo, azine, xanthene, and nitros, etc. Some examples of these dye are Acid Red 18, Acid Yellow
23, Acid Black 48, etc. (Banerjee et al., 2017).

Disperse Dye: These water-insoluble dye is used mostly for dying polyester, cellulose, nylon,
cellulose acetate, and acrylics. They are nonionic type of dyes and mainly contain chemical
structures of benzodifuranones, nitro, azo, anthraquinones, etc. Some examples of these dyes
are Disperse Red 1, Disperse Orange 3, Disperse Blue 35, etc. (Yang et al., 2017).

Direct Dye: These dyes are used for coloring of cotton, rayon, paper, nylon, leather, etc. They
dissolve in water and produce anions in solution. These dyes have chemical structure of
stilbene, phthalocyanine and oxazine etc. (Salleh et al., 2011). Some examples of excessive
used direct dyes are Direct Orange 34, Direct Red 23, Direct Black 38, etc.

Reactive Dye: These anionic dyes largely used for coloring on cotton, wool and other cellulosic
fibers etc. These dyes belong to the chemical groups including anthraquinone, azo,
phthalocyanines, formazan, oxazines, etc. Some examples of these dye arcﬁctive Black 5,
Reactive Blue 4, Reactive Red 120, and Reactive Red 2 (Bhupinderkaur & Chanchal, 2016).
Solvent Dye: They are conventionally applied for fuels, resins, plastics, lubricants, woods, and
waxes and are specifically solvent-soluble but not water-soluble. They mainly contain chemical
structural group of azo and anthraquinones, phthalocyanines, etc. (Puvaneswari et al., 2006).
Some examples of this type of dyes are Natural Black 1, Mordant Blue 14 and Mordant Red 3.
1.1.2. Toxicity of dye

The color concentrations in the textile effluents vary from 10 to 200 mg/L! (Islam et al., 2020).
Several dyes have visibility in water even at very less concentrations (1 mg/L™'). Hence,
dumping of untreated colored textile outflow in exposed water not only causes aesthetic
problems to human being and aquatic life. Additionally, discharged contaminated water are
also responsible for environmental de gradation and mostly affect the aquatic ecosystem as they
hamper photosynthesis process by blocking light penetration through water layer and decrease
the concentration of dissolved oxygen (Stan et al., 2019).

Synthetic dyes have complex chemical structure, photolytic stability, and non-biodegradable
substance (Salleh et al., 2011; Sudha & Saranya, 2014). For example, dyes which contain
chemical structural class of azo group binds to an aromatic ring (Banerjee et al., 2017). These
dyes can form aromatic amines, arylamines by mineralization which are considered to be
hazardous (Bhupinderkaur & Chanchal, 2016). Maximum numbers of textile dyes are water-
soluble and easily absorbed on living cell membrane by contact and by inhalation. This may

cause a threat of cancer, splenic sarcomas, chromosomal abnormalities, nuclear anomalies,




hypersensitivity, eye-irritation, skin irritation, contact dermatitis, respiratory distress,

lacrimations when inhaled or consumed (Puvaneswari et al., 2006; Sudha & Saranya, 2014).

1.2. Introduction to Fluoride

Fluorine (F) is a highly electronegative reactive chemical element with atomic number 9 and it
is the lightest element of halogen group. It can be found in nature as pale-yellow diatomic gas
as it has boiling point and melting point of -188° C -219.6° C, respectively. Fluorine has an
electronegativity of 3.98 on the Pauling scale and has ionization energy of 1680.6 KJ/mol by
its first ionization. It is known as powerful oxidizing agent owing to its highly reactive nature
it forms a variety of compounds. Some of the extensively used fluorine-containing compounds
are CaF; (Calcium Fluoride), NaF (Sodium Fluoride), HF (Hydrogen Fluoride), CF;Cl;

(Dichlorodifluoromethane) ete.

Natural sources

Fluorine is a highly reactive and abundant element on earth surface and its simplest
electronegative ion is fluoride (F") (Sivasankar et al., 2016). It shows strong affinity to form
compounds with other chemicals and hence it doesn’t occur in its natural elemental state.
Fluoride exists in different amounts in earth’s crusts, rock-forming minerals and volcanic ash.
Fluoride concentration of groundwater is subject to the chemical, physical, geographical
characteristics of the underground layer of water-bearing permeable sediment rock. Huge
variations of fluoride-bearing rock-forming minerals are exist in nature such as sellaite (MgF2),
fluorite (CaFz), fluorapatite, cryolite (Nas;AlFs), apatites, topaz, amphibole, mica, and
phosphorite etc. (Datta et al., 1996; Mohapatra et al., 2009).

Naturally occurring fluoride in the human body is generally found as calcium fluoride in bones
and teeth. Fluoride can enter the body with food and by drinking water. On consuming fluoride-
containing food, fluoride enters the blood circulation. Most of it (99%) is then accumulated
and absorbed by teeth and bones. Fluoride in very low concentration is thought to be an
essential mineral for bone formation and to prevent tooth decay. Almost all the crops and
vegetation contain traces of fluoride, which is mainly captivated from the soil and the sources
of water (Wambu et al., 2015). Average content of naturally occurring fluoride in fresh

vegetables and fruits are in very low level (in a range of 0.01 to 1 mg/L).

Fluoride can be emitted from effluents of the different manufacturing industries such as power
stations, semiconductor industries, steel &aluminum industries, cosmetic industries, nickel
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production, glass, plastic, cement production industries. Also, as a result of manmade activities.
Hydrogen fluoride is widely employed in the production of aluminum and CFCs
(chlorofluorocarbons). The effluents discharged from of numerous industrial activities affects
the ecosystem and living beings by contaminating water, air, soil, crops and vegetables.
Excessive usage of synthetic fertilizers including superphosphate, potash and NPK pollutes
soil and fresh water by releasing significant quantities of fluoride into it. In addition, recently
‘C6’ %}I‘t—chain fluorine-based formulations is being widely used to repel oil and water on
textiles and clothing (fluorine-based durable water and oil textile repellents). Other fields where
fluorine-containing compounds are utilized are electronic industries, tanning leathers, potable
water fluoridation (Sodiumhexa fluorosilicate, sodium fluoride are generally used), insecticide
production (example: sodium fluoride is extensively used), ceramics& fluorescent lamp

industry (Calcium fluoride is widely used) (Bhatnagar et al., 2011).

1.2.1. Toxicity of fluoride

Fluoride is one of the vital harmful pollutants which pollutes underground water as well as
surface water and affects heath of living beings. Fluoride enters the ground-water because of
natural leaching from fluoride rich rocks and volcanic ash (such as Fluorspar, cryolite,
fluorapatite and sellaite etc.) (Wambu et al., 2015). Almost all the crops and vegetation contain
traces of fluoride, which is mainly captivated from the soil and the sources of water.
Hydrofluorosis diseases caused by excess intake of fluoride contaminated drinking water
(permissible limit 1-1.5 mg/L.) have become a global issue of great concern. Intake of fluoride
over permissible limits lead to fluorosis syndrome, reproductive decline and skeletal tissues
damages. Damage to the thyroid, have been reported as widespread diseases. Long-lasting
fluoride exposure either by way of ingesting of fluoride-contaminated potable-water or fluoride
released by the industries cause dental fluorosis and skeletal fluorosis (bone deformities) in
living being. In addition, non-skeletal fluorosis in soft tissues or body parts due to the fluoride
endemic provinces (such as gastrointestinal discomforts, neurological disorders, and irregular
reproductive cycles, genotoxic effects, allergic reactions, polyuria, polydipsia, etc., have also
been reported in human being as well as in domestic cattle’s (Choubisa 2012a). The excess
concentration of fluoride in potable water is not only the key reason for ‘fluorosis’ syndrome
but the total ingestion of fluoride from all sources also responsible for these health problems.
As a result of rapid industrial development, various medical ailments among industrial
personnel, inhabitants and domesticated cattle are increasing at the alarming rate attributable
to the excess fluoride exposure and contamination. Nearly 20 developing countries are facing
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to the hydrofluorosis diseases. Developing countries in Asia including India and African
countries are ferociously affected (Choubisa and Choubisa, 2016). Almost 19 states of India,
mostly Rajasthan, Andhra Pradesh, Utter Pradesh, Maharashtra, Gujarat, and West Bengal are
suffering from high fluoride concentrations in groundwater as well as surface water. Industrial
fluorosis disease was first identified in cattle from a farm nearby to a superphosphate
production industry (Choubisa and Choubisa, 2016). India was introduced to the industrial
fluorosis disease for first time in Orissa, as per report domestic cattle living nearby to an
aluminum factory was suffered from this disease (Rao and Pal, 1978).

1.3. Techniques for removal of pollutants from wastewater

With developing technologies, various industry discharges worrying amounts of toxic
pollutants in their effluent stream which affect the ecosystem. There is a crucial necessity to
treat the toxic effluents of the industries before discharging into the open waterbodies to
prevent carcinogenic impacts on living body.

The conventional physical and chemical techniques designed for the treatment of contaminated
water includes adsorption, ultra-filtration, coagulation, ion exchange have been discussed
below. Advantages and limitations of those methods have been presented in Table 1.1.
Chemical precipitation

Chemical precipitation is the methods of conversion of a solution into separable solid substance
by converting the element into insoluble form or by converting the solution to a super saturated
one. This technique generally used in wastewater treatment process for remediation of
dissolved toxic metals from wastewaters. Several drawbacks of this process are there such as
high operation cost, high secondary sludge production, toxic pollutant loaded sludge disposal
and handling problem arises, periodic investigation of initial and treated effluent is essential to

estimate the accurate quantity of chemicals to be added.

Coagulation

Coagulation is one of the most conventional wastewater treatment methods. It is generally a
useful technique for separation of suspended matter and colloidal type of particles. Usually,
the colloids carry electro-negative charges therefore the coagulants are generally inorganic or
organic electro-positive. Addition of Al:(S04)3 ﬁminum sulphate), FeSO, (ferric sulphate),
FeCls (ferric chloride) gives hydrolysable metallic ions or organic polyelectrolyte, which can
remove the surface electrical charges of the colloids. Moreover, the metallic hydroxides and
the organic polyelectrolytes can improve the particle aggregation into flocks, thus enhancing
the sedimentation. The dissolved matter or sludge formed is separated by other physical
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chemical processes. The disadvantage of this method are sludge disposal and incomplete
pollutant removal process.

Membrane filtration

Membrane filtration procedure has been established as an important technique for wastewater
purification process. In this method the separation process occurs through the semi permeable
membrane by application of hydraulic pressure. Semipermeable membrane acts as a thin barrier
in between two phases or a medium. In presence of proper driving force, the membrane permits
one or more constituents to pass through one medium to another medium (Shrestha et al.,
2021). There are typically three types of membrane filtration are there including Ultrafiltration,
Nanofiltration and Reverse osmosis. The drawbacks of this method are imperfect remediation
of pollutants, membrane fouling, high energy consumption, costly membrane requirement and
low durability of the membrane, etc (Onyango et al., 2004). The membrane may get clogged
with the pollutants existing in the wastewater and can be damaged as a result of extra pressure
on the membrane (Onyango et al., 2004).

Ton exchange

[on exchange technique is based on the exchange between two ions to achieve the required
efficiency (Chen and Wang, 2017). The main principle behind this method is the displacement
of a weakly bound ion by a stronger binding ion. This phenomenon is used to remove targeted
ions from an aqueous solution. This method is applied to perform for elimination of organic
and inorganic contaminants along with other toxic heavy metals from wastewater. The
significant limitations of this technique are expensive process due to the costly resin,
incomplete pollutant removal, each resin can be applied for limited cycle of separation process.

Additionally, this method is also very sensitive to pH condition.

Oczonisation

Ozone is known as an influential oxidant and can oxidize a wide variety of organic and
inorganic compounds. Organic compounds are generally transformed into organic radicals due
to the withdrawal of a hydrogen atom via hydroxyl (OH) radicals. This organic radical goes
through successive reactions and is ultimately mineralized to CO2 and H20. Some of the
important parameters for decontamination of organic compounds in wastewater with this
technique include pH, dose of ozone and catalyst dose. Important drawbacks related to this
method are expensive operation technology, higher electrical power consumption, expensive

equipment requirement etc.




Chemical oxidation

Industrial wastewater can be treated by chemical oxidation techniques where pollutants are
eliminated by using different chemicals. Hydrogen peroxide is extensively used as oxidation
agent. This technique has few notable limitations including requirement of costly chemicals,
possibility of emission of hazardous by-products, secondary pollutant generation, etc.

Adsorption process for wastewater treatment

In recent years, adsomption is being extensively explored for treatment of polluted water.
Adsorption process on to absorbent surface generally occurs through three stages (Mohapatra
et al., 2009):

(a) diffusion/transport of adsorbate (pollutant) molecule to the adsorbent’s outer exterior from
bulk solution across the boundary layer adjacent to the solid particle;

(b) Adsorption of adsorbate molecule on adsgrbent surfaces;

(¢) The adsorbed molecule about to replace with the structural elements within adsorbent which
depending on the chemical characteristics of adsorbent, or transported to the internal surfaces
in case of porous materials (i.e., intra particle diffusion).

Among all the wastewater treatment process (Table 1.1), adsorption is considered to be a
reasonable technique because of its less operative cost, higher uptake capacity, recycle and
regeneration capability of adsorbent, and shows high quality of water purification without

generation of any secondary sludge.

Table 1.1: Comparative table between pollutants removal techniques

Treatment Advantages Disadvantages References
techniques

. It is cost effective, | ® Trained operator is | Crini  and

Simple operation needed for the daily operations | Lichtfouse,
Chemical . Simplicity of | e High secondary sludge | 2019
precipitation | design, construction, | production

operation and maintenance | e Toxic pollutant loaded

sludge disposal and handling
problem arises

. Extra operational cost
required for sludge disposal
. Periodic  investigation

of initial and treated effluent is
essential to estimate the
accurate quantity of chemicals
to be added




. High fluoride | ® Pollutant removal | Chen  and
Ion removal efficiency efficiency is decreased in | Wang, 2017
exchange . Possibility in the | occurrence of other ions
retention of taste and color | e Expensive process due
of treated water. to the costly resin
. Before final disposal,
the regeneration of ion
exchange resin is necessary
. High cost of
Regeneration
. Treated water becomes
acidic and may contain excess
amount of chloride
. No additional | e Limited lifetime before | Crini  and
Reverse chemicals are required membrane fouling occurs Lichtfouse,
osmosis and | e Effective in wide | @ High operational cost | 2019
Electro range of pH condition due to membrane fouling
dialysis . No intervention by | High electrical energy
other 1ons presents in feed | demand.
water . Maintenance cost is
. Simple, automated | high as membranes are
process expensive and sensitive to
. Small operational | temperature, pH
space is required . Remineralisation is
necessary after treatment as it
eliminates all the ions
(including essential minerals
for health) from feed water.
. The  treated  water
possesses very low pH
. Simple process and | ® Additional chemical | Kumar et
Coagulation/ | low capital cost load (coagulants, flocculants, | al., 2017
Flocculation | e Extensive variety of | aid chemicals) on the effluent

commercial chemicals are
available as coagulants and
flocculants

. Rapid and effective
process for the removal of
insoluble pollutants

leads to the high sludge
generation

. Sludge disposal cost
(waste management and special
treatment cost) is high

. Time consuming
process
. Correction of pH level

in effluent is necessary




Adsorption

. Easy operation
technique and efficient
process with fast kinetics

. Low Initial Capital
cost and operational cost

. Inexpensive
adsorbent

. Less
consuming process
. Percentage of
regeneration is significantly
high

. Simple
conditions

. Effective in wide
range of pH condition

. Pollutant removal
capacities is high

time-

operating

. Needs pre treatment

. Separate treatment of
pollutant loaded sludge 1is
needed before discard in final
effluent

. Selectivity is low

Manna
al., 2018

et
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Sources of dye and fluoride and their toxicity have been discussed in Chapter 1. Among the
several conventional physiochemical treatment techniques available for removal of these
pollutants from wastewater adsorption process is considered to be the most efficient. In last
few decades, an extensive variation of adsorbent materials and their chemical and physical
modifications were experimented upon for remediation process. Investigation has been
directed towards developing inexpensive, effective, eco-friendly and high-capacity adsorbent
material. In this chapter we have focused on the present status of research of a few of them.
The efficiency and suitability of the developed adsorbents are evaluated through adsomption

isotherm, kinetic and thermodynamic study.

2.1. Adsorption Isotherm study
The well-known adsorption isotherm models including Langmuir, Freundlich, Temkin and
Fritz-Schlunder (F-S) are used to evaluate the adsorption equilibrium data (Aljeboree et al.,
2014 ). The Langmuir model assume that monolayer adsorption of adsorbate molecule takes
place on the adsorbent surface with identical homogeneous binding sites (Langmuir, 1918).
Empirical model equation nonlinear and linear forms of Langmuir model (Eqn. 2.1 & Eqn. 2.2)

are given below:

qmKCe
e = Tm T (21)
C 1 C
/4, = Kk, + /gy e e e (2:2)

Where, C, &/L), q. (mg/g). gy (mg/g), and K} (L/mg) are adsorbate concentration in the
solution at equilibrium, equilibrium adsorption capacity, the maximum capacity at monolayer
adsorption and maximum Langmuir constant respectively.

Freundlich model is based assuming heterogeneous distribution of binding sites on @

adsorbent surface. The nonlinear and linear form of the model equation are as follows:

1
Qe = KpC,/™ oo (23)

€
1
logq, = logks + ;log(,‘e e (2.4)

5
Where, Ky (L/mg) and n, represent the Freundlich constant and Freundlich isotherm intensity,

respectively. According to the model, when 1<n<10, the adsorption system is favorable

(Freundlich & Heller, 1939).

12




Temkin model (eqn. 2.5 or eqn. 2.6) signifies the influence of the adsorbate-adsorbent
interaction on adsorption process. The model assumes the heat of the adsorption process would
reduce linearly with increasing surface coverage. The model is generally valid for the

exceptionally low and high value of adsorbate concentration.

RT
qe = ?EOQ(KTCE) ans mas sas sEs na (25)

Or,

RT RT
Ge = - log(Ky) +-10g (C,) ... (2.6)

Where, K; (L/mg) and b (kJ/mol) are the Temkin isotherm coefficient corresponding to the
equilibrium binding constant.

The F-S model (eqn. 2.7 and eqn. 2.8) is based on the three-parameter adsorption isotherm
relating the Langmuir and Freundlich model (Fritz & Schlunder, 1974).

_ KesGmpsCe

T e SN (X

Or,
C, 1 cr
e — . )

e B KesGmes  Gmrs

Where, Krs(L/mg), and g,z (mg/g) represent the Fritz-Schlunder isotherm model constant,
and adsorption capacity at equilibrium condition respectively.
2.2. Adsorption Kinetics modelling
Kinetics studies provide information about equilibrium adsorption capacity and adsorptignrate
which depend on the availability of active binding sites, physicochemical nature %E
adsorbent and specific surface area (Bhattacharyya and Sharma 2004). The mechanism of the
adsorption processes often includes chemical interaction among the adsorbent and adsorbate
along with mass transfer, bulk transfer, intraparticle diffusion, diffusion into
micropores/macropores and diffusion through the liquid film around the solid phase surface
(Kooh et al., 2016). Four models of adsorption kinetics are generally applie correlate the
experimental kinetic data and to evaluate the possible rate-controlling stcpﬁ%udu—ﬁrﬂ and
pseudo-second-order kinetic models specify that the general adsorption process is reliant on
adsorbate quantity and availability of adsorptive sites on the adsorbent surface (Saha et al.,
2022). Pseudo-second-order kinetics is also based on the concept of chemisorption (Aljeboree
et al., 2014). The non-linear & linear empirical equations of pseudo 1* order (Eqn. 2.9 & Eqn.
2.10)and pseudo 2™ order (Eqn. 2.11 & Eqn. 2.12) models are given below (Kooh et al., 2016).
g.= (1 —exp™™) ........(29)

13




log(q. — q;) = log q.—tk,/2.303 ....... (2.10)

_ kgt
U= T hge ™

t =1 t
[a:= " iyq2 + /ae - 212)

%here, q: and g, represented the quantity of adsorbate adsorbed per unit quan@ of the

s (2.10)

adsorbent (mg/g) at any time‘t’, and at equilibrium condition, respectively. ki, and k2, signify
the corresponding rate constants (min'') of the pseudo 1°' order model and pseudo 2™ order
inetic model, respectively.
E order to evaluate the intraparticle diffusion mechanism, kinetic data were analyzed using
Weber and Morris model (Kooh et al., 2016). According to this model, the adsorption capacity
changes almost pmpur'ﬁnatcly with the t” (square root of the contact time). The explanation
of this model based on a theoretical basis (if the line passes across the origin the adsorption is
dictated by the intraparticle diffusion; if not, the intraparticle diffusion was not the only rate-
limiting step and other transport processes might control the biosomtion rate). The empirical
equation of Weber-Morris intraparticle (Egn. 2.13) kinetic model is given below (Aljeboree et
al., 2014).
G = kat /2 £L oo (2.13)

Where, k3 is the rate constants (min™') of the intraparticle diffusion (mg g~ 'min~ /2y and C

signify to the boundary layer thickness.

2.3. Thermodynamic study
The thermodynamic parameters were estimated to describe the thermodynamic behavior of
adsorption mechanism for removal of pollutant by adsorbent % to evaluate the feasibility of
the removal process. The thermodynamic parameters (Gibbs free energy change (4G), the
enthalpy change of the reaction (AH), entropy change (AS)) were estimated based on
equilibrium adsorption data obtained at different temperatures and the Van’t Hoff formula

(Eqn. 2.17) given by

Cq
Ko==2 . (2.14)
[ Ce
Ink, A __ AL A5 (2.15)
n B e v
" RT RT R

where, K.and C, denote the distribution coefficient for adsorption process and adsorbate

concentration under equilibrium condition respectively, €, represent the adsorbed mass of
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adsorbate molecule per unit mass of adsorbent (mg/L), K and T denote the gas constant and

absolute temperature respectively.

2.4. Introduction to the biosorbent
Researchers are focusing on agro waste an efficient and eco-friendly adsorbent for the
removal of pollutants from wastcwatcnﬁlargc number of agro-based industries, such as sugar,
jute and cotton produce large quantities of agro-waste which puts strain on proper waste
disposal management and environmental ecosystem. As a consequence, researchers are giving
attention for seeking toward maximizing the efficiency of the use of raw materials and
minimizing the accumulation of waste by reusing agricultural residues. The agglomeration
tendency of fine or powdery material because of the small-size is one of the serious limitations
as it reduces the adsorption rate. To reduce this problem, polymeric/carbonaceous materials
were applied as the template to disperse the fine/powdery materials for synthesis of the
composite material. The composites containing biomaterials, biopolymers, carbonaceous
materials and inorganic material are getting significant attention because of their integrated
benefit and their impressive advantages such as biodegradability, economically viability, non-
toxicity, feasibility, and renewability.
Extensive research is focused on the synthesis of the chemically modified multi-component
hybrid composite material derived by reinforcing or grafting the synthetic polymers,
carbonaceous material, and metal oxide onto natural ones including starch, cellulose,
chitosan/chitin, and alginate. In this section, latest advances on biosorbent development and
their applications for treatment of dye and fluoride contaminated wastewater have been
reviewed.
2.4.1. Natural polymers and polymer-based composites as biosorbent
Polymeric biocomposites are those in which at least one of the constituents either the polymer
matrix or the reinforcement is prepared from biomaterial (Varghese et al., 2019). Polymer-
based composites are the combination of polymer with some reinforcements or filers materials
such as fibers, whiskers, particles for its longer stability, and higher efficiency. Cellulose,
chitosan, chitin, alginate etc., are the most abundant renewable biopolymers which are very
common and efficient raw materials available as template to synthesize polymeric composite
for dye and fluoride adsorption process. Due to having nontoxic nature, flexibility,
biodegradable capability, high uptake capacity, low density, and recyclability, natural
biopolymer-derived biosorbents can be ecological alternatives in the field of wastewater
treatment (Azizi Samir et al., 2005; Galiano et al., 2018).
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Natural biodegradable polymer derived from animal-origin (chitin, chitosan, collagens, and
nucleic acids) or from vegetable-origin (starch, cellulose and alginates) are being researched
worldwide as biosorbent for decontamination of wastewater. This is because they are
renewable-resources based material, decomposable, inexpensive, non-hazardous, and generate
less sludge at the post-treatment process (Reddy et al., 2013; Galiano et al., 2018). Natural
biopolymers comprising of several functional groups in their molecular chains; shows
remarkable ability in the formation of the hybrid polymeric biosorbent by chemical
modification with advantageous functional and commercial properties (Pourjavadi et al.,
2007). In this perspective, natural polymers have drawn the attention of research worldwide to
prepare biodegradable polymeric biosorbents by combining petroleum monomers or bio-based
sources with natural polymers. Few types of biodegradable natural polymers and their

composites are documented in the following section of the review literature.

Cellulose and Cellulose based polymer

Cellulose molecule is a linear, crystal-like homo-polymer consists of D-glucose linkages that
are interconnected through B -1,4glycosidic bonds. They are mostly obtained from various
plant sources like grasses, stalks of vegetable, wood pulps, cotton, jute, etc and consist of
repeating B-(1-4) D-glucose linkages (Ganguly et al., 2020). Moreover, animals, bacteria,
algae, fungi, and cellular slime molds, are also huge source for the fabrication of cellulosic
fiber (Brown, 2004; Azizi Samir et al., 2005). Due to the orientation of the O-H groups in the
cellulose chain, they have a tendency to stick out alongside the long chain molecules and are
readily accessible for H-bonding. Cellulose materials show appreciable strength and strong
resistance to the solvents due to existence of the H-bonding in the crystalline regions. Cellulose
grafted polymeric composites for decolorisation of textile wastewater, synthesized by
reinforcing cellulosic fibers (micro-fibers or macro-fibers) with a polymer matrix (such as PVA
(poly vinyl alcohol), PAN (poly acrylonitrile), PEO (poly ethylene oxide) (Wang et al. 2014;
Silva et al., 2013) or biomaterials (such as carbonaceous material (Luo & Zhang, 2009),
bentonite clay (Anirudhan et al., 2016) or metal oxides (Song et al., 2016) have been reported
in the literature. The blending of those materials with cellulose influences the characteristics
and performance of polymeric composite in terms of flexibility, absorptivity, resistance to
biofouling (Silva et al., 2013; Yin & Deng, 2015). Karim et al. (2014) described efficient
remediation of Rhodamine dye by nanocellulose crystals. They suggested that negative charged
nanocelluloses formed a stable bond with cationic dyes which enhanced the adsomption
efficiency. Wang et al. (2014) reported removal efficiency of 99.8% using MnO:z coated
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cellulose biopolymer biosorbent for decolorizing methylene blue containing wastewater. Zhao
& Wang (2012) reported the grafting of carboxy methylcellulose with montmorillonite to
prepare composites for removal of Congo red dye. Activated carbon reinforced magnetic
cellulose biosorbents were developed by applying external magnetic field and were employed
for organic dye adsorption from colored water (Luo & Zhang, 2009). Yang et al. (2017)
prepared polyacrylamide/cellulose hydrogels and discussed their utilization in decolorisation
process for removal of methylene blue dye. Ammavasi and Mariappan (2018) developed and
examined the fluoride removal efficiency of magnetic iron oxide fabricated cellulose-based
composite for drinking water purification. Sankararamakrishnan et al. (2019) reported the
extraction of cellulose fibers from sugarcane bagasse, and prepared Zerovalent-iron/Zirconium

doped cellulose fibers. The fluoride uptake capacity was found to be 35.70 mg/g.

Starch and Starch based polymer

Starch is one of the greatest abundant and accessible natural biopolymers in the world.
Crystalline starch is produced through hydrolysis of the crystal-like part of the starch (Le Corre
et al., 2010; Nasrollahzadeh et al., 2020). To attain precise biosorption efficiency, chemical
modifications of starch are frequently required (Zou et al., 2011; Zhou et al., 2019). A well-
known operative method for preparing modified starch by chemical reformation is graft
copolymerization with definite biological monomers, synthetic monomers or carbonaceous
material. Grafted starch showed remarkable improved functignal properties such as increase in
fractal dimension and high biosorption efficiency (Mcimuun@., 2018; Duetal., 2018). Gong
et al. (2015), characterized and evaluate the adsorption efficiency of magnetic carboxy methyl
starch (CMS)/PV A for removal of methylene blue dye. Zhou et al. (2019) reported adsormption
behavior of polyaluminum ferric chloride-starch graft polymeric composite for the treatment
of textile wastewater. Bhattacharyya et al. (2018) developed graphene oxide/potato starch
composite. Li et al (2020) reported the adsorption study of multiple cationic dyes by applying
Silica-sand/anionized-starch polymeric composite. Sen et al. (2011) studied the preparation,
characterization and utilization of polyacrylamide grafted carboxymethyl starch for the
treatment of colored textile industrial wastewater. Preparation and characterization of
Starch/Fe3;04 was studied by Stanet al. (2019). They reported dye adsorption efficiency of more
than 70% for removal of Optilan Blue. Li et al. (2021) reported the synthesis of magnetic
starch-based composite and their removal potential for methylene blue dye. Xia et al. (2020)
reported adsorption potential of modified Starch/PVA biopolymer for the treatment of textile
wastewater, Azman et al. (2015) focused on the synthesis and operational efficiency evaluation
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of Starch-grafted polyacrylamide hybrid hydrogels. Preparation and decolourization efficiency
of chitosan-starch based polymeric composite for adsorption of congo red dye was discussed

by Sami et al. (2017).

Alginate and Alginate based composites
Alginate is one type of natural polysaccharide derived from cell-wall of brown algae and
consist of two uronic acid units m)—B—D—mannumnic acid and (1-4)-a-L-guluronic acid
residues (Russo et al., 2021). It is another exceptionally significant natural polymer that
scientists are paying attention in the field of water purification technology, biomedical
engineering and biotechnology (Wu et al., 2012; Li et al., 2013). Moreover, alginate have been
found to be cost-effective natural biopolymer for the synthesis of the polymeric biosorbent
(Parlayici, 2019). Alginates have been chemically modified by applying graft copolymerization
method to enhance its functional properties. In the last few years, studies have emphasized on
applications of alginate-based polymeric composites in water purification process for removal
of pollutants because of their nontoxicity, mechanical-stability and biocompatibility (Li et al.,
2013; Wu et al., 2012; Kuang et al., 2015). Alginates can be chemically modified or grafted
through several approaches especially through polycondensation and radical polymerization
(Sonawane et al., 2009). Presence of divalent cations (for example calcium ion) helps to form
alginates gel by crosslinking them. Asadi et al. (2018) suggested calcium alginate grafted
polymeric beads for treatment of methyl violet dye containing wastewater. Pourjavadi et al.
(2007) reported preparation method of chemically modified alginate-based composite.
Composite was synthesized using sodium alginate and kaolin and was crosslinked by
methylene biscrylamide. Raghav and Kumar (2019) obtained fluoride uptake values of 200
mg/g in defluoridation process using alginate based polymeric composite named Fe-Al-
Ni/alginate. Wu et al. (2016) prepared sodium alginate/carboxymethyl cellulose composite
impregnated with calcium and aluminum. %: maximum fluoride removal capacity obtained

was 35.98. mg/g at pH 2 and 298 K.

Chitin and Chitosan based composites

Another abundant natural biodegradable polysaccharide is chitin. It largely originates in the
extemnal skeletons of crustaceans and other invertebrates and as well as in the specific fungi
cell-wall (Martel et al. 2001). Chitin molecule consist ufﬁar B-1,4-linked polymer of N-
acetyl-D-glucosamine. Chitosan is fundamentally a derived form of chitin produced by

enzymatic N-deacetylation and can be synthesized chemically from native chitin (Yang et al.,
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2008). Chitosan is structurally categorized as the amino-polysaccharide of glucosamine and is
less crystalline compared to chitin because of the definite antiparallel chains in their structure
and their cross linking. Chitin is insoluble but chitosan is water-soluble. On account of having
higher degree of hydration, chitosan exhibited high biosorption efficiency, significant
reactivity, considerable selectivity which assists the biosorption of pollutants (Chatterjee et al.,
2007; Kardam et al., 2014). Chitosan biopolymer is a possible source of base material for
synthesis of the chitosan-based polymeric composites for decolorization of textile
contaminated water due to their nano-scale size, high specific surface area, and nonexistence
of diffusion limitations (Rosa et al., 2008; Kardam et al., 2014). A great number of chitosan-
grafted polymeric biosorbents have been investigated for their dye uptake capacity under
different operational conditions. Manna et al. (2018) studied multiple dye adsorptions by GO
coated chitin and obtained adsorption efficiency more than 75 %. Banerjee et al. (2017) showed
adsorption of acid yellow and acid blue dye using chitosan-GO nanocomposite. GO and PVA
reinforced chitosan showed effective biosormption capability(é the removal of Congo red dye
from colored wastewater. Amir et al. (2016) focused on the synthesis process of polymer
composite by combining chitosan polymer with TiO> nanoparticles for encapsulation and
photodegradation of Methyl Orange. Modified chitosan-ethyl acrylate was synthesized by
Sadeghi-Kiakhani et al (2013). They reported that biosorption ability for adsorption of Basic
dyes (Blue 41 and Basic Red 18) was remarkably enhanced after introducing carboxyl (COOH)
groups into the chitosan structure. Zhou et al. (2011) investigated the removal of acid dyes
using modified magnetic chitosan composite and concluded that the dye adsorption improved
due to the strong electrostatic interaction among anionic dye and protonated amino groups
present in chitosan structure. Hussaini Jagaba et al. (2018) developed modified chitosan-based
composites by combining with other materials including polyacrylamide and bentonite clay.
They obtained high adsorption efficiency (99%) using those adsorbents for removal of direct
dye under low pH condition. Sairam Sundaram et al. (2008) developed bioorganic composite,
nano-hydroxyapatite /chitosan and reported that the prepared composite was effective for
fluoride adsorption. Sundaram et al. (2009) investigated the defluodation of contaminated
water using magnesia/chitosan polymeric composite. Zhang et al. (2015) reported fluoride
remediation process using Fe-impregnated chitosan. The fluoride uptake capacity was 1.97
mg/g for 10 mg/L of initial fluoride concentration. Valdez-Alegria et al. (2020) fabricated
biopolymers grafted composites, chitosan-polyvinyl alcohol and investigated their capacity in

fluoride remediation from aqueous solution.
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2.4.2. Carbonaceous materials and their composites as biosorbent

Carbon-derivatives such as activated carbon, graphene, graphene oxide and their derivatives
have notable contribution in advanced techniques for wastewater treatment in industrial scale
due to their high specific surface area, high adsorption efficiency (Saha et al., 2022). Despite
having many appreciable properties (Fernandez et al., 2014), commercial activated carbon has
limited application on pollutant elimination as they are very expensive. Activated carbon
prepared from low-cost agro-waste is an altemative for economically feasible, and
environment-friendly adsorption (Deniz and Karaman 2011; Femandez et al. 2014). The raw
materials utilized to derive activated carbon include woods, charcoal, seeds, coal, petroleum
residues, synthetic polymers and also low-priced agro-waste materials such as sugarcane
bagasses, rice-husk, sawdust, coconut shell, tea waste, fruit waste/ peels, etc. The application
and effectiveness of carbonaceous material-based composites are increasing with advances in
surface modification technologies (chuuci%‘, 2015). The adsorption efficiency of the
activated biochar is significantly dependent on the chemical and physical properties of the
forerunner substance, activating agent, the carbonization time among others utilized during the
activation process (Li et al., 2020). E ing oxidation methods, experts prepared negative-
charged surface of by acid trcatmcnt;%:e surface of activated carbons (Ma et al., 2018; Li
et al., 2020). By alkali treatment electro-positive charges on carbon surface increases which
helps in the adsorption of anionic pollutants. The addition of functional groups such as -COOH,
-OH, and —~COQO etc. on carbon surface modifies adsorptive pores by changing the dimensions
and form, which enhances adsorption efficiency (Ndazi et al., 2007). Extensive investigations
are being performed for modernization of innovative carbonaceous material-based biosorbents
for water purification process (Deniz and Karaman 2011). Various effective activating
chemical agents such as phos ic Acid (Varil et al., 2017), Sulphonic acid (Zhang, et al.,
2015), NaOH (Linams—Sulanu%., 2012), KOH (Njoku et al., 2014), and ZnCI12 (Nekouei et
al., 2015), etc. have been used so far by the researchers to synthesis efficient agro-waste based
activated biochar. Alkali treatment enhanced structural stability, ion-exchange ability, and
reactive quality of cellulose-containing agro-waste (Ndazi et al., 2007). Karthikeyan and
Elango (2008) noted that efficiency of over 90% was obtained with graphite for fluoride
removal from its aqueous solution. Tchomgui-Kamga et al. (2010) utilized CaCl: (calcium
chloride) impregnated wood charcoal prepared by carbonization at different temperatures (500
°C, 650 °C, 900 °C) for defluoridatio cess in batch system. They reported fluoride removal
efficiency >92% at neutral pH usinggrbent dosage of 4g/L for initial F- concentration of 10
mg/L. Li et al. (2011) investigated and reported on the fluoride remediation by graphene as
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adsorbent in batch reactor. They achieved maximum uptake capacity of adsorbent as %5
mg/g for 0.0025 g/L of the initial concentration of fluoride solution at 25°C temperature. Zhu
et al. (2011) prepared AICI3 modified cattle bone char and investigated its application in the
defluoridation of water. They found fluoride removal efficiency to be 97% andﬁutpﬁun
capacity of 6.8 mg/g at neutral pH. Yadav et al. (2013) evaluated fluoride adsorption potential
of the wheat straw, sawdust, and activated carbon derived from sugarcane bagasse. They found
the maximum fluoride uptake capacity as 1.15 mg/g. Getachew et al. (2015) developed
activated biosorbents by thermal activation using banana peel and coffee husk as raw materials
and utilized them Er the treatment of fluoride-contaminated water. They found that the
maximum fluoride removal efficiency of banana peel and coffee husk was 85% and 86%
respectively for initial fluoride concentration of 10 mg/L at pH 2. Because of high surface area
and hydrophobic surface property, carbonaceous material of fine size requires balance out in
composite synthesis to reduce agglomeration tendency. Tang et al. (2018) developed composite
containing hydroxyapatite coated with carbon-nanotube and examined their application in the
defluoridation process for treatment of wastewater. They achieved maximum biosorption
capacity of 11.05 mg/g. Roy et al. (2017b) obtained removal efficiency of 94.22%. using 10g/L.
of reduced graphene oxide for treatment of fluoride containing solution for initial adsorbate
concentration of 50 mg/L while contact time and agitation speed was 100 min and 150 RPM
respectively. Zhang et al. (2017) developed zirconium-chitosan/graphene oxide composite and
employed these adsorbents for fluoride biosorption from aqueous solution. Jin et al. (2015)
examined defluoridation of water onto amorphous alumina-modified expanded graphite. The
achieved adsorption capacity was 1.18 mg/g and fo highest biosorption efficiency to be
94.4%. Chitosan doped graphite composite showed %Jlride uptake capacity of 37.9 mg/g at
pH 6.5 (Dongre, 2018) and also showed excellent regeneration capacity of the adsorbent.
2.4.3. Magnetic nano-particle based biosorbent

Xu et al. (2016) synthesized Al;03;-Fe;O4-expanded graphite nano-sandwich adsorbent and
reported the maximum fluoride uptake capacity to be 3.35 mg/g. Dhillon et al. (2015) produced
hydrous hybrid Fe-Ca-Zr oxide biosorbent and investigated their applications in fluoride
remediation. The estimated adsorption capacity for fluoride removal was mg/g. Abo
Markeb et al. (201 7) prepared Ce-Ti(@Fe30O4 nano-composite and reported thatﬁmide uptake
capacity of 91.04 mg/g could be achieved at neutral pH. Zhao et al. (2010) reported that Fe304-
Al(OH); nano-adsorbent shows significant adsorption of fluoride due to the combined
advantages of magnetic separation and aluminum oxide (Al(OH);). Zhang et al. (2016)
synthesized Fe-Ti bimetallic oxide coated Fe:Os magnetic nanoparticle. The Fluoride
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adsorption capacity was 57.22mg/g. Mohseni-Bandpi et al. (2015) fabricated chitosan
impregnated FezO4 nano-adsorbents and evaluated the defluoridation of wastewater. They
reported the higher fluoride bioorption proficiency of modified magnetic nano-adsorbent to be
9.43mg/g. Ma et al. (2007) produced and investigated the characteristics of adsomption
equilibrium of defluoridation study using magnetic-chitosan as nano-adsorbent material. They
reported that the estimated fluoride removal capacity was 20.93-23.98mg/g.

2.44. Other novel biosorbent

Hafshejani et al. (2017) prepared Al:Oz nanoparticles and examined their ability in
defluoridation process as adsorbent. The adsorbent exhibited maximum removal capacity of
13.70 mg/g. Dhillon et al. (2018) investigated the fluoride remediation study using Ca-Ce
composite as adsorbent and determined fluoride uptake capacity to be 83.33 mg/g. Mukherjee
et al. (2020) developed ferrihydrite composite grafted with cellulose nanofiber-polyaniline and
examined the fluoride adsorption efficiency of this prepared composite. Maximum uptake
capacity achieved was 50.80 mg/g. Kumari et al. (2022) synthesized Aluminium fumarate-
based polymeric composite using chitosan coated PV A support polymer matrix and examined
fluoride adsorption efficiency of prepared composite from ground water. They reported that
9 g of composite material kept in pouch-like tea bag can reduce fluoride concentration in 1 L
groundwater from 10-30 mg/L to 1-1.5 mg/L after 100 min. Zare etal. (2022) noted that uptake
capacity of modified alginate beads for fluoride was 51.02 mg/g.

Srivastava et al. (2004) reviewed malachite green (MG) is a widely used textile dye. [tis also
used in food, leather, pharmaceutical, and other industries. They summarized the toxicity of
Malachite green dye (MG) on human being, different fish species and animals. They reported
that the toxicity of MG rises with dye concentration, contact time, and temperature. In their
study, toxic effects of MG dye including carcinogenicity, mutagenesis multi-organ tissue
injury, chromosomal fractures have been reviewed. They reported that notable changes arise
in biochemical parameters of blood in various MG exposed fish species. Moreover, malachite
green dye was found in their several body parts such as serum, liver, kidney, muscles and also
in eggs.

Tahir et al. (2016) evaluated the performance of modified sugar cane bagasse (SB) and
carbonaceous materials derived from SB for treatment of Malachite green dye (MG) containing
wastewater. Carbonaceous bagasse (C-SB) was prepared by chemical treatment of SB using
formaldehyde and sulfuric acid. In their study, the influence of dye concentrations, adsorbent
dose, time interval and system temperature were investigated in a batch process. The adsorption
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88
isotherm process was well explained by Langmuir model for the dye concentration in the range

of 1 x 10° M to 1 x10* M. The adsorption efficiency was 89% for carbonaceous materials
derived from SB. They reported that malachite green dye adsorption efficiency was_higher in
the modified sugarcane bagasse (89.60%) than in SB (78%). Thermodynamic study suggested
the spontaneous nature of the decolorization process.

Kerrou et al. (2021) reported the efficiency of Sugarcane bagasse in remediation of methylene
blue dye. They examined the effect of variation of experimental conditions including initial
dye concentration, contact time, dosage, pH, and temperature by evaluating batch kingtic and
isotherm experimental data. The dye adsorption equilibrium and kinetics was found m@well
explained by Langmuir isotherm equation and pseudo-second-order kinetics respectively. They
reported that the monolayer adsorption capacity was_49.261 mg/g. The thermodynamic
parameters were as follows: AG®: —4.35 kJ/mol; AH®: —ﬁﬂ kl/mol; AS®: —0.084 J-mol/K.
These results pointed towards thg spontaneous and exothermic reaction of the adsorption
process. They observed that dycgorption efficiency increased from 80.27% to 98.49% as
adsorbent dosage increased from 0.5 g/l to 5 g/L. The maximum uptake efficiency was
obtained at pH 10. Removal efficiency was found to be decrease at higher temperature.
Singh et al. (2015) examined defluoridation of aqueous solution using sugarcane bagasse in ¢
batch process. They observed the influence of different operational variables includingg
adsorbent dose, contact time, initial fluoride concentrati and temperature on fluoride
removal efficiency of sugar cane bagasse. The value of @pﬂiﬂt of zero charge for the
adsorbent was 6.3. Approximately 45% removal efficiency was achieved within 60 min at
initial concentration of 4 mg/L. and adsorbent dosage of 1 g/L.. Maximum adsorption capacity
was 1.82 mg/g at an initial adsorbate concentration of 4 mg/L which increased to 4,12 mg/g on
increasing concentration to 8mg/L. Isotherm of fluoride adsorption study was %sct’ibed by
evaluating_various isotherm models including Langmuir, Freundlich, Temkin and Redlich-
Petersun‘gﬂle kinetics of defluoridation process could be suitably described by following
pseudo second-order kinetics.

Yadav et al. (2012) proposed an economically viable and efficient approach to eliminate
fluoride especially for rural areas. They examined the viability of low-priced adsorbents
(activated bagasse carbon, sawdust raw, and wheat straw raw) derived from agro-biomass vis-
a-vis commercially purchased activated carbon. They reported the adsorption efficiency of
these adsorbents for an initial fluoride concentration of Smg/L at neutral pH after 60 min of
contact time and 4g/L of adsorbent dosage to be as the fulluwing:ﬁvated carbon: 57.6%;

activated bagasse carbon: 56.4%; sawdust raw: 49.8%; wheat straw raw: 40.2%. The fluoride
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adsorption equilibrium followed Freundlich isotherm, whereas the surface biosorption and
intra-particle diffusion phenomena equally contributed towards the rate limiting step.
Mohan et al. (2012) investigated the potential of biochar derived from pine bark for fluoride
removal. Pine bark was pyrolyzed at 400 °C and 450 °C. Batch experiments of removal process
were observed under various experimental conditions such as system temperatures, time, pH
etc. The highest uptake efficiency was obtained under acidic condition (pH 2). The rate of
fluoride removal was found to be reduced on increasing system temperature signifying the
exothermic nature of the system. The performance proficiency of pine bark char was estimated
by following the Langmuir, Freundlich, Temkin among other isotherm models equations. They
found maximum monolayer uptake capacity in accordance with the Langmuir model for pine
bark char as 9.77mg/g at temperature of 25 °C. Defluoridation process was in accordance with
pseudo-second-order kinetics.
Aziz et al. (2019) prepared sodium alginate-based composites for cadmium adsorption using
batch and continuous flow adsorption system. Among three type of prepared alginate-based
composite beads (SA-Clay, SA-Phosphate and alginate-Activated Charcoal beads), better
result was found with sodium alginate-Activated Charcoal (SA-Ch) beads. The maximum
ake capacity for cadmium adsorption onto SA-Ch was 137 mg/g for initial adsorbate
@iemratiun of 1000 mg/L. The equilibrium data could be fitted with Langmuir isotherm
model. Rate of adsorption could be suitably described using pseudo second-order model
equation. They also performed continuous column study. The maximpum breakthrough time for
sodium alginate-Activated Charcoal beads was 48 h for initial feed concentration of 500 mg/L
at flow rate of 2 mL/min with 150g of adsorbents beads of 2.5mm average ID. By analyzing
XRD, SEM, BET and FTIR characterization of prepared composites, they confirmed change
in surface functional groups due to specific chemical interactions.
Verma et al. (2020) developed ecofriendly Sodium alginate/graphite hybrid hydrogel and
investigated its potential for removal of malachite green dye. Hydrogel beads were reinforced
using graphite powder to improve its uptake capacity. They prepared hydrogel by free radical
polymerization of sodium alginate, and graphite powder in hot air oven and hydrogel was cross-
linked using acrylic acid. The highest dye uptake capacity as 628.93 mg/g. The equilibrium
data of dye adsorption system were notably fitted by Langmuir model and the rate of removal
followed pseudo-second-order kinetics. The prepared alginate-based composite displayed
excellent uptake efficiency (about 91%) even after third successive cycle.
Mandal and Chakrabarty (2011) extracted cellulose from sugarcane bagasse. During
cellulose isolation process, they used sodium chlorite (NaClQO3) for beaching the raw bagasse,
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and Sodium sulfite (NazSO3) to eliminate the lignin (entirely) and hemicellulose (partly).
Sodium hydroxide (NaOH) was utilized to eradicate the hemicellulose completely from
residue. To prepare nanocellulose, isolated cellulose was acid hydrolyzed by refluxing with
60% (w/v) H2S804 and agitating for 5 h at 50 C. Deionized water was added to the solution
and cooled to normal room temperature. After washing, the mixture was centrifuged and then
sonicated for 5 min in an ice bath. Resulting suspension was freeze-dried. Thermo-gravimetric
graph of isolated cellulose and nanocellulose suggested that the degradation temperature of
nanocellulose was lower than sugarcane bagasse. Differential Scanning Calorimetry analysis
showed that moisture content of adsorbent was different for each respective adsorbent.
Tavakolian et al. (2020) evaluated the performance of nanocrystalline cellulose and alginate-
nanocrystalline cellulose composite beads (ALG-ENCC) for remediation of methylene blue-a
cationic dye in batch adsorption studies. Electrosterically stabilized nanocrystalline cellulose
was extracted from wood pulp via two step oxidation by periodate (an anion composed of
iodine and oxygen) and chlorite. Wood pulp was oxidized by periodate by combining pulp,
NaCl, and NalO4 and water. The reaction was stopped by addition ethylene glycol (10 mL)
and oxidized pulp (named as dialdehyde modified cellulose) was washed with deionized water
and filtered using nylon cloth. Modified cellulose was then oxidized by chlorite by combining
with NaCl, NaClOz, and H>0> and water. Mixture was continuously stirred and centrifuged to
separate fibers from the solution (pH was adjusted in between 4.8-5.2). They combined
nanocrystalline cellulose with alginate beads to enhance the uptake capacity of individual
components in wastewater treatment process and to reduce the loss of nanocrystalline cellulose
during filtration process. Maximum dye adsorption capacity for alginate-based nanocrystalline
cellulose (ALG-ENCC) was found to be 1250 mg/g. Dye adsorption efficiency decreased under
acidic condition. Their synthesized adsorbents have efficient potential for remediation of
cationic dye as well as the heavy metals.

Wahyuningsih et al. (2016) isolated cellulose from pineapple leaf and fabricated cellulose
reinforced PVA (Poly vinyl alcohol) polymeric composite to enhance thermal stability and
physical stability. Cellulose derived from pineapple leaf by removing lignin using NaCl and
then resulting mixture was hydrolysed using 64% w/w acid sulfate solution under stirring
condition for 90 min at 45 °C. After washing with deionized water and suspension was
centrifuged. Separated fibers suspension was freeze-dried and stored. They prepared
nanocellulose from the cellulose fiber by ultrafine Grinder and developed polymeric film by
adding nanocellulose fiber (10-50%) and glycerol (0-1%) in PV A solution. They examined the
impact of fibrillation of extracted cellulose via chemical-mechanical treatments and observed
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the influence of reinforcement on nanocellulose density in PVA medium. On addition of
nanocellulose, PVA-film density decreased significantly by 4 to 8 times. With addition of
nanocellulose, thickness of PVA composite increased from 0.02 mm to 0.03 mm and without
nanocellulose addition, the film thickness was 0.1140.069 mm. Changing the concentration of
nanocellulose in film showed significant effect on properties of composite. The rate of water
vapor transmission of composite film was found to be improved by increase in glycerol

addition though the physical stability was reduced.

2.5. Fixed bed

2.5.1. Theory of Breakthrough curves

Fixed adsorbent bed are generally used in industries for continuous remgyal of pollutants. The
wastewater flows either up or down the column packed with adsorbents. a'n: dynamic behavior
of the fixed-bed column is evaluated using breakthrough curve. The breakthrough curve of
fixed bed study is obtained by plotting C/Cy vs. time, where C, was the adsorbate concentration
in the effluent, and Cy was the adsorbate concentratign in feed. The shape of C/Cy vs. time plot
of breakthrough curve is useful for process design. @‘c breakthrough time (ty) and the nature

of curves are very significant aspects to analyze the performance of the fixed-bed column.

Ci/Co

Time

Fig. 2.1: Typical breakthrough curve
A set of parameters quantifying the characteristics of the breakthrough curve are estimated
using the following equations (Equ. 2.18-2.24).

The total time or stoichiometric capacity:

t=co C
t =f (1—6—‘) dt e e (2.18)
t=0 0

Time Equivalent to usable capacity:
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B B t=tp Ct
ty ~t, = 1= Z)dt . (219)
t=0

0
Total adsorbed mass of adsorbate:

Stor = QCots cv v v v v . (2.20)
Adsorbed mass of adsorbate corresponding to the breakpoint:

Sp = QCoty v et e e e (2.21)
Where Q was indicated as the volumetric feed flow rate
The total mass of adsorbate injected in the column:

Mot = QCots e veeoev e . (2.22)

Where t; was denoted as the final or total time of the column experiment

Adsorbate Removal efficiency:

Equilibrium adsorbate adsorption capacity:
Seq =0 i (2.24)

Where msrepresented the mass of adsorbent (g).

2.5.2. Mathematical Modelling of column experiment
The efficiency of the fixed bed adsorbent-column is evaluated using the theory of the
breakthrough characteristics. Some of the mathematical models to predict breakthrough
behavior and estimate of the influence of experimental parameters on fixed-bed adsorption are
Yoon-Nelson model
Relatively less complicate oon and Nelson model was used for analyzing breakthrough
curve. The model assumes ﬁraﬂ: of decrease in the probability of adsorption is proportional
to the probability of adsorbate adsorption and breakthrough. The nonlinear and linear form of
the Yoon and Nelson model equation are (Aksu & Gonen, 2004):

Ce

L= 1/(1 4 exp (kynT = Kynt)) v veeeve e onns (2.25)

Co
In (% - ) Ny S — (2.26)
where, T denote Q time required for 50% breakthrough (min) of the solute, t represent the
contact time (min), and kyn is the rate constant of adsomption process (Bulgariu & Bulgariu,

2013). The value of kyx (L/min) and T (min) can be obtained from In (? - 1)\'&1‘. plot.
t

27




Thomas model

Another extensively used model for analyzing breakthrough curve is the Thomas model (Chen
et. al., 2012). Thomas model establishes the relationship between the influencing parametres
and bed capacity. It assumes the addsorption process to be limited by mass transfer at the
interface, while considering external and intemal diffusion limitations are absent. Linear and
nonlinear form of Thomas model was as follows:

Cop | = ! e (227)
1+ exp(~zndo 5"‘3“ —kppCot)

In (CU/(,} -1)= @— [N (2.28)

where, t, k¢, and @ denote the total flow time (min), Thomas kinetic coefficient (mL/min mg),
and volumetric flow rate respectively, m (g) and qo (mg/g) represent the adsorbent mass and

MC&mm al capacity of bed (Chen et al., 2012). The magnitude of the parameters krp and go
are obtained from the slope and intercept of the plot between In ( D/C - 1) vs. t.

BDST ? d Depth Service Time) model

The model assumes that the adsorption rate is controlled by the surface reaction in between the
adsorbate material and the unused capacity of the adsorbents (Saha et al., 2012). Breakthrough
time determined at different bed heights are required to predic the service time of the column

using this model. Nonlinecar and Lincar form of BDST model are:

C, Z
/C[] = EX]J (CUKBD.ST't = NUKBDST U_U) wee een s (229)

C Z
In ( D/Ct - 1) = NoKgpsr Uy~ CoKppsrt ..... (2.30)

Z 1 C
t= N, — 1 0 —-1)....(231
Colp 0 CoKppsr n( /Cf ) ( )

Where, Kppst, Z and Noindicated the BDST model constant (L/mg min), bed height (cm) and

maximum volumetric adsorption capacity (mg/L) respectively. Un denoted the superficial
velocity (ecm/min) of the fixed-bed column.

2.5.3. Review on relevant literature and experimental studies

Somasekhara Reddy and Nirmala (2014) examined the continuous removal of direct dye,
Congo red (CR) using seed husk of Bengal gram (Cicer arietinum) (SHBG) in fixed bed. The
influence of operational variables including pH (5.6, 7.02, 9.1), column bed height (3.5, 7, 10,
12.5 cm), initial dye concentration (25-100 mg/L), adsorbent particle size (53-150 pm) on
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breakthrough curve was investigated. The capacity of adsorbent column was obtained as 6.572
mg/g at inlet fl te of 0.67 mL/min for an initial concentration of CR dye of 50 mg/L. They
apply BDST ﬁdcmh service time analysis) model in order to predict the breakthrough
curves of column adsorption process.

Mohammed et al. (2016) studied the potential of cellulose nanocrystal-alginate (CNC-ALG)
hydrogel beads for adsorption of Methylene blue_dve (MB) by in a fixed-bed system under
various experimental conditions. They evaluated #

parameters such as initial MB dye concentration in feed solution (50-250 mg/L), adsorbent be
height (22-66 c¢m) and flow rate (1.17-4.40 mL/min) on the breakthrough curves. ﬁ:

¢ influence of different column operating

maximum adsorption capacity of the fixed-bed column was 255.5 mg/g (for initial MB dye
concentration= 50 mg/L, bed height=22cm, flowrate=4.40 mL/min). The effectiveness of the
adsorbent bed was higher at low flowrate as large residence time helped to improve the degree
of adsorption.

Manna et al. (2018) studied the characteristics of fixed bed for adsorption of Fluoride using
lignocellulosic bio-sorbents. They reported that the neem oil phenolic resin treated adsorbent
could reduce fluoride content both from fluoride containing synthetic and groundwater. the
found that adsorption bed performance was better at higher bed height, lower flow rate and
lowest initial fluoride concentration in feed solution. They verified column experimental data
by applying theoretical modelling such as BDST model to predict the performance of adsorbent
col for removal of fluoride using their prepared biosorbent. In addition, they revealed that
thcg

Ramesh et al. (2012) reported batch and continuous fixed-bed studies for ﬂuu& adsorption

g

o-sorbents used in their study were regenerable and reusable for more than five cycles.
using Bottom ash as adsorbent. They performed continuous column study in a glass column
(2.5 cm ID and 20 em column height). The effect of different adsorbent bed height (10-20 cm)
was observed for a constant initial concentration of fluoride solutions (10 mg/L) under a
cunstan%uw rate of 10 mL/min at 33°C temperature. Column study data were fitted with
BDST model, Thomas model, and Yoon-Nelson model. The results showed that with
increasing adsorbent bed height fluoride adsorption capacity increased because of an increase
in availability of adsorptive binding sites and the contact time between adsorbate and
adsorbent. Thomas model predicted maximum adsorption capacity to be 0.3714 mg/g.
Different polymeric biosorbents and their adsorption capacity for textile dye removal are
reviewed and@‘

ented in the following table (table 2.1).
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Table 2.1: Potential of polymeric composites in dye removal

cellulose

Dye Polymeric biosorbent Adsorption capacity Reference
(mg/g)
Acid blue 25 Chitosan/cyclodextrin 77.4 Martel et al. 2001
Material
Malachite green Poly (vinyl alcohol)/chitosan 380.65 Jeon et al., 2008
composite
Reactive orange Chitosan/sepioliteclay 190.965 Marrakchi et al.,
16 2016
Malachite NiO NPs/Chitin beads 370.37 Raval et al., 2016
Green
Methylene Blue | Chitosan based graphene oxide (GO) 1100 Cheng et al., 2013
gels
Acid Yellow 36 Chitosan-GO nanocomposite 68.86 Banerjee et al.,
% 2017
cid Red 2 Magnetic chitosan nanocomposites 90.06 Kadam & Lee,
2015
Methylene Blue Magnetic chitosan- GO composite 180.83 Fan et al., 2012
Methylene Blue Chitosan/organic rectorite-Fe304 24.690 Zeng etal., 2015
Malachite green Native cellulosic polymers 2.422 Sekhar et al., 2009
Methyl orange Natural carbohydrate 173.24 Md. Munjur et al.,
polymeric biosorbents of rice flour 2020
Rhodamine B Carbohydrate polymeric adsorbent of 142.26 Hasan et al., 2018
wheat flour
Methylene Blue | GO reinforced PV A/Carboxymethyl 172.14 Dai et al., 2018

Methylene Blue

MnO; coated cellulose nanofibers

Not reported

Wang et al., 2014

composite hydrogel beads

Brillint green Phosphate cellulose integrated with 114.2 De Castro Silva et
chloroethyl phosphate al., 2016
Malachite green Graphene oxide /cellulose bead 30.09 Zhang et al., 2015
Reactive red Aminoethanethiol modified cellulose 78.00 Silvaetal., 2013
dye surface
disperse dyes Polyacrylamide Grafted Cellulose 25.84 Yang et al., 2017
Reactive Magnetic amine/Fe3O4-resin 101.0 Song et al., 2016
Brilliant Red
Malachite green Alginate/poly aspartate 300-350 Sonawane et al.,

2009
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Malachite Super paramagnetic sodium alginate- 47.84 Mohammadi et al.,
Green coated Fes 0y 2014
Methylene blue Alginate grafted poly-acrylonitrile 03.51 Salisu et al. 2015
beads
Methylene blue | Sodium alginate-coated perlite beads 74.6 Parlayici, 2019
Methylene Blue GO/Calcium alginate 181.81 Y. Lietal, 2013
Crystal violet hybrid sodium alginate-PVA -silica 1756.2 Lin etal., 2019
oxide
Methylene Blue | Activated organo-bentonite /sodium 414.1 Belhouchat et al.,
alginate 2017
Acid green 25 Sodium alginate/titania 151.5 Mahmoodi et al.,
2011
Methylene Blue Graphene oxide/potato starch 500 Bhattacharyya et
composite al., 2018
Reactive modified starch/polyvinyl alcohol 539 Xiaetal., 2020
Orange 131 composite
Crystal violet Silica-sand/anionized-starch 1246.40 Li et al., 2020
Crystal violet %Csfstamh-g-(AM PS-co-AA) 2500 Moharrami &
Motamedi, 2020
Optilan Blue Starch/Fesz04 74.58 Stan et al., 2019
Malachite green | polyacrylamide/bentonite composite 24311 Anirudhan &
Suchithra, 2009

Different ﬁr
e following table (table 2.2).

presented 1n

Table 2.2: Potential of various composites in fluoride removal

sorbents and their adsorption capacity for fluoride removal are reviewed and

Adsorbents Adsorbent capacity References
(mg/g)
Iron Oxide-Hydroxide Nanoparticles 16.7 Raul et al., 2012
Cellulosef@ HAPnanocomposites 2.76 Yu et al., 2003
Zirconium—Cerium/polyvinyl alcohol 8.07 Sai et al., 2020
Zirconium—Lanthanum/polyvinyl alcohol 8.35 Sai et al., 2020
nano-hydroxyapatite/chitosan (n-HApC) 1.56 Sairam et al., 2008a
itosan-based mesoporous alumina 8.264 Jagtap et al., 2011
Activated alumina 2.41 Ghorai and Pant, 2005
Bleaching powder 0.2 Kagne et al., 2009
carboxylated chitosan beads 1.664 Viswanathan et al., 2009
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Fe,’ZrE-a]giuale microparticles 0.981 Swain et al., 2013
Hydrous ferric oxide doped alginate beads 8.9 Sujana et al., 2013
La-Ce-modified chitosan 3.72 Lizmgéa],, 2013
neodymium-modified chitosan 22.38 Yao elal., 2009
Fe(lll)-loaded ligand exchange cotton cellulose 18.6 Zhao et al., 2008
ceramic-based adsorbent 2.16 Chen et al., 2010
...................... HEH R
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Chapter.3

Aim and Objectives
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3.1. Aim and objectives

Pure water accessibility is one of the crucial and basic needs in most of the countries in world.
With advancement of technology and industrial activity, demand for uncontaminated water for
daily use is increasing. éljor parts of the contaminants are coming from different industry
containing heavy metals, hazardous dye, radioactive pollutants, toxic chemicals, fluoride etc. The
water pollution associated with the inappropriate or unlawful untreated effluents discharged from
industrial, farming, and domestic unwanted water contains an extensive variety of harmful
carcinogenic chemical products.

Dye is used in several sectors like textile, cosmetic, plastic, paper, leather, and pigment industries.
The effluent of those industries heavily pollutes the surface and groundwater, thereby, making it
unhealthy for consumption and unfit for agricultural purposes. The toxicity of dyes can range from
irritants for eyes and skin, to having carcinogenic and mutagenic effects if allowed to remain in
the body at high doses for a long time. Additionally, the color water obstructs the penetration of
sunlight on water bodies. This prevents the growth of marine lives by preventing photosynthesis
and reducing the concentration of dissolved oxygen.

Malachite Green (MG), which is a common textile dye, that can cause carcinogenic effects and

organ damage in animals if consumed for a long time, is used as an adsorbate in the project research
work. MG @is the most popular cationic dye used for dyeing cotton, wool, leather, nylon, and
silk. MG dye is also being used in significant quantities in the aquaculture industries where it is
illegally used as low-cost topical antifungal and parasiticide. Due to its carcinogenic and
mutagenic nature, industrial effluent containing MG dye is very much harmful to marine life.
According to the U.S. FDA (Food & Drug Administration) sample testing protocols, MG dye
residue must be below | mg/g (USA Today, 2017).

Manmade sources of Fluoride contamination are effluent discharged from various industrial
activities such as coal-burning stations, steel production, aluminum, phosphorus, production of
bricks, glass, plastic, cement, and HF production plant. Another source of fluoride pollution in
potable water and surface water is because of the excessive use of fertilizers (superphosphate,
NPK, potash etc.) which also contain notable amount of fluoride. WHO (world health
organization) recommended permissible limit of fluoride as 1.5 mg/L. Almost 19 states of India,
including Rajasthan, Andhra Pradesh, Uttar Pradesh, Maharashtra, West Bengal, and Gujarat are

suffering from high fluoride concentrations in groundwater as well as surface water (Ayoob and
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Gupta 2006; Amalraj and Pius 2013). Fluoride affects the ecosystem and living beings by
contaminating water, air, soil, crops and vegetables. Intake of fluoride lead to the fluorosis
syndrome, reproductive decline, skeletal tissues damages, and damage to the thyroid.

A wide range of approaches has been developed for ensuing the adequacy and proficiency of the
wastewater treatment. Several advanced physicochemical techniques such as electrodialysis,
precipitation, reverse osmosis, ion exchange process, and adsorption have been projected to
remove pollutant from their aqueous solution. The limitations of many of these procedures are
complex, highly expensive, and produce poisonous carcinogenic secondary pollutant. Of late,
researchers are focusing on environmental-friendly, economical, and low energy-consuming
treatment technology. Adsorption is accepted as the most efficient process for decolorization and
defluoridation process due to advantages such as ease of operation, low operating cost,
insensitivity to toxic substances, viability etc.

ndia is one of the agricultural countries in the world. A large number of agro-based industries,
such as jute, cotton, and sugar produce large quantities of agro-waste which hamper in proper
waste disposal management and environmental ecosystem. According to the Press Information
Bureau, India generates 62 million tons of waste (mixed waste containing both recyclable and non-
recyclable waste) every year, with an average annual growth rate of 4%. In recent years,
researchers are paying attention to efficient use of agricultural residues to minimize the
accumulation of waste. Agricultural wastes are affluent in organic substances due to presence of
various functional groups which help to bind the electro-positive ions and electro-negative ions.
Despite of having many appreciable properties, commercial adsorbents (such as activated carbon)
that are most used on industries are very expensive and non-biodegradable. Researchers are
therefore investigating agro-waste and their derivatives as an efficient and eco-friendly adsorbent
for treatment of industrial effluent water due to its favorable properties, including abundance,
biocompatibility, biodegradability, cost-effectivity, and non-toxicity. Agro-waste derived
biosorbent material can offer an alternate purification process to substitute the commercial
adsorbent (Matei et al., 2001).

The uptake rate of pollutants by adsorbents depend on the intraparticle and continuous phase mass
transfer resistances. Decreasing the particle size enhances the removal rate of pollutants leading to
reduced equipment size and more efficient use of the adsorbents. Limitations of application of fine,

granular adsorbent include reactor cleaning, difficulty in separation of adsorbent from treated
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solution and clogging. They could be easily released in effluent discharge resulting in
underutilization of their removal capacity by regeneration. The complexity accomplished in
recovering the powdery adsorbents from treated solutions post adsorption makes these undesirable
for the large-scale application. Beads or hydrogel film form of those granular adsorbents reduces
these drawbacks. Composite production by inserting agro-waste derived activated biochar and
biopolymer within an inflexible polymer has become a new appreciable technique.

Research Gap: The more the quantity and toxicity of the pollutants, the greater the obstacles to
design a suitable efficient, cost-effective wastewater treatment technique. Feasible application of
agro-waste derived adsorbents in the wastewater treatment process was explored in many research
papers (Chowdhury %., 2011; Sing et al., 2011; Madhusudana Rao et al., 2013;). However, the
application of the proposed agro-waste derived carbonaceous and bio polymeric materials grafted
composite beads and hydrogel films for dye and fluoride removal process is still a not much
researched area. Biodegradation of pollutant loaded adsorbent is essential before
disposing/discarding to reduce its adverse effect on the environment (Wagner et al., 1996; Premraj
and Doble, 2005). Though there is huge volume of work on the biodegradation of pollutants from
wastewater (such as Bacillus sp. used to biodegrade 2, 4, 6-TNT (Lin et al., 2013), Pseudomonas
sp used for bioremediation of Reactive Red 2 (Kalyani et al., 2009; Banerjee et al., 2017)), there
has been only a limited research on use of micro-organism for degradation of pollutant loaded
adsorbent.

Sugarcane is dely cultivated in tropical and subtropical countries such as India, Sri Lanka,
Pakistan, Bangladesh, Malaysia, Philippines Hawaii, Australia, and Indonesia. Bagasse is the by-
product obtained after crushing the sugar cane stalks and is fibrous in nature. Burning as fuel and
landfilling are extensively used method in many states of India to discard the crop residue.
Landfilling of the waste sugarcane bagasse produces a large amount of leachate which causes
hazardous contamination to the open water body as well as groundwater. The recycling of the
sugarcane bagasse into biosorbent is an efficient alternative to the conventional process for
minimizing the solid-waste handling problems and produce inexpensive, ecofriendly
biodegradable adsorbent for wastewater treatment. Sugarcane bagasse contains about 40-55% of
cellulose, hemicellulose as much as 26-35% (Wulandari et al. 2016; Mandal and Chakrabarty

2011). Hence, it is a potential resource of readily available low-cost raw material for cellulose
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extraction, activated biochar production and surface modified biosorbent preparation @
wastewater treatment process.

The objective of this research work is to synthesis carbonaceous and polymeric material grafted

biodegradable composites derived from abundantly available low-cost agro-waste sugar cane

bagasse and to investigate the application of these biodegradable adsorbents for decolorization of

MG dye contaminated wastewater and defluoridation of water. The focus has also been on

reutilization of dye and fluoride-loaded adsorbents obtained post-adsorption and biodegradation

of pollutant loaded adsorbents by isolated microorganism before final disposal of the biosorbents

into the environment.

The following was done within the framework of the present research work

e Preparation of activated charcoal and extraction of cellulose from sugarcane bagasse

e Synthesis of different types of carbonaceous material and biopolymer-based composites.

e Physiochemical characteristics of prepared adsorbents were analyzed using FTIR, SEM,
TGA, and BET. FTIR was conducted to analyze the characteristic functional groups on the
surface of adsorbents. Surface morphology of adsorbent was evaluated by SEM
characterization. The estimate of adsorbent surface area which is important for fixed bed
was obtained using BET analysis.

e Investigation on the adsorption efficiency of synthesized biosorbent for removal of MG
dye and Fluoride separately both in batch process and continuous removal in fixed bed.

e Investigation of the effects of various operational parameters (factors) on removal
efficiency of the prepared adsorbents.

e Estimation of adsorption isotherms, kinetic and thermodynamic parameters from
experimental data. Adsorption isotherm was determined to explain the adsorption
mechanism and the interactive behavior between@a distribution of the adsorbate molecule
within the solution and on the adsorbent surface. The adsorption capacity under equilibrium
condition and the rate constants of contact time-dependent adsorption process were
estimated by applying kinetic model. Kinetic study was performed to understand the mass
transfer mechanism dictating uptake rate required for designing suitable contactors.
Thermodynamic study was conducted to describe the thermodynamic behavior of

adsorption process.
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e Evaluation of the dynamic behavior and performance of the adsorbent column in terms of
the breakthrough curve at various investigational conditions (such as feed flow rate, feed
concentration, adsorbent-bed height, solution pH).

e Investigation on the Recycle potential (Regeneration study) and Biodegradation study of
the pollutant-loaded composites. Pollutant elimination by biosorption process becomes less

expensive and beneficial if the pollutant-loaded biosorbent can be regenerated.

3.2. Complete Work Flow

Regeneration
study of pollutant

Regeneration study of
pollutant loaded
adsorbent

—

Biodegradation of
pollutant loaded

adsorbent

Regeneration study of
pollutant loaded adsorbent
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Materials and methods
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4.1. Chemicals and Instruments used

Malachite green dye (99.99% purity) (Loba Chemie), Sodium hypohlorite (NaClO) (Merck
Life Science Pvt. Ltd.), sodium fluoride (NaF) (Merck Life Science Pvt. Ltd.), sodium
hydrogen sulfite (NaHSQ3) (Merck Life Science Pvt. Ltd.), sodium hydroxide (NaOH) (Merck
Life Science Pvt. Ltd.), hydrochloric acid (HCI) (Merck Life Science Pvt. Ltd.), H2SO4 (Merck
Life Science Pvt. Ltd.), Nitric acid(69%) (Merck Life Science Pvt Ltd.), Ethanol
(ChangshuHongsheng Fine Chemicals Co. Ltd.), total ionic strength adjustment buffer
(TISAB), fluoride ISE metgr (ORION STAR A214). Sodium Alginate was provided by
HiMedia. Polyvinylalcohol (@

by Merck life science Private ltd, UV—Vis Spectrophotometer (Perkin Elmer Lambda 365),
BOD shaker (G.B. Enterprises, India), Centrifuge (Remi RM — 12C), Glasswares (Borosil), pH

A) was supplied by LOBA Chemie., Acetic Acid was supplied

meter (Eutech Instrument), Vacuum Filter (Rivotek, Riveria glass Pvt. Ltd.), Vacuum oven

drier (G B Enterprises) Weighing Machine (BSA224S — CW, Satorius), deionized water (DI).

4.2, Adsorbent preparation

4.2.1. Production activated biochar using Sugar cane bagasse

Sugarcane bagasse (SB) collected from local markets in Kolkata, India washed to remove
dust and other foreign particles and dried overnight in the electrical drier. The bagasse fibers
were then cut into small pieces crushed in a mixer-grinder and sieved. The sieved fines (80 -
100 pm) were collected in a porcelain bowl and pyrolyzed in a muffle oven for 2 hr at a
temperature of 800°C in an inert atmosphere (N2 air purging). After 2 hr, the carbonized
material was allowed to cool. The carbonized black, amorphous sample obtained is known as
Sugarcane Bagasse biochar.

An aqueous solution of NaOH (Merck life science Pvt Itd) was prepared of strength 15 wt %
(w/v) NaOH. Each gram of prepared biochar sample was mixed with 10 ml of aqueous NaOH
solution and stirred for 24 hr in a glass beaker at 50 °C. After 12 hr, the stirring was stopped
and the suspension filtered. The solid particles were thcn%&d in an electric oven at 105°C for
4 hr and then subjected to a second round of thermal activation in a muffle oven for 2 hr at
800°C. Carbonized biochar was repeatedly washed with 10% HCl solution followed by distilled
water to make it neutral (pH=7). After washing, chemically activated samples were dried at
105°C. The resultant product, Sugarcane Bagasse activated biochar (SBAC) was utilized for

the MG removal process.
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4.2.2. Synthesis of Sodium alginate-bentonite/SBAC composite beads
To prepare sodium alginate beads, 2 g amount of sodium alginate was taken and dissolved in
100 ml demineralized water under mechanical agitation by a magnetic stirrer for about 1 hour.
Then, 1g of sugarcane bagasse activated charcoal (SBAC) and bentonite clay (2g) were added
to the solution. The mixing process was further carried out overnight to ensure that the solution
is homogenous. This solution was added dropwise to Calcium chloride solution of 4% (w/v)
concentration by burette to get beads (named as Alginate-bentonite/SBAC). The beads were
stored in deionized water and separated by filtration using Whatman filter paper.
4.2.3. Nanocellulose/PVA composite synthesis
For each gram of raw grinded (80-100 um) Sugarcane Bagasse (SB), 50ml of 0.4%, NaClO
solution was used to bleach and the mixture was continuously stirred for 2 hr at 50°C. After
filtering and washing five times with deionized water (to reduce excess NaClO and to make
solution pH neutral), the treated mass was added to 1.7% NaHSO3 solution for 30 min.
Filtration was followed by washing. Hemicellulose was eliminated from the dried mass by
treating wit 5 % NaOH for 1 hr under continuous stirring. Lastly, this treated mass was
strained and}@med several times with DI water till the pH level of the solution reached neutral
value. Synthesized cellulose was used to prepare nano-cellulose using sulfuric acid
(50%H2S04) by acid hydrolyzation technique. After freeze drying, powdered formed nano-
cellulose ware stored in an airtight container.
Poly vinyl alcohol (PVA) powder (4 g) was diluted with 50 ml of distilled water and heated to
85 °C in a hot water bath for Sh. After cooling the PV A solution to room temperature, 0.5g of
nano-cellulose was added to it and the mixture was stirred at 600 rpm for 3 hr at 60 °C until it
was dissolved completely. Final polymeric suspensions were poured into a petri-dish and left
to dry at 40 °C. After drying, the composite films were cut into designated small sizes (~ 40
mm and 30mg weight) and stored in an airtight container.

4. Alginate-Nanocellulose composite beads synthesis
@um—alginmc solution was prepared by adding sodium-alginate powder with deionized
water in a ratio of 1:50 and stirred for 1 hr. Then, 2g of bentonite and 1g of extracted cellulose
were added to the solution. To develop uniform size beads, this solution was poured drop by
drop in 4% (w/v) calcium chloride solution from burette at continuous stirring condition. The
beads were kept in deionized water. After separation, these beads were dried (dehumidified) at

40-50 °C in electric oven and stored for future study.
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4.3. Characterization of prepared adsorbents

Functional groups on the surface of synthesized adsorbents were characterized by analyzing
FTIR spectra (Perkin Elmer FT-IR). The sample was dried ovemnight to remove any water
retained. Before preparing translucent sample disk, sample was dried overnight and then
cncapsulatvéintu dry KBr (potassium bromide) disk. FTIR spectra of the material were
recorded at wavenumber range of 450 to 4000 em ! with 4 em ! resolution. Surface topography

of the synthesized adsorbent surface was identified by the SEM technique (carried out by

L ZEISS).
@f‘tcc area, pore diameter, and total pore volume of prepared adsorbent material were derived
from the N adsorption/desorption data on BET analyser (Brunauer Emmet Teller). Surface
analyzer (Quantachrome® ASiQwin) was used to obtain N; adsorption data under 77.35 K
temperature and relative pressure in the range of 0.100583 to 0.02985. The t-plot method was
applied to determine the micropore volume of adsorbent particle.
For Point zero charge characterization (PZC) of the prepared adsorbent, 0.1 Df adsorbent
material was added to 45 mL of KNOj; solutions (0.1 N) and sealed. The pH of the solution
was varied from 2.0 tu@[} by adding HNO3 (0.1 N) or NaOH (0.1 N) solution. The slurry was
shaken at 150 rpm for 24 h to attain the equilibrium condition. The initial and final pH were
recorded after shaking > difference between the value of final and initial pH (ApH) vs. initial
pH value was pluttcd#
ApH=0.

e Point of zero charge (PZC) is a point of the plotted curve at which

4.4, Batch adsorption study

Batch study of MG dye removal efficiency of various biosorbents was performed by adding
specified amount of the adsorbents to 100 ml of MG dye stock solution. The experiments were
carried out in a BOD-shaker at 140 rpm. The influence of investigational condition were
observed by varying solution pH (2, 4, 6 and 8), initial adsorbate concentration (MG dye: 5-20
mg/L; Fluoride: 2-10 mg/L), amount of adsorbent (1, 2, 4 and 6 g/L) and temperature (30, 35,
40 and 45°C). The basic pH value was adjusted by adding 0.1 NaOH and acid condition using
HCI (0.IN). After 24 hr, %sulu‘(iun sample was separated from adsorbent by centrifuged
(REMI RM-12C) at 10000 rpm for 10 min. The MG dye concentration in residual solution was
measured using UV-Vis Spectrophotometer at wavelength 617 nm. The concentration of
fluoride ion was measured with a fluoride-ion meter (ORION STAR A214). The adsorbate
uptake capacity at t time, q, (mg/g) and adsorbate uptake capacity at adsorption equilibrium

condition, q. (mg/g) was calculated using the equations given below:
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4
g = (Cy — Ct) % W... e (41)

14
qe = (Cop —Ce) X e (42)

Where, Cy (mg/L) is initial pollutant concentrations, whereas C. (mg/L) is the concentration at
equilibrium concentrations, and Ci (mg/L) is concentration at time t. V (L) is the experimental
solution volume, and W was the weight of the adsorbent mass used for adsorption measured in
grams. The adsorption efficiency (%R) ware derived according to the equation (eqn. 4.3):

100
%R = (Co = Ce) X~ . (4:3)
0

Equilibrium concentration obtained from batch study under various adsorbate concentration
were fitted to t}@smhcrm model equation (Langmuir, Freundlich Temkin model). The rate
constants of the Kinetic models (pseudo first, pseudo second order and intraparticle diffusion)

were obtained by fitting the model to the experimental batch concentration versus time data.

5. RSM modelling

@c central composite design (CCD) was done by "Design-Expert" software (version 7.0, Stat-
Ease, Inc. USA). A standard RSM design (CCD) was u categorize the relationship
between the response function and the system variables. The response surface contour plots
were analyzed to identify the relations between the various independent variables and their
influences on the adsorption system response. Process factors, pH, contact time, adsorbent dose
have significant effects on the removal efficiency of prepared adsorbent. To predict the optimal
point of the system response (% removal of MG dye and fluoride) a quadratic model was used.
twenty experiments were carried out to determine the removal efficacy using RSM design
(central composite design).

The empirical relationship between the three selected independent variables and gistically

the probable optimum condition was determined by the quadratic equation given below:

k=3 k=3 k=3 k=3
Y =By +Z B: X; +Z Buxie + Z Z Bt + € oo (4.4)
=1 =1 =1 j=i

where, m= response (dependent variable), f; = Bii = pi; = coefficients of linear, quadratic and
interaction effect, fo = constant coefficient, xi and x; = factors (independent variables). And
= error. In this study Y _is the removal efficiency (%R) and x is independent variables (pH,
Time, adsorbent dose). q‘lﬁ‘ optimized condition of independent variables for removal process

were estimated using regression equation and by analyzing the contour plots. The quadratic
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model and coefficient of correlation were followed to predict the interaction between the
various factors in a specific range. To obtain maximum removal efficiency, contact time, pH

and adsorbent dose were fixed within ranges of 30-120min, 2-8, and 0.5-1 g/L, respectively.

. Fixed bed column study
@glass column of 50 cm length and intemmal diameter of 3 ¢cm was used to carry out the fixed-
bed column experiment for MG dye and fluoride removal study using prepared adsgrbent. Wire
mesh (1 cm height) were placed at the inlet and outlet of the adsorbent column. gperistaltic
pump was used to introduce the solution at top of the fixed bed. The solution flowed down the
column under the gravity. The experiment was performed by varying feed concentration (MG
dye:50-200 mg/L; Fluoride: 8-12mg/L), feed flowrate (10, 13, 16 mL/min), adsgebent bed
depth (5 cm, 7 cm, 9 cm), and pH of inlet solution (4, 6, 7, 8) at 30°C. Samples from the effluent
solutions were collected at certain time interval and the concentration of the pollutants
measured. Operation of the adsorbent bed was stopped when the concentration in the effluent
reached that of the feed. The equations proposed by Yoon-Nelson, and Thomas kinetics were

used to predict the breakthrough curve.

4.6. Continuous adsorption experiments in fluidized bed

The schematic uf% experimental set up used for fluidized bed experiments is shown in Fig.
4.1. A glass cylinder (4 cm dia. and 30 cm height) was utilized as the fluidized-bed reactor.
The solid composite beads were loaded into the fluidized-bed adsorption column. The feed
solution was forced up the fluidized bed by means of peristaltic pump. Samples of the effluent
was collected at time interval from the sample collection pipe (outlet pipe ID=0.75cm) and its
concentration measured using UV-Vis. spectrophotometer (for MG dye) or fluoride-ion meter
(for fluoride). The effects of operational factors such as feed concentration, feed flowrate,
adsorbent-bed mass and composite bead diameter on the process efficiency was studied. Beads
of different diameter was prepared by Beads of different diameter was prepared by using

burette and dropper. Screw Gauge was used for measuring size of the composite bead particle.
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Fig. 4.1: Experimental setup for Continuous adsorption experiments in fluidized bed
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Chaper.5

Evaluation of Dye removal study using
carbonaceous and polymeric material grafted

composites
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5.1. Introduction

Gramineae Saccharum officinarum L., popularly known as Sugarcane are dely cultivated
crop in tropical and subtropical country (like India, Sri Lanka, Pakistan, Bangladesh).
Sugarcane Bagasse are by-product after crushing the sugar cane stalk which is fibrous in nature
and contains large amount of cellulose, hemicelluloses, lignin, protein, humic substances.
sugarcane, bagasse are capable in adsorption of pollutants due to presence of adsorptive sites
such as hydroxyl groups, carboxylic, carbonyl and amine groups (Davila Jimenez et al., 2005).
The converting the sugarcane bagasse into activated biochar is an efficient altemative for
minimizing the solid-waste handling problems and produce inexpensive, eco-friendly
biosorbent for malachite green (MG) dye removal.

Not all the discrete features of chemically activated biochar, bentonite clay, and sodium-
alginate are favorable for removal of every pollutant, Therefor the indication of combining
them into the beads form to develop an efficient polymeric composite was hypothesized. In
this research work, Sodium alginate was used as a supporting polymer with the NaOH treated
sugarcane bagasse activated biochar (SBAC) as this polymer is biodegradable, inexpensive,
and suitable as rigid encapsulated support material (Scott et al., 1989).

Among all the natural biopolymers, cellulose seem to be the utmost attractive polymer owing
to its biodegradability, high specific surface area, biocompatibility, high thermal stability, non-
toxicity, high water solubility, renewability, abundant availability and they are relatively
inexpensive (Wang et al., 2016). Cellulose nanocrystals derived from agro-waste, in
comparison to conventional cellulose, show an excellent potential in wastewater treatment
because the structures of agro-waste derived fibers constitute of hemicellulose, lignin, sterols,
starch, and proteins (Noor et al., 2017). “Dugh, the utilization of nanocellulose in water
purification process is still inadequate due to their agglomeration tendency because of nano-
scale size and the high specific surface area. To enhance the biosorption efficiency and
overcome the drawbacks, nanocellulose can be custom-made using the binding polymer
material such as PVA (Polyvinyl alcohol) and Alginate.

The present chapter describes the experimental studies carried out to evaluate the performance
of carbonaceous materials-based composite and polymer grafted composites in dye removal.
The investigation was carried out in batch process and fixed bed adsorption column. To this
end, removal efficiency at different experimental conditions were obtained by varying
operational parameters ranges. The synthesized adsorbents were characterized by analysing

Fourier transfer infrared spectroscopy (FTIR), BET, and scanning electronic microscope
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(SEM). The removal efficiencies were studied in a comparative batch study at various
experimental conditions. The optimization of batch process parameters by designing response
surface methodology (RSM) was also established. Continuous removal of dye was also studied
in a fixed bed. Dynamic study data was evaluated using column adsorption kinetic models.
ﬂmmas model and Yoon-nelson model were well fitted with the experimental data for this

process.

5.2. Results and discussions

5.2.1. Characterization

) FTIR
%s technique provides a spectrum containing a large number of absorption bands from which
information can be derived about the structure organic compound. that, many functional
groups were present on the adsorbent surface. m‘;& functional groups are the potential sites
for adsorption. FTIR absorption bands and corresponding possible groups of prepared
adsorbents are tabulated in table 5.1(a, b, ¢ & d).
(a) FTIR of SB, SBC, SBAC

Table 5.1(a): IR absorption bands and corresponding possible groups of SB, SBC and SBAC

Wavenumbers (cm™) Funetional groups
SB SBC SBAC
3332.04 3409.41 3421.79 O-H stretching vibration
2898.75 - - C—H stretching vibration
1798.37 1705.11 ) aromatic carbonyl or carboxyl
C=0 stretching
O-N asymmetric stretching
1603.51 1602.94 1591.52 due to the presence of nitrogen
compounds
1514.39 - - C=C stretching vibration
- 1384.22-1420.22 C-H aliphatic bending
1242.56 - - C-0 stretching vibration
1035.57 - 1046.81 C-H stretching vibration
- 771.58 - SiO; stretching vibration
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Fig. 5.1(b): FTIR spectra of SBC (SB biochar)
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Fig. 5.1(c): FTIR spectra of SBAC (activated SB biochar)

(b) FTIR of Alginate, bentonite and Alginate-bentonite/SBAC

Table 5.1(b): IR absorption bands and corresponding possible groups of Alginate, bentonite

and Alginate-bentonite/SBAC

Wavenumbers (cm™)

Functional groups

Alginate-
Alginate Bentonite '
) bentonite/SBAC
- 3696.95, 3621.73 - Al-OH-Al stretching vibration
3334.95, 3257.44
3429.61 3440.73 O-H stretching vibration
and 3263.72
symmetric and asymmetric
1630.34 1638.30 1599.79, 1417.09
stretching of the COO-
C-0 starching of carboxylic
1024.70 - -
acid
1035.57 1031.82,912.92 1046.81 Si-O stretching
polysaccharide structure of
- - 1004.19
alginate
- 771.58 - S10; stretching vibration
- 527.22 - Al-O-8i stretching vibration
- 468.03 - deformation of Si-O-Si1
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Fig. 5.1(f): FTIR image of Alginate-bentonite/SBAC beads

(¢ ) FTIR of cellulose, PVA and Nanocellulose/PVA

Table 5.1(c): IR absorption bands and corresponding possible groups of cellulose, PVA and
Nanocellulose/PVA

Wavenumbers (cm™)

Functional groups

Nanocellulose PYA Nanocellulose/PYA
3328.63 3431.25 3500-3100 OH stretching vibration
2987.63, 2901 - 293891 C-H stretching vibration
- 1632.18 1645.89 C-0O stretching vibration
- - 1411 CH> vibration
- - 1377.33 CH> deformation vibration
C—0-=Cand C — Obending
1157.83 - 1167-900 vibrations of the B-glycosidic
linkages
- - 1141.95, 1083.54 acetyl linkage
1056.5 1032.73 - C-0-C stretching vibration
893.31 - 835.58 C-0O-C stretching
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Fig. 5.2(c): FTIR spectra of nanocellulose/PV A composite hydrogel
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(d) FTIR of Alginate-Nanocellulose beads
Table 5.1(d): IR absorption bands and corresponding possible groups of Alginate-

Nanocellulose beads

Wavenumbers (cm™) Functional groups
Alginate-Nanocellulose beads
3349.78 O-H group
1602.74 C-0-0 stretching vibration
1006.63 C-O vibration vibration
513.77 Si-O stretching
2107.55 C-H stretching vibration
1427.95 CH2z vibration
1303.19-913.90 C =0 —=Cand C = O bending starching
813.99 C-H stretching
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=10y 36094.04cry-1, 95.17%T
804 1848, 19cm-1, R4.67HT

7

60H 4% 99em- 4, 63.31%T

%T

50

40+ 3349, 78em-1, 45.21%T

1006.63cm-1, 20,58%T 454.565m:
503.00cm-1, 21.33%T

4000 3500 3000 2500 2000 1500 1000 450
cm-1

Fig. 5.3: FTIR spectra of Alginate-Nanocellulose composite beads
(ii) BET analysis results
BET results indicated that with increase in the relative pressure, the adsorbed volume of
nitrogen by SBAC increased which signified the existence of micropores and mesopores on
the surface of prepared adsorbent. ¥¥0m the BET analysis, the surface area of activated biochar

(SBAC) was determined as 51.76 m*/g; the derived value of total pore volume was
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2.324x%10™ %g for pores smaller than 7.8 A (Radius) at a relative pressure of 0.10058 and
micropore volume was 0.0130 cc/g for 44.41% of mesoporosity.

nthesized Alginate-bentonite/SBAC composite beads possess pore size of 7.8 A (radius),
gET surface area of 82.23 m?/g, total pore volume of 0.0253 cm?/g at P/Po = 0.10058 and

micropore volume=0.01286 ¢cm?/g with mesoporosity (%) of 42.17.

(iii) SEM image of prepared composites

(a) SEM image of SB and Activated SB biochar:

The SEM image showed the highly adsorptive features of activated biochar with full of hollow
space and deep cracks (Fig. 5.4(b)) compared to untreated raw SB powder (fig. 5.4(a)). The
surface topography of the prepared chemically activated biochar is a significant point for
adsorption. The micro and mesopores present in activated biochar acts as adsorptive active
binding sites for the adsorption process. The thermal and chemical activation of biochar
increased the numbers of these pores. Activating agent NaOH increases the mesopores in

biochar.
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Fig. 5.4: SEM image of SB (a) and SEM image of Activated SB biochar (b)
(b) SEM image of Alginate-bentonite /SBAC beads:

@anning electron microscopic analysis was conducted to demonstrate the surface topography
of the Alginate-bentonite/SBAC composite bead. The SEM image (Fig. 5.5 (b)) of the prepared
composite confirmed the successful formation, homogeneous dispersion of the component and

porous structure on the composite surface.
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Fig. 5.5: Image of Alginate-bentonite/SBAC beads (a), SEM image of Alginate-bentonite
/SBAC beads (b)

(¢) SEM image of nanocellulose/PVA composite:

SEM image (Fig. 5.7(a)) of the cellulose nanocrystal (Nanocellulose) obtained from sugarcane
bagasse indicated that there was a decrease in the size of fibrillar structure and irregular
breakdown in fibril structure. SEM image (Fig. 5.7(b)) of polymer composite suggested that
the nanocelluloses were dispersed uniformly in the polymeric composites. The rough surface
on the nanocellulose/PVA polymer composite was due to the restriction of the spread of crack
by the existence of better interaction between nanocellulose and PVA. Overall, The SEM image
of nano-cellulose/PVA ensured the successful developmentof thepolymeric composite and
adsorptive porous structure on the composite surface that facilitated to improve adsorption

efficiency.

Fig. 5.6: Image of extracted cellulose (a), and prepared nano-cellulose/PV A hydrogel film
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Fig. 5.7: SEM image, of cellulose nanofiber (a), nanocellulose/PVA composite (b)

(d) SEM image of Alginate-Nanocellulose composite:

SEM image of derived Alginate-Nanocellulose composite has been presented Fig. 5.8(b).
Characterized surface topography of the prepared composite indicate that adsorbent has porous
structure in nature which helps to increase adsorption capability (Abdelrahman & Hegazey,
2019).

Fig. 5.8: Image of Alginate-Nanocellulose beads (a) SEM image of Alginate-Nanocellulose
composite (b)
(iv) TGA analysis
(a) TGA Thermogram of Alginate-Bentonite/SBAC:

TGA thermogram curves of synthesized Alginate-Bentonite/SBAC composite beads are shown
in Fig. 5.9(a). The analysis indicate that dehydration of sample mass started at 350- 400° C. At
a temperature range of 400 - 550 °C major degradation took place in composites. This suggest

that synthesized composite beads has high thermal stability.
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Fig. 5.9(a): TGA Thermogram of alginate-bentonite/SBAC beads
(b) TGA Thermogram of cellulose, PVA and Nanocellulose/PVA composite:

Thermogravimetric analysis (TGA) was analyzed to investigate the characteristic properties of
PVA (Fig. 5.9(b)), extracted cellulose (Fig. 5.9(c)), and synthesized nano-cellulose/PVA
polymer composite (Fig. 5.9(d)). In order to estimate the thermal stability and the
intermolecular interaction between nano-cellulose and PVA in polymers composite, TGA
analysis was conducted by measuring weight loss with time at definite temperature ranges. Fig.
5.9(d) showed that in the initial degradation was started from 80 °C. 2™ stage started from
220°C and from this point nanocellulose/PVA polymeric composites showed a higher
percentage weight loss. Similar results have been noted by Ibrahim et al., (2010) and Ching et
al., (2015). At the third stage of thcﬂ‘

480°C) nanocellulose/PVA were found to be more thermally stable compare to cellulose and

cgradation in the thermograms curve (TGA) (Beyond

PVA. account of the inclusion of nanocellulose, thermal stability of nanocellulose/PVA
composites increased. q'jA curve of composite showed that the final degradation achieved at
480 °C which suggested that the thermal stability of prepared polymer composite was relatively
higher than precursor components (i.e., PVA and cellulose)( Ng et al., 2015).
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Fig. 5.9(c): TGA curve of cellulose
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(c) TGA Thermogram of Alginate-nanocellulose composite:
TGA graph of alginate-nanocellulose composite as shown in Fig. 5.9(e) indicated that initial
decomposition phase started after 150 °C temperature and at 350 °C temperature the final

degradation state reached. This revealed that the high thermal stability of synthesized alginate-

nanocellulose beads.
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Fig. 5.9(e ): TGA graph of Alginate-Nanocellulose composite
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(iv) PZC results

(a) PZC curve of SB and SBAC:
PZC (Point zero charge characterization) of an adsorbent signifies the pH at which density of
electrical charges on the composite surface becomes zero. PZC of SB (Fig. 5.10(a)) and SBAC
(Fig. 5.10(b)) were found to be 6.5 and 7.5, respectively. At higher solution pH (pH=PZC)
adsorbent surface become negative charged whereas, for pH<PZC the adsorbent surface

become positive charged.

’ PZC of SB

5
=
a1
<
0
001 2\3 4 5 7 8 9 1011 12 13
-1
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Fig. 5.10 (a): PZC graph of SB

4 1 |PZC of SBAC
2
0
0 1 2 5 6 8 9 10 11 12 13 14
-2

InitialpH

ApH

Fig. 5.10 (b): PZC graph of SBAC (activated biochar)
(b) PZC curve of Alginate-bentonite/SBAC beads:

The ApH vs. pHintial curve for Alginate-Bentonite/SBAC 1s shown in Fig. 5.10(c). PZC of
Alginate-bentonite/SBAC composite is 6.37.
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Fig. 5.10 (¢ ): PZC curve of Alginate-bentonite/SBAC beads
(¢ ) PZC curve of nanocellulose/PVA:
PZC garacterizatinn of prepared nanocellulose/PVA polymeric composite was determined to
evaluate the nature of the charges present on the surface of the nanocellulose/PVA polymeric
composite. From the Fig. 5.10(d), it was observed that the PZC value of nanocellulose/PVA

was at pH 6.8.
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Fig. 5.10 (d): PZC curve of the nano-cellulose/PVA composite
(d) PZC curve of Alginate-nanocellulose beads:

Itis noted from Fig. 5.10(e) that the point zero charge value of Alginate-nanocellulose
composite beads was attained at pH 6.5.
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Fig. 5.10(e): PZC curve of Alginate-nanocellulose beads
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5.2.2. Batch study results for MG dye adsorption onto prepared biosorbents

5.2.2.1. Comparative batch study using prepared biosorbents

Removal efficiency of prepared biosorbents at various experimental conditions are presented
graphically in %gy 5.11, Fig. 5.12, Fig.5.13, Fig.5.14 and Fig. 5.15. The effectiveness of
prepared composite for MG dye removal was evaluated by comparing the results with
individual components/ base materials of the composite under various operational conditions.
The equilibrium concentration of dye in the solution are illustrated in Fig. 5.16-5.22. It is seen
that under all experimental conditions Alginate-Nanocellulose composite beads showed better
result for dye removal as compared to the base material of the composite and other composites.
Fluoride removal efficiency and adsorption capacity of Alginate-Nanocellulose composite
found to be higher than the other biosorbents (raw SB, SBAC, Alginate-bentonite/SBAC and
Nanocellulose/PV A) under all experimental conditions.

Influence of pH

The influence of pH level on dye removal efficiency was observed using prepared adsorbents
by contacting adsorbent dosage of 1g/LL with 100 mol of dye solution of initial concentration
of 20 mg/L at a specified solution pH and 30°C temperature for 24 hr. With SBAC, the removal
efficiency was least at pH=2.0 (82.184%) and maximum at pH=8 (95.656_%) (Fig. 5.11(a)).
The residual concentration of MG decreased from 3.563 to 0.8688 mg/L% increasing pH
from 2 to 8.0. The adsorption efficiency of Alginate-bentonite/SBAC increased with pH. Under
acidic condition (pH<7) MG removal efficiency of this composite beads was 86.85%.
Adsorption efficiency increased to =99% at pH=8 (Fig. 5.11(b)). The corresponding
concentration of dye in the solution at pH 2.0 and 8.0 was 2.63 mg/L and 0.12 mg/L
respectively. At pH 2, dye adsorption efficiency of Nanocellulose/PVA was 87.35% and at
higher pH (pH=R8) dye removal efficiency improved to 99.07% (Fig. 5.11(c)). At basic media
(pH 8), MG dye adsorption efficiency onto Alginate-nanocellulose composite obtained was
99.45 %, whereas at acidic condition (pH=2) this value reduced to 88.54% (Fig. 5.11(d)).
AtpH=7, MG dye adsorption efficiency onto Alginate-nanocellulose composite, Cellulose, and
Alginate were obtained as 99.13 %, 91.4%, and 57.95 %, respectively. Results suggested that
Alginate-nanocellulose composite beads gave better performance than individual components
of the composite.

At acidic conditions, due to the presence of a large amount of H" ions protonation increases
which restricted the adsorption gpusitivcly charged dye molecule to the adsorbent surface

resulting in a decrease in adsorption ability of adsorbent (Chowdhury and Saha, 2010).When
63




pH of dye solution was lower than the value of pHpge, decreasing trend of the biosorption
efficiency for cationic MG dye removal was noticed as the adsorbent surface become
electropositive at pH< pHpz., while at higher pH (pH > pHpyc) adsorbent surface become

predominantly negative charged that lead to increase in the cationic dye adsorption efficiency.

|Dose-1g/1, Temp-30 o€, Time-30min, Conc. -20 mg/L | Walginate conc.20mg/1, Temp.-200, Time-2hr,

98 105 - ¥ bentonite dose-1g/L
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= alginate-benton

= activated biochar
88 WSBC

% Removal
&
o Removal

110
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1 n Alginate-nanocellulose beads

i Removal
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Fig.5.11: Effects of solution pH on MG dye removal efficiency of activated biochar (a),
Alginate-bentonite/SBAC beads (b), Nanocellulose/PVA composite (c) and Alginate-
nanocellulose beads (d)

Influence of contact time

MG dye adsorption experiment was carrie: at different time interval by contacting 1g/L of
adsorbent dose to the adsorbate solution wal dye concentration of 20 mg/L) at pH 6 in a
BOD sh t 30°C under shaking speed of 140 rpm. Samples were taken out at specified time
intewalmt of the adsorption of dye took place within the first 45 min (Fig. 5.12) for all
adsorbents. With increasing the contact time, dye removal efficiency of SB was increased from
58.47% to 83.05% and in case of SBAC that increased from 74.21 to 93.45% (Fig. 5.12(a).
similarly, using Alginate-bentonite/SBAC composite beads as adsorbent, the dye removal
efficiency increased from 78.41% to 97.75% MG dye removal efficiency of
nanocellulose/PVA was found to be increased from 86.43% to 99.07% (Fig. 5.12(c)). The

u Alginate Dose-1g/L, Temp-30 o€, Time-80min, Conc. -20 mg/L|




decolorization efficiency Alginate-nanocellulose increased from 87.62% to 99.47 % (Fig.
5.13(d)).

| Dose-1g/L, pH-7, Temp-30 o€, Conc, -20mg/L | " alginate conc.-20mg/L, pH-7, Temp.-30 o€, dose-1g/L|
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Fig. 5.12: Effects of contact time on MG dye removal efficiency of activated biochar (a),
Alginate-bentonite/SBAC beads (b), Nanocellulose/PVA composite (c) and Alginate-
nanocellulose beads (d)

Influence of adsorbent dosage

The adsorbent dosage is another significant parameter for the MG dye adsorption process. To
investigate the adsorption response behaviour at different adsorbent doses (0.5g/L-2g/L), batch
experiment was performed in a BOD shaker for 24 hr while the other parameters were constant
(such as temperature=30°C, initial concentration =20 mg/L, pH=6). It was noticed that as the
amount of synthesized adsorbent mass increased from 0.5g/L to 2g/L, % removal of MG dye
on SBAC increased from 87.32 to 93.87% (Fig. 5.13(a)). On increasing mass of Alginate-
bentonite/SBAC composite beads from 0.25g/ 1g/L, the removal percentage of MG dye
increased from 88.05 to 98.01% (Fig. 5.13(b)). With increasing adsorbent dose from 0.25 g/L
to 1 g/L, dye adsorption efficiency of nanocellulose/PV A composite increased from 93.16% to
99.07% (Fig. 5.13(c)) and equilibrium concentration in residual solution decreased from 1.368
to 0.186 mg/L. With increasing dosage of Alginate-nanoc ellulose% 0.25 g/l to 1 g/L, dye
adsorption efficiency increased from 93.16% to 99.07% (Fig. 5.13(d)) and equilibrium
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concentration decreased from 1.368 to 0.186 mg/L. This is because initially, when we increase
the amount of adsorbent, for the same solution concentration, the number of active sites
available per unit molecule of adsorbate increases, resulting in a higher rate of adsorption
(Jaman et al., 2009; Hameed, 2009).
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Fig. 5.13: Effects of Adsorbent dosage on MG dye removal efficiency of activated biochar
(a), Alginate-bentonite/SBAC beads (b), Nanocellulose/PVA composite (c) and Alginate-
nanocellulose beads (d)

Influence of adsorbate concentration

This set of experiments were carried out by contacting adsorbent dosage of 1g/L with adsorbate
solution at pH 7 in a BOD shaker for 24 hr at 30 °C. When initial MG concentration increased
from S5mg/L to 20mg/L, MG dye uptake efficiency of SBAC reduced from 94.2% to 93.45%
(Fig. 14(a)). Fig. 14(b) suggest that Alginate-bentonite/SBAC beads show higher MG dye
uptake efficiency (97.6829% at 20 mg/L of initigl concentration in MG dye solution) compared
to Alginate, bentonite and SBAC. Similarly, % increase in initial MG concentration in
solution from 15 mg/L to 50 mg/L removal efficiency of nanocellulose/PVA composite
decreased from 99.45% to 94.87% ((Fig. 5.14(c)) and equilibrium dye concentration in solution

increased from 0.084 mg/L to 2.565 mg/L. Fig. 5.14(d) showed that with varying concentration
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from 15 to 50 g/L, percentage of MG dye adsorption reduced from 99.78 % to 90.081 % using
Alginate-nanocellulose composite as adsorbent. With increasing dye concentration,
competition for active adsorptive sites increased which reduces the removal efficiency due to
the unchanged number of active adsorptive sites. With an increase in initial concentration
(keeping all other parameters constant), the number of competing molecules for each vacant
site is more. Hence the adsorption rate is lower.

Results suggested that under all experimental conditions Alginate-Nanocellulose composite

beads showed better result for MG dye removal as compared to other prepared composites.
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Fig. 5.14: Effect of initial adsorbate concentration on MG dye removal efficiency of activated
biochar (a), Alginate-bentonite/SBAC beads (b), Nanocellulose/PVA composite (¢) and
Alginate-nanocellulose beads (d)

Influence of temperature

In these batch experiments, the temperature was varied from 30 to 45°C while other parameters
kept constant Qial concentration of 20 mg/L, pH 6 and adsorbent dose of 1g/L, agitation
speed of 140 RPM). Results (fig. 5.15(a) after 24 hr contact between adsorbent and adsorbate
solution suggested that while system temperature increased from 30 °C to 45° dye uptake
efficiency of SBAC decreased from 93.45% to 90.13% and the equilibrium concentration of
MG in the solution increased from 1.316 to 2.16 mg/L. Fig. 5.15(b) indicates that in case of
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Alginate-bentonite/SBAC composite beads, dye uptake efficiency decreased (98.01% to 85%)
on increasing system temperature from 30 °C to 45°C. For the same range in variation of
temperature MG dye uptake efficiency of nanocellulose/PVA composite decreased from
99.07% to 90.69% (Fig. 5.15(c)) and the equilibrium concentration in the dye solution
increased from 0.186 to 1.862 mg/L. Fig. 5.15(d) illustrated that as the temperature of system
increased (30 °C to 45 °C), % removal of MG dye decreased (from 99.23% to 93.01% and
92.87 % to 85.4 % for Alginate-nanocellulose composite and cellulose, respectively). %is well
known that the mobility of MG dye molecules is enhanced on increasing the system
temperature. While the active sites on the adsorbent surface is reduces. High temperature
(>40°C) facilitates the desorption process which reduces the adsorption efficiency and demote
the interaction between the adsorbate and the binding sites at the bio-adsorbent surface
(Chowdhury and Saha, 2010).
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Fig. 5.15: Effect of initial adsorbate concentration on MG dye removal efficiency of activated
biochar (a), Alginate-bentonite/SBAC beads (b), Nanocellulose/PVA composite (c) and
Alginate-nanocellulose beads (d)
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Fig. 5.17: Equilibrium concentration and MG dye adsorption capacity of SBC at different

experimental conditions
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Fig. 5.18: Equilibrium concentration and MG dye adsorption capacity of SBAC at different

experimental conditions
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Fig. 5.19: Equilibrium concentration and MG dye adsorption capacity of Alginate-

bentonite/SBAC at different experimental conditions
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Fig. 5.21: Equilibrium concentration and MG dye adsorption capacity of Nano-cellulose/PVA

hydrogel film at different experimental conditions
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Fig. 5.22: Equilibrium concentration and MG dye adsorption capacity of cellulose at different
experimental conditions

5.2.2.2. Results of Adsorption Isotherm Study

The fitting of equilibrium data to the adsorption isotherm models (Langmuir, Freundlich, and
Temkin model) and corresponding graphs are presented in Fig. 5.24 to Fig. 5.27. estimated
values of Langmuir isotherm, Freundlich isotherm and Temkin model constants are presented
in e 5.2, Table 5.3 and Table 5.4, respectively. Initial adsorbate concentration ranges from
5 @5 mg/L, while other parameters were kept constant (pH=7, adsorbent mass=1g/L,
Temperature=30 °C). The result suggests that in general ﬁ Freundlich isotherm model
(R%>0.99) provided the best fit to the equilibrium adsorption data for all the adsorbents
compared to the Langmuir isotherm (R?>0.98) or Temkin model (>0.96). This signifies to the

heterogeneous distribution of binding pores on the sorbent surface (Soleimani and Kaghazchi,

2007).
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Fig. 5.26: Graphical presentation of Isotherm models for batch adsorption of MG dye onto
Nanocellulose/PVA composite film, cellulose and PVA
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Fig. 5.27: Graphical presentation of Isotherm model for MG dye removal study using

Alginate-nanocellulose beads

Table 5.2(a): Langmuir isotherm Parameters for MG dye removal on SB, SBC, and SBAC

Table 5.2(b): Langmuir isotherm parameters for MG dye adsorption onto Alginate, bentonite,

Adsorbent k(L/g) qm(mg/g) Re R?
SB 0.032 169.49 0.609 0.997
SBC 0.0617 172.414 0.448 0.987
SBAC 0.0853 185,185 0.369 0.9806

SBAC and Alginate-bentonite/SBAC

Adsorbent K, (L/gram) gm(mg/gram) RL R?
Alginate 0.0773 24.213 0.393 0.958
Bentonite 0.1167 28.571 0.300 0.982

SBAC 0.0853 185.185 0.369 0.981
Alginate-bentonite/SBAC 0.2394 196.078 0.173 0.992

Table 5.2(c): Langmuir isotherm parameters for MG dye adsorption onto nano-cellulose/PV A,

Cellulose and PVA

Adsorbent Ki(L/gram) (m(mg/gram) Ru R?
PVA 0.064 62.5 0.438 0.989
Cellulose 0.107 188.68 0.318 0.989
nano-cellulose/PVA 0.573 212.76 0.080 0.992

Table 5.2(d): Langmuir Isotherm models parameters for batch adsorption of MG dye onto
Alginate-nanocellulose beads




Adsorbent Ki(L/gram) m(mg/gram) Ru R?
Alginate 0.0773 24.213 0.393 0.958
Cellulose 0.107 188.68 0.318 0.989
Alginate-nanocellulose beads 0.653 263.158 0.071 0.997

Table 5.3(a): Freundlich isotherm Parameters for MG dye removal on SB, SBC, and SBAC

Adsorbent Ki(L/mg) n R?
SB 5.27 1.055 0.999
SBC 10,111 1.0613 0.999
SBAC 14.514 1.057 0.999

Table 5.3(b): Freundlich isotherm parameters for MG dye adsorption onto Alginate, bentonite,

Alginate-bentonite/SBAC

Adsorbent K#(L/mg) n R?
Alginate 0.505 1.366 0.979
Bentonite 3.231 1.412 0.9818

Alginate-bentonite/SBAC 40.169 1.067 0.994

Table 5.3(¢): Freundlich isotherm parameters for MG dye adsorption onto nano-

cellulose/PVA, Cellulose and PVA

Adsorbent Kr(L/mg) n R?
PVA 5.336 1.558 0.999
Cellulose 18.222 1.186 0.999
nano-cellulose/PVA 86.218 1.168 0.999

Table 5.3(d): Freundlich isotherm parameters for batch adsorption of MG dye onto Alginate-

nanocellulose beads

Adsorbent K#(L/mg) n R?
Alginate 0.505 1.366 0.979
Cellulose 18.22 1.186 0.999
Alginate-nanocellulose beads 98.99 1.129 0.999

Table 5.4 (a): Temkin model Parameters for MG dye removal on SB, SBC, and SBAC

Adsorbent Conc(mg/L) Kr Br R?
SB 20 1.925 8.353 0.966
SBC 20 3.534 9.029 0.963
SBAC 20 4.999 9.334 0.964
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Table 5.4(b): Temkin model parameters for MG dye adsorption onto Alginate, bentonite,
Alginate-bentonite/SBAC

Adsorbent Conc(mg/L) Kr Br R?
Alginate 20 0.914 4,773 0.988
Bentonite 20 1.347 5.74 0.990

Alginate-bentonite/SBAC 20 12.729 11.117 0.952

Table 5.4(¢): Temkin model parameters for MG dye adsorption onto nano-cellulose/PVA,
Cellulose and PVA

Adsorbent Conc(mg/L) Kt Br R?
PVA 20 0.638 13.464 0.984
Cellulose 2209 23815 0.979
nano-cellulose/PVA 0.979 25.401 0.979

Table 5.4(d): Temkin model parameters for batch adsorption of MG dye onto Alginate-
nanocellulose beads

Adsorbent Kt Br R?
Alginate 0.914 4.773 0.988
Cellulose 2.209 23815 0.979
Alginate-nanocellulose beads 13.633 26.208 0.979

5.2.2.3. Results of Adsorption Kinetic Study
Fig. 5.28 to 5.31 shows the fitting of the kinetic model to the experimental data. The kinetic
model parameters obtained @ﬁuing the pseudu—f@—urder, pseudo-second-order, and Intra-
particle diffusion model to the experimental data are presented in Table 5.5, Table 5.6 and
Table 5.7 respectively. Results show that the calculated g. and that obtained for pseudo second
order model are nearly same. This"#;:ate that the adsorption kinetics of MG removal onto
prepared adsorbents could be comparatively better explained by the Pseudo-second-order
model (Chowdhury et al., 2011). This also signifiy that the dye removal was controlled by
chemisorption by adsorbate-biosorbent interaction. Moreover, it can be said that the
biosorption process was subjected to the adsorbate mass and availability of adsorptive binding

sites on the adsorbent surface.
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Fig. 5.30: Graphical presentation of kinetic model for batch adsorption of MG dye onto

Nanocellulose/PVA composite film, cellulose and PVA
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Fig. 5.31: Graphical presentation of Kinetic model for MG dye removal study using Alginate-

nanocellulose beads

Table 5.5(a): Pseudo first order sorption kinetic data of MG dye adsorption on SB, SBC, and

SBAC

Adsorbent qe(exp) | ki(1/min) qe(cal) R?
SB 16.609 0.086 26.109 0.952
SBC 18.690 0.0541 9.926 0.972
SBAC 18.690 0.0541 9926 0.972
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Table 5.5(b): Pseudo-First-Order model parameters for MG dye adsomption onto Alginate,

bentonite, Alginate-bentonite/SBAC

Adsorbent qe(exp) ki(1/min) qe(cal) R?
Alginate 11.377 0.067 18.90 0.791
Bentonite 13.983 0.069 23415 0.81

Alginate-bentonite/SBAC 19.433 0.087 33.327 0.980

Table 5.5(c): Pseudo-First-Order model

cellulose/PVA, Cellulose and PVA

parameters for

MG dye adsorption onto nano-

Adsorbent q.(exp.) Ki(min') q.(cal.) R?
PVA 15.445 0.091 18.50 0.935
Cellulose 18,957 0.075 9.268 0.998
nano-cellulose/PVA 19.859 0.073 9.189 0.985

Table 5.5(d): Parameters of seudo-First-Order model for dye adsorption using Alginate-
nanocellulose beads, Cellulose and Alginate

Adsorbent qe(exp.) Ki(min™) qe(cal.) R?
Alginate 11.377 0.067 18.90 0.791
Cellulose 18.957 0.075 9.268 0.998
Alginate-nanocellulose beads 19.895 0.073 7.223 0.987

Table 5.6(a): Pscudo-Second-Order sorption kinetic data of MG dye on Sb, SBC and SBAC

Adsorbent ge(exp) | Kx(1/min) g.(cal) R?
SB 16.609 0.0073 17.825 0.998
SBC 18.129 0.0148 18.587 0.999
SBAC 18.690 0.0124 19.231 0.999

@ble 5.6(b): Pseudo-Second-Order model parameters for MG dye adsorption onto Alginate,
bentonite, Alginate-bentonite/SBAC

Adsorbent qe(exp.) Kz(min™) qe(cal.) R
Alginate 11.377 0.0115 11.962 0.998
Bentonite 13.983 0.0101 14.684 0.998
sodium alginate/SBAC beads 19.433 0.0078 20.618 0.998
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@ble 5.6(c): Pseudo-Second-Order model parameters for MG
cellulose/PVA, Cellulose and PVA

dye adsorption onto nano-

Adsorbent qe(exp.) Kz(min™) qe(cal.) R?
PVA 15.445 0.021 15.898 0.998
Cellulose 18.957 0.023 19.380 0.999
nano-cellulose/PVA 19.859 0.022 20.284 0.999

Table 5.6(d): Parameters of Pseudo-Second-Order model for dye adsorption using Alginate-
nanocellulose beads, Cellulose and Alginate

Adsorbent qe(exp.) Kz(min) qe(cal) R?
Alginate 11.377 0.0115 11.962 0.998
Cellulose 18.957 0.023 19.380 0.999
Alginate-nanocellulose beads 19.895 0.002 20.284 0.999

Table 5.7(a): Intra-particle diffusion kinetic model data of MG dye on Sb, SBC and SBAC

Adsorbent Cone(mg/L) Kint (min®s) C R?
SB 20 0.709 9.709 0.754
SBC 20 0.3603 14.171 0.678
SBAC 20 0.395 14.296 0.729

Alginate, bentonite, Alginate-bentonite/SBAC

Table 5.7(b): Intra-particle diffusion kinetic model parameters for MG dye adsorption onto

Conc.
Adsorbent Kint (min"5) C R?
(mg/L)
Alginate 20 0.342 7.733 0.974
Bentonite 20 0.407 9.69 0.982
Alginate-bentonite/SBAC 20 0.700 12.711 0.805

Table 5.7(¢): Intra-particle diffusion kinetic model parameters for MG dye adsorption onto
nano-cellulose/PV A, Cellulose and PVA

Adsorbent Conc(mg/L) | Kint (min"5) C R?
PVA 20 0.333 12.298 0.736
Cellulose 20 03316 15.83 0.734
nano-cellulose/PVA 20 0.332 16.711 0.737
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Table 5.7(d): Parameters of Intra-particle diffusion kinetic model for dye adsomption using

Alginate-nanocellulose beads, Cellulose and Alginate

Adsorbent Conc(mg/L) Kint (min"%) C Conc(mg/L)
Alginate 20 0.342 7.733 0.974
Cellulose 20 0.3316 15.83 0.734
Alginate-nanocellulose beads 20 0.3082 16.99 0.711

5.2.2.4. Thermodynamic study

K. was calculated using the eqn. 2.14. Fig. 5.32 to Fig. 7.35 depicts the K. vs. 1/T data of
various biosorbents. The calculated values of Thermodynamic parameters from the above
figure are listed in Table 5.8. The recorded value of AG was negative which suggested that the
reactions were spontaneous (Saha et al., 2012). The negative value of enthalpy change obtained
from the thermodynamic study indicated that the reactions involved in MG dye adsorption was
exothermic. The positive value of entropy changes (AS) signified to the randomness of MG
dye molecules on the surface of composite beads (Chowdhury and Saha, 2010).

Thermodynamic parameters for dye removal
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Fig. 5.32: Graphical presentation of thermodynamics study for batch adsorption of MG dye
onto SB, SBC and SBAC
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Thermodynamic parameters for dye removal
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Fig.5.33: Graphical presentation of thermodynamic study for batch adsorption of MG dye

onto Alginate-bentonite/SBAC beads, Bentonite and Alginate
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Fig. 5.34: Graphical presentation of thermodynamic study for batch adsorption of MG dye
onto nano-cellulose/PVA, Cellulose and PVA

ETI'ua.rrl'n:u:l\q-l'mmic parameters for dye removal onto

4.72 Alginate-nanocellulose beads
az | .
68 y= 852.28x+ 1.8918] o .-
o R* = 0.9801 -
T a4
4.62
4.6 o .
4.58 -
4.56
0.0031 0.00315  0.0032  0.00325 0.0033  0.00335
/T

Fig. 5.35: Thermodynamic parameters for MG dye removal study using Alginate-
nanocellulose beads

Table 5.8(a): Thcn’gdynamic parameters of MG dye adsorption onto SB, SBC, and SBAC
(4

Adsorbent mperature(K) AG(J/mol) AH(J/mol) AS(J/mol k)
SB 103 -3826.727
308 -3834.643 -2656.98 3.800
3113 -3850.127
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118 -3861.188
SBC 303 -6103.732
208 6167.020 -4863.19 4.153
113 -6169.044
318 -6170.946
SBAC 303 -6H683 462
208 6748279 -5864.779 2.7769
313 -6739.300
118 -6731.077

Table 5.8(b): Calculate value of thermodynamic parameters MG dye adsorption onto Alginate,
bentonite, Alginate-bentonite/SBAC

g&orbenl Temperature(K) AG(J/mol) AH(kJ/mol) 55(‘;’;"“"
Alginate 303 -698.721
308 -693.552
313 -702.691 -523.865 0.568
318 -705.303
Bentonite 303 -1431.947
308 -1445.598
313 -1456.687
38 466,256 -740.453 2.285
SBAC 303 -6683.462
308 -6748.279
313 6739300 -5864.779 2.7769
318 -6731.077
Alginate-bentonite/SBAC 303 -8800.423
308 -8789.226
313 -8806.061 -7250.805 5.0507
318 -8880.835

Table 5.8(¢): Calculate value of thermodynamic parameters MG dye adsorption onto nano-

cellulose/PVA, Cellulose and PVA

@nrbent Temperature(K) AG(kJ/mol) AH(J/mol) AS(J/mol k)

PVA 303 -3.030
308 -3.018 -2820.026 0.664

313 -3.009

318 -3.045

Cellulose 303 -7.174
308 -7.263 -5752.37 4.7622

313 -7.222

318 -7.266

Nanocellulose/PVA 303 -11.550
308 -11.592 -9755.65 5.974

313 -11.683

318 -11.617
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Table 5.8(d): Derived values of thermodynamic functions of MG dye biosorption onto
Alginate-nanocellulose beads

Adsorbent am perature(K) AG(J/mol) AH(J/mol) AS(J/mol k)
Alginate 303 -698.721
308 -693.552 -523.865 0.568
313 -702.691
318 -705.303
Cellulose 303 -7173.777
308 -7262.645 -5752.37 4.7622
313 -7221.811
318 -7265.759
Alginate- 303 -11843.720
nanocellulose beads 308 -11954.421 -7094.17 15.728
313 -11984.214
318 -12095.927

5.2.2.5. RSM study results for MG dye removal onto prepared biosorbents

The ranges and levels of process variables (for Malachite green) examined in this research
were, weight of bio-adsorbent, pH, and contact time given in Table 5.9. Consistent with this
design, a total of 20 experiments were carried out for MG dye removal using prepared

biosorbents (Table 5.10).

Table 5.9: Experimental range and levels of independent variables for MG dye removal

process using raw SB and SBAC

Independent Range and levels (coded)

variables Units -1 0 +1 -alpha +alpha
pH 4 6 8 2.63641 9.36359
Dose g/lL 0.5 1.375 1.5 0.159104 | 1.8409
Time min 40 80 120 12.7283 147.272

(a) RSM study using SB, SBAC

erimental design and statistical analysis:
%)cmpirical relationship between the response and the independent variables has been
expressed by the following quadratic models. Final Equation in Terms of Actual Factors:
MG Dye Removal efficiency of raw SB:
R1=+31.54169 +10.27227 xpH+12.55305x dose+0.082256x time-0.41000 x pH x dose-
3.87500E-003x pH x time-6.15000E-003x dose x time-0.58697 x pH?-3.17746x dose’-
2.27777E-004x time?................... (5.1)
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MG Dye Removal efficiency of activated biochar (§BAC):
R1=+40.33516+10.41171% pH+14.17132 x Dose +0.096449 x Time-0.45250 x pH %

Dose-3.15625E-003 x pH *Time-9.87500E-003 xDose x Time-0.61306 x pH2-3.?3498 X

D0se-3. 1489 1 E-004X Time2 -« verreeeerrernereen (5.2)

Results obtained from quadratic model implied that RSM model analysis ywas highly significant
as model F-value was 125.60 h Values of "Prob > F" less than 0.0500 go.m% chance that a
"Model F-Value" this large could occur due to noise), the R value was high (0.9745), Adj R-
Squared value for both adsorbents were obtained as 0.9516 (SBAC) and 0.9833 (SB). The
value of Pred R-Squared for both adsorbents were 0.8074 (SBAC) and 0.9335 (SB) with a low

value of CV (0.81).

Predicted vs. Actual
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Fig. 5.36. Aalal vs. predicted values of MG dye removal using raw SB (a), 2D contour plots
on combine etfect of time and adsorbent dose (a), combine effect of contact time and pH (b),

and combine effect of pH and adsorbent dose on MG removal efficiency(c).
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Predicted vs. Actual
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Fig. 5.37_Actual vs. predicted values of MG dye removal on SBAC(a), 2D contour plots on
combineeﬁfect of time and adsorbent dose (a), combine effect of contact time and pH (b), and
combine effect of pH and adsorbent dose on MG removal efficiency(c).
From Fig. 5.36(a) and 5.37(a), it was observed that experimental removal efficiency was close
to the predicted values for selected MG dye removal experiment.
from RSM model the optimized conditions for MG dye removal study using raw SB was
observed as pH: 6.81, dose: 1.06 g/L and contact time: 114.93 min. The removal efficiency at
this experimental parameter removal efficiency at was found as 83.71%. The removal
efficiency at optimized conditions for MG dye removal study using SBAC (pH: 7.08, dose:
1.08 g/L and contact time: 77.95 min) was found as 93.833%.
The combined effect of time and dosage (when pH was constant) is shown in Fig. 5.36(b) and
5.37(b). The removal efficiency improved with agitation E& and adsorbent masses. The
optimum conditions were found to be 1.08 g/L and 77.95 min for adsorbent dose and contact
time, respectively. The removal efficiency was 93.833% at this optimum condition in case of
SBA ¢ optimized conditions for MG dye removal study using raw SB was pH: 6.81, dose:
1.06 and contact time: 114.93 min and at this condition removal efficiency was found as
83.71%.
Combine effect n independent process variables contact time and solution pH on removal

efficiency of MG dye using raw SB and SBAC had described in terms of 2D contour plot in
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Fig. 5.36(c) and 5.37(c). The maximum adsorption efficiency obtained was 93.833% at pH
value of 7.08 after 77.95 min contact time in case of SBAC.

The Surface plot (Fig. 5.36(d) and 5.37(d)) showed that the removal efficiency of MG onto SB
and SBAC was increased with pH. The optimized conditions for MG dye removal study using
raw SB were observed as pH=6.81, dose=1.06 g/L. and contact time=114.93 min. The removal
efficiency obtained at this condition was 83.71%. The maximum adsorption of 93.833% was
achieved at the optimum conditions for the adsorbent dose 1.08 g/l and pH 7.08 in case of
SBAC.

(b)  RSM study using Alginate-bentonite/SBAC beads

Final Equation in Terms of Actual Factors:

% Removal for MG dye adsoption onto Alginate-bentonite/SBAC beads:
R1=+46.22169+10.27227xpH+12.55305X dose+0.082256 xtime-0.41000 xpHxdose-
3.87500E-003xpH xtime-6.15000E-003 Xdose Xtime-0.58697xpH>-3.17746 % dose’-
2.27777E-004xtime” .. ............oc... (5.3)

Results obtained from dratic m implied that RSM model analysis was highly significant
as model F-value was 121.96 with Values of "Prob > F" less than 0.0001, the R? value was
high (0.9783), Adj R-Squared value was obtained as .9833 and the value of Pred R-Squared
was 0.9335 with a low value of CV (0.69).

Predicted vs. Actual
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Fig. 5.38. Actual vs. predicted values of MG dye removal on Alginate-bentnnitefsai beads
(a), 2D contour plots on combine effect of pH and adsorbent dose (a), combine tof
contact time and pH (b), and combine effect of time and adsorbent dose on MG removal

efficiency(c).
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The 2D contour plot (Fig. 5.38(b)) showed that the_removal efficiency of MG on prepared
composite beads was increased with increasing pH. The maximum adsorption of 98.06% was
achieved at a pH of 6.98. The optimum conditions were found to be 0.99 g/L, pH 6.98 fm"@
adsorbent ﬁe and pH of the solution respectively. The combined effect of time and dosage
was shown in fig. 5.38(c). The removal efficiency was improved with rising agitation time and
adsorbent masses comparatively. The optimum conditions were found to be 0.99 g/L, 66.14
min for adsorbent dose and contact time respectively with 98.06% removal efficiency.
Combine effect of independent process variables contact time and pH of the system on
elimination efficiency of MG dye using Alginate-bentonite/SBAC composite beads had
described in terms of 2D contour plot in fig. 5.38(d). From the 2D contour plot, maximum
adsorption efficiency was obtained as 98.06% at a pH value of 6.98 after 66.14 min contact
time.
(c ) RSM study using cellulose and NanoCellulose/PVA composite
A quadratic model corresponding to the empirical relationship between the response and the
independent parameters has been stated as follows:
Final Equation in Terms of Actual Factors:
MG dye Removal efficiency of cellulose:
R1=+43.30536+10.39270xpH+13.12933 x Dose+0.067049 x Time-0.55250x pH xDose-
2.53125E-003 x pH xTime+9.75000E-004x Dose * Time-0.59122x pH?-3.24548x Dose’-
2.38406E-004 x Time*................... (5.4)
MG dye Removal efficiency of nanocellulose/PVA:
R1 = +47.09169+10.27227x pH+12.55305x Dose+0.082256x Time-0.41000x pH xDose-
3.87500E-003x pH x Time-6.15000E-003 x Dose x Time-0.58697xpH?>-3.17746x Dose’-
7777E-004 x Time?..................... (5.5)
@e Model F-value of 125.60 implies the model is_significant and the R? value was high
(0.9912 for composite and 0.9904 for cellulose). ﬁe "Pred R-Squared" of 0.9272 is in
reasonable agreement with the "Adj R-Squared" of 0.9817 for cellulose with CV of 0.75.
Whereas, in case of nanocellulose/PVA hydrogel composite, value of the "Pred R-Squared"

was 0.9335 and "Adj R-Squared" was 0.9833 with a low value of CV (0.68).
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Fig. 5.39. Actual vs. predicted values of MG dye removal onto Cellulose (a), 2D contour
plots on comb'gd effect of pH and adsorbent dose (a), combined effect of contact time and

pH (b), and combined effect of time and adsorbent dose on MG removal efficiency(c).
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Fig. 5.40. Actual vs. predicted values of MG dye removal onto NanoC

lose/PVA (a), 2D
contour plots on combine effect of pH and adsorbent dose (a), combine t of contact time

and pH (b), and combine effect of time and adsorbent dose on MG removal efficiency(c).




The 2D contour plot (Fig. 5.39 (b) and Fig. 5.40(b)) showed that the optimized conditions for

MG dye removal study using cellulose were observed as pH: 6.75, dose: 0.96 9 and contact
time: 49.89 min and at this condition removal efficiency was found as 94.502%. The maximum
adsorption of 98.97 % was achieved at the optimum conditions for the adsorbent dose 1 g/L
and pH 6.71 in case of nanocellulose/PVA.

The combined effect of time and dosage was shown in 2D contour plot (Fig. 5.39 (¢) and Fig.
5.40(c)). In case of nanocellulose/PVA, the optimum conditions were found to be 1g/L, 118.54
min for adsorbent dose and contact time, respectively and at this condition removal efficiency
was found as 98.97 %. the optimized copnditions for MG dye removal study using cellulose
were observed as pH: 6.75, dose: 096.@ and contact time: 49.89 min and at this condition
removal efficiency was found as 94.502 %. Combined effect of independent process variables;
contact time and pH of the system on elimination efficiency of MG dye using extracted
cellulose and nanocellulose/PVA had described in terms of 2D contour plot in Fig. 5.39 (d)
and Fig. 5.40(d).

(d) RSM study using Alginate-nanocellulose composite beads

Final Equation in Terms of Actual Factors:

MG Dye Removal efficiency of Alginate-nanocellulose beads:

R1 =+45.68320+11.02308xpH+16.33040x%Dose+0.078104%Time-0.86525% pH xDose-
2.78437E-003x pH x Time-0.016012% Dose x Time-0.63694x pH2-3.48765 x Dose2-
2.00010E-004 xTime2......c.ocvvierenaiiniannnnn, (5.6)

Results obtained from quadratic model implied that RSM model analysis for Alginate-
nanocellulose beads was highly significant as model F-value was 121.96 with Values of "Prob
= F" less than 0.001, the R2 value was high (0.9910), Adj R-Squared value was obtained as
0.9828 and the value of Pred R-Squared was 0.9307 with a low value of CV (0.65).
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Predicted vs. Actual R1
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Fig. 5.41: Predicted vs. Actual values for MG dye adsorption onto Alginate-nanocellulose
(a), 2D contour plots on ccrlﬁvine effect of pH and dose (b), combine effect of contact time

and pH (c), and combine cffect of contact time and adsorbent dose (d) on dve removal

efficiency

Fig. 5.41(b) represented the 2D surface plots for combined impacts of biosorbent dose and pH

on MG dye uptake rate.

Combined influences of solution pH and time upon decolorization efficiency have been

displayed in Fig. 542(c). Fig. 5.41 (d) represented the 2D surface plots for combined impacts

of biosorbent dosage and contact time on dye elimination efficiency. The optimized condition

for MG dye adsorption experiment was observed from RSM model was pH-6.46, dose 0.98

g/L and time 64.42 min and removal was found as 99.52%.

Table 5.10: Experimental result data of RSM study for dye removal using raw SB, SBAC,

Cellulose, Alginate-bentonite/SBAC, nano-cellulose/PV A and Alginate-nanocellulose

Run pH | Dose(g/L) | Time %R of %Rof | %Rof MG | %R of MG dye %R of MG %R of MG
(min) MG dye | MG dye | removal removal removal removal
removal | removal | (Cellulose) (Alginate- (nano- (Alginate-
(raw SB) | (SBAC) bentonite/SBAC) | cellulose/PVA) | nanocellulose)
! 0.5 40 70.082 | 78.082 82.01 84.762 85.63 87.26
2 6 | 80 §1.702 89.702 93.63 96.382 97.25 98.87
3 6 1 12.7 79.702 | 87.702 91.63 94.382 95.25 96.87
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4 4 0.5 120 72.082 80.082 84.01 86.762 87.04 89.25
5 4 1.5 40 74.082 82.082 86.01 88.762 89.63 92.42
6 2.6 1 80 67.082 75.082 79.01 81.762 82.63 84.25
7 6 1 80 81.702 89.702 93.63 96.382 97.25 98.87
8 6 1 80 81.702 89.702 93.63 96.382 97.25 98.87
9 6 1 80 81.702 89.702 93.63 96.382 97.25 98.87
10 8 1.5 120 83.97 91.97 95.9 98.65 99.53 99.69
11 6 1 147.27 | 82.702 90.702 94.63 97.382 98.25 99.87
12 9.36 1 80 84.102 92.102 96.03 98.782 99.65 99.89
13 6 1 80 81.702 89.702 93.63 96.382 97.25 98.87
14 6 1.84 30 83.27 91.27 95.2 97.95 98.82 99.75
15 8 1.5 40 83.702 91.702 95.63 98.382 99.25 99.87
16 8 0.5 120 82.102 90.102 94.03 96.782 97.66 99.27
17 4 1.5 120 75.282 83.282 87.21 89.962 90.84 92.45
18 6 1 80 81.702 89.702 93.63 96.382 97.25 98.87
19 6 0.16 80 76.702 84.702 88.63 91.382 92.25 93.87
20 8 0.5 40 81.65 89.65 93.58 96.33 97.21 98.85

5.2.3. Fixed bed study results of MG dye removal using prepared biosorbents

Continuous fixed bed study of MG dye removal using raw SB, SBAC, Alginate-
bentonite/SBAC beads and Nanocellulose/PVA composite were investigated. The result of
breakthrough in continuous fixed bed adsorption study was examined by varying fixed-bed
height, feed flowrate and feed concentration. The results are presented in@g. 5.42, Fig. 5.43,
Fig. 5.44 and Fig. 5.45 in terms of C/Co vs time plot. and performance behaviour at various

operational conditions. In all cases Alginate-bentonite/SBAC composite beads shows better

results in comparison with raw SB, SBAC, Nanocellulose/PV A composite.

ence of pH
%‘;t of pH on MG adsorption was examined by varying feed pH from 4 to 8 at a feed flow
rate of 10mL/min for Cy=50 mg/L. The breakthrough characteristics curves for SB, S
Alginate-bentonite/SBAC beads and Nanocellulose/PVA are depicted in presented ingég:.
5.42(a), Fig. 5.43(a), Fig. 5.44(a) and Fig. 5.45(a), respectively. The breakthrough parameters
are presented in Table 5.11(a, b, ¢ & d). According to the results obtained from the column
study, the breakthrough time increased with increasing pH which indicate the higher adsormption
capacity of the adsorbent bed and removal efficiency.
Influence of bed height
The hight of the adsorbent column is an important monitoring parameter for evaluatin
performance of the adsorbent column and adsomtion efficiency. The breakthrough cuwcsﬂg.

5.42(b), Fig. 5.43(b), Fig. 5.44(b) and Fig. 5.45(b)) were obtained by varying the bed height
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(5,7, 9 cm) at constant feed flowrate of 10mL/min and feed concentration of 50 mg/L. Amount
of adsorbent for 5 ecm bed hight of fixed-bed column containing Raw SB=3.9g, using
SBAC=3.1g, for Alginate-bentonite/SBAC beads=3.3g and for Nanocellulose/PVA=3.53g.
Adsorbent amount in 7 cm bed hight are 7.4 g, 4.2¢g, 5.6g and 4.1g using SB, SBAC, Alginate-
bentonite/SBAC and Nanocellulose/PVA respectively. Adsorbent mass in 9 cm height of
adsorbent column is 8.25g, 49¢, 6.1g and 4.78¢ using SB, SBAC, Alginate-bentonite/SBAC
and Nanocellulose/PV A respectively. #

min with increase in adsorbent bed height from 5 to 10 cm containing raw SB (Table 5.11(a)).
With SBAC as adsurbcntjgl

increase of column height from 5 to 9 cm (Table 5.11(b)). Table 5.11(c) indicate that on

¢ breakthrough time increased from 220 min to 525
¢ breakthrough time increased from 260 min to 580 min with an

increasing column bed height from 5 to 9 c¢m, the breakthrough time raised from 290 min to
600 min using Alginate-bentonite/SBAC beads as adsorbent. Result showed that breakthrough
time increased from 275 min to 585 min with increase of column height from 5 to 9 cm using
Nanocellulose/PV A as adsorbent (Table 5.11(d)). This is due to the fact that with increasing
adsorbent loading the interaction time between MG molecules and the surface of adsorbent
increased as well as the number of vacant active sites (Chowdhury et al., 2013). Alginate-
bentonite/SBAC composite beads shows better results in comparison with raw SB, SBAC,
Nanocellulose/PV A composite.
Influence of feed flow rate
Influence of the feed flowrate on the dynamic behaviour of continuous flow column was
investigated by varying the feed flow rate of dye solution (5, 10, 16 mL/min) at @
concentration of 50 mg/L and at adsorbent bed height of 5cm (Raw SB=3.9g, using
SBAC=3.1g, for Alginate-bentonite/SBAC beads=3.3g and for Nanocellulose/PVA=3.53g).
The breakthrough curves for dye removal using raw SB, SBAC, inate-bentonite/SBAC
ﬁ%g. 5.42(c), Fig. 5.43(c),
Fig. 5.44(c) and Fig. 5.45(c), respectively. The increase of feed flowrate from 10 to 16 mL/min

beads and Nanocellulose/PV A composite at this condition shown in

led to decrease of breakthrough time from 260 min to 160 min for SBAC, from 290 min to
175 min for Alginate-bentonite/SBAC and from 275 min to 165 min for Nanocellulose/PVA
as adsorbent. The increase in adsorption capacity of adsorbent bed at constant column bed
height with decreasing inlet flow rate may be attributcdgnthe longer contact time between MG
dye molecules and adsorbent which facilitated the enhancement of amount of solute transfer to
the adsorbent bed thereby increasing biosorption of MG dye (Saha et al., 2012).

21
Influence of feed Concentration
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The effect of initial dye concentration on the breakthrough curve was examined by varying the
initial concentration of MG dye solution (50mg/L, 100mg/L, 200 mg/L) for adsorbent bed
height of 5cm at a feed flowrate of 10mL/min. The significant influence of feed concentration
on breakthrough characteristics for dye removal using raw SB, SBAC, Alginate-
bentonite/SBAC beads and Nanocellulose/PVA composite at this condition is seen r@g
5.42(d), Fig. 5.43(d), Fig. 5.44(d) and Fig. 5.45(d) respectively. It is observed that with raw SB
as adsorbent breakthrough time decreased from 220 to65 min with an increase in feed
concentration (from 50-200mg/L) resulting in the sharpness of breakthrough curves. similarly,
with SBAC as adsorbent breakthrough time decreased from 260 tol10 min with an increase in
feed concentration. The breakthrough time for fixed-bed containing Alginate-bentonite/SBAC
beads decreased from 290 min to 130 min with an increase in feed concentration (200mg/L)
(Table 5.11(c)). Result shows that with an increase in feed concentration (from 50-200mg/L)
breakthrough time decreased (from 275 to 115) using Nanocellulose/PV A as adsorbent (Table
5.11(d)).

Table 5.11(a): Parameters of the breakthrough curves for MG dye adoption onto Raw SB

Q(ml/min) G pH | Loem) | ® | t(min) Mot Stot Sb/Swr | R (%) Sea(mg/m
(mg/L) (mg) g)
10 50 6 5 220 420.32 340 210.16 0.523 61.81 56.8
10 50 6 7 485 685.11 545 342.555 0.708 62.85 46.291
10 50 6 9 525 725.04 575 362.52 0.7241 63.05 39.191
10 100 6 5 130 230.5 350 230.5 0.564 65.86 62.297
10 200 6 5 65 165.31 520 330.62 0.393 63.58 89.356
16 50 6 5 120 320.55 432 256.44 0.374 59.36 69 308
5 50 6 5 430 630.05 205 157.5125 0.682 76.83 42.570
10 50 4 5 110 190.11 140 95.055 0.579 67.89 25.690
10 50 7 5 240 433.52 370 216.76 0.554 58.58 58.583
10 50 8 5 340 | 54031 395 270.155 0.629 68.39 73.014
Table 5.11(b): Parameters of the breakthrough curves for MG dye adoption onto SBAC
Q(ml/min) G pH | Loem) | & | t (min) Mot Stot Sb/Swr | R (%) Sea(mg/m
(mg/L) (mg) g)
10 50 6 5 260 481.875 355 240,937 0.5396 67.87 86.049
13 50 6 5 210 403.207 390 262.0845 0.5208 67.20 93.602
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16 50 6 5 160 371.954 464 297.563 0.4302 64.13 106.273
10 100 6 5 165 273.061 385 273.061 0.6043 70.92 97.522
10 200 6 5 110 206.379 610 412.758 0.533 67.66 147.414
10 50 4 5 125 208.397 147.5 104.198 0.599 70.64 37.214
10 50 7 5 270 502.975 370 251.488 0.5368 67.97 89.817
10 50 8 5 435 638.823 427.5 319.411 0.6809 T4.72 114.075
10 50 6 7 525 821.171 565 410.585 0.6393 72.67 105.278
10 50 6 9 575 884.73 600 442.365 0.6499 73.73 91.022

Table 5.11(c): Parameters of the breakthrough curves for MG dye adsorption onto Alginate-

bentonite/SBAC
Q(ml/min) Co | pH | Lofem) | & | t(min) Miwe Stor SSw | R(%) | Sealmg/m
(mg/L) (mg) g)

10 50 6 5 200 | 5160331 | 3875 | 2580165 | 056198 | 66584 | 78.1868
13 50 6 5 240 | 4452756 | 403 | 2894291 | 0538992 | 71.818 | 87.7058
16 50 6 5 175 | 3683551 | 476 | 2946841 | 0475085 | 61908 | 89.2982
10 100 6 5 190 | 2783202 | 415 | 2783202 | 0.682667 | 67.065 | 84.3394
10 200 6 5 130 | 230.6889 | 680 | 4613779 | 0563529 | 67.849 | 139.811
10 50 4 5 145 | 2255457 | 155 | 1127729 | 0.642885 | 72.756 | 34.1735
10 50 8 5 455 | 6594792 | 435 | 3207396 | 0.689938 | 75.802 | 99.9210
10 50 6 7 550 | 7572362 | 570 | 3786181 | 0726326 | 66424 | 67.6103
10 50 6 9 600 | 9472973 | 6325 | 4736486 | 0633381 | 74885 | 63.1531

Table 5.11(d): Parameters of the breakthrough curves for MG dye adsorption onto nano-

cellulose/PVA
Q(ml/min) Co | ol | Loem) | & | t(min) M Stot SSw | R(%) | Satmym
(mg/L) (mg) 2)

10 50 6 5 275 | 5213278 | 3675 | 2606639 | 0527499 | 70928 | 93.00425
13 50 6 5 225 | 4062898 | 386.75 | 2640883 | 0.553792 | 68283 | 94.31726
16 50 6 5 165 | 3707209 | 456 | 2965767 | 0.445079 | 65.038 | 105.9203
10 100 | 6 5 175 | 274.897 | 395 | 274.897 | 0.636602 | 69.594 | 98.1775
10 200 | 6 5 115 | 207.8571 | 620 | 4157143 | 0553265 | 67.050 | 148.4694
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10 50 4 5 125 | 208.7731 142.5 104.3865 | 0.598736 | 73.253 | 37.28091
10 50 8 5 425 | 682.2897 425 341.1449 | 0.622903 | 80.269 | 121.8375
10 50 6 7 535 | 744.5198 567.5 3722599 | 0.718584 | 65.596 | 100.6108
10 50 6 9 585 | 861.9255 605 430.9627 | 0.678713 71.233 | 92.68016
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Kinetic Modelling data of fixed-bed column adsorption of MG dye

Calculated values of Yoon-Nelson model parameters (kyn and ) and Thomas model
parameters ( kyp, and qo) along with corelation coefficients (R?) are shown in Table 5.12 (a, b,
¢ &d) for raw SB, SBAC, Alginate-bentonite/SBAC beads and Nanocellulose/PV A composite,
respectively. Results showed that the mo arameter kyy increased with concentration of
feed solution and the value of T dccrcascd@he other hand, with increase in flow rate of feed
solution and pH, the estimated value of kyy and 7 is reduced. It was noted that kThgcreased
with increasing both the adsorbent bed height and the flow rate of the feed solution, whereas
qo increased for such conditions. The value of qo increased with increasing both the feed
concentration and pH of dye solution. Results showed that the correlation coefficient are in the
range of 0.95 to 0.99. Results suggests that experimental data obtained from fixed-bed column

study were well established by Thomas model as well as Yoon-Nelson model.
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Table 5.12(a): Derived Parameters of column kinetic models for MG dye adsorption on raw

SB at different experimental conditions

Operational parameters mas model Yoon-Nelson model
Fml/m Cy(mg/L)  Z(cm) pH g (<1077 qo(*10* R? kyy (L/min) 7 (min) R?

in) mg min) mg/g)

10 50 4 6 0.5116 541.266 0.978 0.02558 405.400 0978
10 50 8 6 0.3432 477.4661 0.995 0.01716 694.032  0.995
10 50 10 6 0.307 416.1653 0.996 0.01535 781960  0.996
16 50 4 6 0.4104 686.2342 0.981 0.02052 328.413 0981
5 50 4 6 0.546 391.8407 0.995 0.02733 579.923  0.995
10 100 4 6 0.524 619.754 0.960 0.05245 229.09  0.960
10 200 4 6 0.328 693.308 0.962 0.06578 127.911  0.962
10 50 4 4 0.1505 231.047 0.977 0.07528 170.913  0.977
10 50 4 7 0463 596.702 0.980 0.02315 44156 0.980
10 50 4 8 0.500 783.095 0.9527 0.02297 578.985  0.9527

Table 5.12(b): Derived Parameters of column kinetic models for MG dye adsorption on

SBAC at different experimental conditions

Experimental conditions Yoon Nelson model Thomas model
c 7 - E kru (%107 qo (102
F(ml/'min) pH T (min) R? L/mg mg/g) R?
(mg/L)  (cm) (L/min) min)
10 50 5 6 0.0232 451.234 0.962 0.464 805.775 0.962
13 50 5 6 0.0262 363.44 0.983 0.524 843.7 0.983
16 50 5 6 0.0222 362.994 0.987 0.444 1037.126 0.987
10 100 5 6 0.0462 268.947 0.988 0.462 960.525 0.988
10 200 5 6 0.0572 170.637 0.950 0.286 1218.836 0.950
10 50 7 6 0.0192 763.058 0.978 0.384 078.2795 0.978
10 50 9 6 0.0162 8§39.61 0.998 0.324 8§63.7963 0.998
10 50 5 4 0.0632 186.409 0.961 1.264 332.8732 0.961
10 50 5 7 0.0222 477.423 0.986 0.444 852.541 0.986
10 50 5 8 0.0222 639.804  0.937 0.444 1142507 0.937

Table 5.12(c): Derived parameters of column kinetic models for MG dye adsorption onto

Alginate-bentonite/SBAC at different experimental conditions

Experimental conditions Yoon Nelson model p Thomas model
ux 107 qox10°
ﬂ - Co ] kYN w 3 P 2
ml/min) (mg/L) pH (em) (L/min) T (min) R (L/mg (mg/g) R

min)
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13
16
10
10
10
10
10
10

f= B = A=A T =

h

h  th h WO =1 Lh

0.0242
0.0254
0.0214
0.0199
0.0148
0.0678
0.0231
0.0455
0.0479

486.033
415.275
361.355
747.236
917.297
205.545
660.779
277.780
200.688

0.970
0.971
0.956
0.961
0.971
0.982
0.950
0.974
0.985

0.0484
0.0508
0.0428
0.0398
0.0296
0.1356
0.0462
0.0455
0.02395

7364137
817.9671
17.52025
667.1752
611.5315
311.4329
1001.181
841.7582
1216.297

0.970
0.971
0.956
0.96l1
0.971
0.982
0.950
0.974
0.985

Table 5.12(d): Derived parameters of column kinetic models for MG dye adsorption onto

nano-cellulose/PV A at different experimental conditions

Experimental conditions

Yoon Nelson model

Thomas model

E _ - 7 - . ] kmx 102 qox10? ]
ml/min) (mg/L) pH (em)  (L/min) T (min) R (U_mg (mg/g) R
min)

10 50 5 0.0241 491.327 0.93 0.0482 1169.83 0.93
13 50 5 0.0283 376.289 0.971 0.0566 447.964 0.97
16 50 6 5 0.0215 363.720 0.97 0.0430 1385.60 0.97
10 100 6 5 0.0521 274357 0.93 0.0521 1306.46 0.93
10 200 6 5 0.0658 177.857 0.93 0.0329 1693.87 0.93
10 50 4 5 0.0758 188.773 0.96 0.1516 449.459 0.96
10 50 8 5 0.0195 683.589 0.97 0.039 1627.59 0.97
10 50 6 7 0.0177 734519 0.99 0.0354 1748.85 0.99
10 50 6 9 0.0161 831.925 0.99 0.0322 1980.77 0.99

5.3. Summery

In this present work, the applicability of raw SB, SBAC, Alginate-bentonite/SBAC beads for

the biosorption of MG dye and fluoride was investigated in the batch, and the continuous flow

fixed-bed column mode. Taking into consideration the obtained results from the present study

followi

capacity.

onclusions were made:
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best fit to the equilibrium adsorption data of the batch experiment and the biosorption




e Dye adsomption Isotherm showed that the estimated value of monolayer adsomtion
capacity 169.49,172.414, 185.185, 196.078, 188.68,212.76, and 263.158 mg/g for SB
powder, SBC, SBAC, Alginate-Bentonite/SBAC beads, Cellulose,
NanoCellulose/PV A, Alginate-Nanocellulose beads respectively.

e Adsorption kinetic study indicated that the adsorption system using the biosorbent was
directed by the Pseudo-Second-order model.

e From the thermodynamic point of view, the negative value of AG (Gibbs free energy)
and AH (Enthalpy change) at all temperatures signified that the reactions involved in
biosorption process were spontaneous and exothermic, respectively. the positive value
of AS signified the randomness of adsorbate molecules on the biosorbent surface

e RSM modeling showed that optimization was effectively correlated with batch
experimental data.

e Fixed-bed column study revealed that the Breakthrough fime decreased with increasing
both initial feed concentration and feed flow rate. Whereas it was increased with the
pH of the feed solution. Adsorbent bed capacity and breakthrough time improved with
increasing bed height.

s Fixed bed study for MG dye removal indicated that Alginate-bentonite/SBAC
composite beads shows better results in comparison with raw SB, SBAC,
Nanocellulose/PV A composite as adsorbent.

e Thomas model and Yoon—Nelson model satisfactorily described the adsorption of MG
dye onto prepared biosorbents in a fixed-bed column system

Results indicated that NaOH treated activated biochar (SBAC) derived from sugarcane
bagasse, Alginate-bentonite/SBAC and Nanocellulose/PVA exhibited a very good adsomtion
capacity towards aqueous Malachite Green (MG) remediation and possibly will be used as an
efficient and economically feasible adsorbent substance for the exclusion of pollutants from

contaminated water.
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Chapter.6

Evaluation of Fluoride removal study using
carbonaceous and polymeric material grafted
composites
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6.1. Introduction

In this present chapter, the application carbonaceous and polymeric material grafted
composites in Fluoride removal process in in batch and fixed-bed systems has been discussed.
The effects of' key operational parameters (pH, composite dosages, and initial concentration of
fluoride in solution) on the adsorption ability were examined. Bio-sorption isotherm styudy,
kinetics study, and thermodynamic analysis of the remediation process has been reported. ﬂle
optimized condition of independent variables for removal process were estimated using

regression equation and by analyzing the contour plots obtained from RSM study. Fixed bed

study data was evaluated using column adsorption kinetic models (Thomas and Yoon-Nelson).

6.2. Results and discussion

6.2.1. Comparative batch study using prepared biosorbents
Fluoride removal efficigncy of prepared biosorbents at various experimental parameters are
presented graphically in@ 6.1, Fig. 6.2, Fig. 6.3, Fig. 6.4 and Fig. 6.5. Graphical presentation
of equilibrium concentration and fluoride adsorption capacity of those biosorbents under
optimum conditions were illustrated in Fig. 6.6-6.12. Fluoride removal efficiency and
adsorption capacity of nanocellulose/PVA found to be higher than the other biosorbents (raw
SB, SBAC, Alginate-bentonite/SBAC and Alginate-nanocellulose) under all experimental
conditions. The results suggest that the fluoride removal efficiency of nanocellulose/PV A for
all the experimental conditions showed better result as compared to other prepared biosorbents.
Influence of pH

The influence of pH level on defluoridation efficiency was observed using raw SB, SBC and
SBAC as adsorbents at various pH (2, 4, 6, 7, 8) by contacting 2g/LL of adsorbent mass to
fluoride solution of specified pH for 24 hr in BOD shaker while other parameters were kept
constant (initial fluoride concentration=6 mg/L. temperature= 30°C, agitation speed=140
RPM). With SBAC, defluoridation efficiency at pH = 2.0 was 64.7577 % and 54.35% at pH =
8.0. Defluoridation efficiency of Alginate-bentonite/SBAC was 80.334 % at pH = 2.0 which
decreased to 65.31% at pH 8.0 (Fig. 6.1(b)). The corresponding fluoride concentration in the
residual solution was 1.179 mg/L and 1.961 mg/L respectively. At pH 2.0, % removal of
Fluoride by Nanocellulose/PVA was obtained to be 87.72 % (Fig. 6.1 (c)) and the value of
equilibrium concentration of fluoride in the solution was 0.737 mg/L whereas at higher pH (pH
8.0) equilibrium concentration of fluoride solution decreased to 1.98 mg/L and removal

efficiency was 67.04%. Similarly, at high acidic media (pH 2.0), Fluoride adsorption efficiency
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onto Alginate-nanocellulose composite and cellulose, were 86.28% and 78.39%, respectively,
whereas at basic condition (pH = 8.0) this value reduced to 73.23% and 56.43% respectively
(Fig. 6.1(d)). at pH 7 defluoridation efficiencies of Nanocellulose/PVA polymeric composite,
cellulose and PVA were 83.14%,75.95% and 55.06% respectively. Results suggested that
Nanocellulose/PVA composite gave better performance than individual components of the
composite.

At basic condition (>7), adsorption efficiency significantly depended on the competition
capability of OH" ion with fluoride anions for active binding sites on the biosorbent surface
(Stipp 1999; Munagapati et al. 2010). PZC results indicated that once pH of fluoride was lower
than the value of pHpzc, higher biosorption efficiency for anionic fluoride removal was noted
as the adsorbent surface become electropositive at pH< pHpzc. At higher pH (pH > pHpgc)
adsorbent surface become predominantly negative charged resulting '&IDW adsomption
efficiency. Further experiments were carried out at pH 6. The cause is the cost saving benefit
and a possibility to search the minimum requirement in order to employ the biosorbent in the

rural areas, where pH maintains might not be a desirable solution.
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Fig. 6.1: Effects of solution pH on Fluoride removal efficiency of activated biochar (a),
Alginate-bentonite/SBAC beads (b), Nanocellulose/PVA composite (c) and Alginate-

nanocellulose beads (d)
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Influence of contact time

The fluoride adsorption experiment was carried out at different time interval at constant initial
fluoride concentration (6mg/L), system temperature (30 °C), adsorbent dose (2 g/L) and pH
(6.0). It was noted that most of the the defluoridation process took place within first 30 min
(Fig. 6.2). Similarly, with increasing contact time, fluoride adsorption capacity increased and
residual concentration of fluoride in solution decreased (Fig. 6.6- Fig. 6.12). It was observed
that with increasing the contact time fluoride removal efficiency of SB and SBAC increased
and maximum efficiency was 54.6% and 60.944% respectively (Fig. 6.2(a)). With increasing
contact time Fluoride remediation efficiency of Alginate-bentonite/SBAC composite beads
was increased and maximum efficiency obtained was 76.93% (Fig. 6.2(b). With increasing
contact time, the fluoride removal efficiency improved from 71.05% to 83.11% (Fig. 6.2(c)).
Similarly with Alginate-nanocellulose composite as adsorbent with increasing contact time
defluoridation efficiency increased and maximum defluoridation efficiency found to be

83.72% (Fig. 6.2(d)).
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Fig. 6.2: Effects of contact time on Fluoride removal efficiency of activated biochar (a),
Alginate-bentonite/SBAC beads (b), Nanocellulose/PVA composite (c) and Alginate-

nanocellulose beads (d)
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Influence of adsorbent dosage

To investigate the influence of adsorbent dosage on defluoridation efficiency, batch experiment
was conducted at various dosages of adsorbent (0.5, 0.75, 1, and 2g/L) in a BOD shaker for 24
hr keeping initial concentration of fluoride solution (6 mg/L) at pH (6), temperature (30°C),
agitation speed (140 RPM) constant. It was noticed that as the amount of adsorbent mass
increased, percentage of fluoride removal decreased (Fig. 6.3) on increasing adsorbent dose
from 0.5g/L to 2g/L, % removal of fluoride on SBAC increased from 59.56 to 60.99% (Fig.
6.3(a)). Percentage of fluoride removal by Alginate-bentonite/SBAC beads increased from
68.01 to 76.93 % (Fig. 6.3(b)) for the same variation of adsorbent dose (Fig. 6.3(b)). Results
indicate that on increasing nanocellulose/PV A polymeric composite dosages from 0.5 to 2 g/L,
percentage of fluoride removal improved from 76.82 to 83.21% and equilibrium fluoride
concentration decreased as of 1.391 to 1.01 mg/L (Fig. 6.3(c)). Similarly, it has been noticed
that at higher mass of adsorbents (2g/L) lead to greater percentage removal of fluoride (83.72

% and 76.11% for Alginate-nanocellulose composite and cellulose respectively (Fig. 6.3(d)).

Temp-30 o€, pH-6, Time-120min, Cone. -6 mg/L | = activated biochar 85 1 walginate conc, -6 mg/L, Temp.-300C, pH-7,
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Fig. 6.3: Effects of adsorbent dosage on Fluoride removal efficiency of activated biochar (a),
Alginate-bentonite/SBAC beads (b), Nanocellulose/PVA composite (c) and Alginate-

nanocellulose beads (d)
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Influence of adsorbate concentration

To study the influence of adsorbate concentration on the fluoride adsorption efficiency, 24 hr
batch experiments were rmed in a BOD incubator at 30°C temperature by varying the
fluoride concentration (2-10 mg/L) and contacting fixed amount of adsorbent dose (2 g/L) with
the adsorbate solution of specified concentration at pH 6 under a constant agitation speed (140
RPM). As shown in Fig. 6.4(a), when initial fluoride concentration increased from 2mg/L to
10mg/L, fluoride uptake efficiency of SBAC reduced from 62.11 to 59.22%. with increasing
initial concentration of fluoride solution from 2mg/L to 8 mg/L, fluoride uptake efficiency of
Alginate-bentonite/SBAC beads reduced from 81.78% to 72.3% (Fig. 6.4(b)). With
Nanocellulose-PVA as adsorbent (Fig. 6.4(c)) the removal efficiency decreased from 85.4% to
74.06% when initial concentration increased as of 4 mg/L to 10 mg/L and the equilibrium
concentration of residual fluoride solution was lowest (0.584 mg/L) at the lowest initial
adsorbate concentration (4 mg/L). similarly, Fig. 6.4(d) showed that with changing
concentration from 4 to10 g/L, percentage of fluoride adsorption was reduced from 85.87 % to
79%, 76.65% to 68.4%, and 61.03% to 54.9% in case of Alginate-nanocellulose composite,

cellulose, and alginate, respectively.
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@6.4: Effects of initial adsorbate concentration on Fluoride removal efficiency of activated
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Alginate-nanocellulose beads (d)
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Influence of system g%peramre

To investigate the influence of temperature on the fluoride removal efficiency of SB, SBC and
SBAC, batch experiments were performed with 1nitial fluoride concentration of 6 mg/L at pH
6.0 using adsorbent dose of 2g/L in a BOD shaker for 24 hr. Fig. 6.5(a) show that while system
temperature increased from 25°C to 45°C fluoride uptake efficiency of SBAC decreased from
60.78% to 54.8% and equilibrium concentration was raised from 2.353 to 2.703 mg/L.
Similarly, on increasing temperature from 25°C to 45°C fluoride uptake efficiency of Alginate-
bentonitefS%: composite beads reduced from 76.53% to 67.31% (Fig. 6.5(b)) and the
equilibrium concentration was increased from 1.17 mg/L to1.96 mg/L. the fluoride removal
efficiency of Nanocellulose/PVA was decreased from 83.23% to 60.95% (Fig. 6.5(c)) for the
same variation in temperature and the equilibrium concentration of fluoride solution was lowest
(1.0122 mg/L) at 25°C. Fig. 6.5(d) illustrated that as the temperature of system increased from
30 °C to 45 °C, % removal of fluoride decreased from 83.72% to 79.01% for Alginate-

nanocellulose composite.
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Fig. 6.5: Effects of Temperature on Fluoride removal efficiency of activated biochar (a),
Alginate-bentonite/SBAC beads (b), Nanocellulose/PVA composite (c) and Alginate-

nanocellulose beads (d)
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Fig. 6.7: Equilibrium concentration and fluoride adsorption capacity of SBC at different

experimental conditions
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Fluoride removal onto Alginatebentonite/SBAC

28 beads 3
2 1] 15 3
woalla . Z
E ']
g ) g
1.5 s
J §E
152E
g k7
E 1 ——Equilibrium Conc. §
1 @
2 T
805 - Msorponcapcty | <
i
b
0 0 Fluoride removal onto Alginate
0 2 4 b 8 10 P bentonite/SBAC
M 35| €
g‘ E l\ =+ Equilibrium Conc.
o i 25 \ ~+— Adsorption capacity
EE 2 \ _
it
815
F
Fluoride removal onto Alginatebentonite/SBAC 05
5 rso 0
J45 [ d | F4s 0 05 1 15 1 5
o . L .
ES: —*+—Equilibrium Conc. L :5 %‘ Adsorbent mass (g/L)
L35 8
l;'i 3 ~+ Adsorption capacity L3 a‘:?
825 25 £ g
§2 2 Eg
E1s 15 §
£ 13
a
05 Los <
Fo 0
0 2 4 6 8 10
Initial adsorbate Concentration (mg/L)

9
)
7
6
5

L4
3
2
1
0

Fluoride removal onto Alginatebentonite/SBAC

- 10

- beads
2|0
1] L 3 X
£, . . .
d
g15 = =
g
3 . ~+—Residual Conc.
ke
§05 ~+—Adsorption capacity
0
0 100 200 300 400 500 600 700 800
Time (min)
£
g
3
§E
iv
g
3
Fluoride removal onto Alginate
15 'e'bentmite,-'smcbeads
Pl e
£
LT :
§E
ga 1 —s—Equilibrium Conc.
E';‘. i ~+—Adsorption capacity
0
0 B W 3/ 40 45 50
Temperature oC)

Fig. 6.9: Equilibrium concentration and Fluoride adsorption capacity of Alginate-

bentonite/SBAC composite at different experimental conditions
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Fluoride removal onto NanoCellulose/PVA film
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Fig. 6.12: Equilibrium concentration and fluoride adsorption capacity of Alginate-

Nanocellulose at different experimental conditions

Fluoride adsorption Isotherm study

The fitting of equilibrium data to the adsorption isotherm models (Langmuir, Freundlich, and

Temkin model) and corresponding graphs are presented in Fig. 6.13 to Fig. 6.17. Values of all

the derived parameters are listed in the Table 6.1, Table 6.2, and Table 6.3. In general, the

experimental equilibrium data was fitted well by the Freundlich model equation (R? > 0.99).
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Fig. 6.17: Adsorption Isotherm study graph for batch adsorption of fluoride onto Alginate-

nanocellulose
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Table 6.1(a): Langmuir isotherm parameters for fluoride adsorption onto SB, SBC and SBAC

Adsorbent ki (L/g) qm(mg/g) RL R?
SB 0.0361 19.88 0.8217 0.865
SBC 0.0374 20.53 0.816 0.982
SBAC 0.0379 2222 0.814 0.987

Table 6.1(b): Langmuir isotherm parameters for fluoride adsorption onto Alginate, bentonite,

SBAC and Alginate-bentonite/SBAC

Adsorbent Ki (L/gram) (m(mg/gram) Ru R?
Alginate 0.169 4.089 0.497 0.9367
Bentonite 0.144 5.797 0.536 0.924
Alginate-

0.096 24.6 0.816 0.982
bentonite/SBAC

Table 6.1(c): Langmuir isotherm parameters for Fluoride adsorption onto nano-cellulose/PVA,

Cellulose and PVA

Adsorbent Ki(L/gram) Qm(mg/gram) RL R?
PVA 0.219 456 0.4321 0.958
Cellulose 0.126 14.75 0.570 0.985
nano-cellulose/PVA 0.092 28.41 0.645 0.922

Table 6.1(d): Derived parameters of Langmuir Isotherm models for batch adsorption of fluoride

onto Alginate-nanocellulose, Cellulose and Alginate

Adsorbent Ki(L/gram) qm(mg/gram) Ro R?
Alginate 0.169 4.089 0.497 0.936

Cellulose 0.126 14.75 0.570 0.985
Alginate-nanocellulose beads 0.118 23.809 0.585 0.993

Table 6.2(a): Freundlich isotherm Parameters for fluoride removal using SB, SBC, and SBAC

Adsorbent K (L/mg) n R?
SB 0.670 1.143 0.994
SBC 0.742 1.0743 0.999
SBAC 0.814 1.191 0.999
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Table 6.2(b): Freundlich isotherm parameters for fluoride adsorption onto Alginate, bentonite,

and Alginate-bentonite/SBAC

Adsorbent Kr(L/mg) n R?
Alginate 0.588 1.315 0979
Bentonite 0.721 1.24 0.987

Alginate-bentonite/SBAC 1.909 1.085 0.999

Table 6.2(c): Freundlich isotherm parameters for Fluoride adsorption onto nano-
cellulose/PVA, Cellulose and PVA
Adsorbent Kr(L/mg) n R?
PVA 0.888 1.594 0.969
Cellulose 1.648 1.195 0.997
nano-cellulose/PVA 2.374 1.109 0.999

Table 6.2(d): Freundlich isotherm parameters for fluoride adsorption onto Alginate-

nanocellulose, Cellulose and Alginate

Adsorbent Kr(L/mg) n R?
Alginate 0.588 1.315 0.979
Cellulose 1.648 1.195 0.997

Alginate-nanocellulose beads 2.496 1.129 0.999

Table 6.3(a): Temkin model Parameters for fluoride removal using SB, SBC and SBAC

Adsorbent Cone(mg/L) Kr Br R?
SB 6 1.508 1.072 0.973
SBC 6 1.734 1.315 0.95%
SBAC 6 1.829 1.37 0.957

Table 6.3(b): Temkin model parameters for fluoride adsorption onto Alginate, bentonite, and

Alginate-bentonite/SBAC

Adsorbent Conc(mg/L) Kr Br R?
Alginate 6 2.099 0.7684 0.995
Bentonite 6 2207 0.9359 0.992

Alginate-bentonite/SBAC 6 3.95 1.5397 0.9657
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Table 6.3(c): Temkin model parameters for Fluoride adsorption onto nano-cellulose/PVA,

Cellulose and PVA

Adsorbent Conc(mg/L) Kt Br R?
PVA 6 2212 2.035 0.994
Cellulose 6 1.832 1.075 0.982
nano-cellulose/PVA 6 1.169 2.399 0.978

Table 6.3(d): Temkin model parameters for fluoride adsorption onto Alginate-nanocellulose,

Cellulose and Alginate

Adsorbent Kr Br R?
Alginate 2.099 0.7684 0.995
Cellulose 1.832 1.075 0.982
Alginate-nanocellulose beads 2.883 2.494 0.986

Fluoride adsorption Kinetics study
Fig. 6.18 to 6.22 shows the ﬁtting%he ingtic models to the experimental data. The magnitude
of the parameters of the kinetic model are listed in Table 6.4, Table 6.5 and Table 6.6. By
comparing the experimental g, value and theoretical g, value for both kinetic models, it was
noticed that g, obtained from Pseudo-second-order kinetics was nearly equal to that of its
experimental value.

1
Results suggested that fluoride adsorption onto biosorbents might be better explicated by

following pseudo-second-order kinetic equation (R? > 0.99).

Pseudo first order kinetics for fluoride tng il t e
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Fig. 6.18: Graphical presentation of kinetic models for batch adsorption of Fluoride using raw

SB
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Table 6.4(a): Pseudo-first-order kinetic parameters for fluoride adsorption onto SB, SBC and
SBAC

Adsorbent q.(exp) ki(1/min) qe(cal) R
SB 1.639 0.056 0.542 0.9235
SBC 1.83 0.0815 1.353 0.990

SBAC 1.83 0.0815 1.353 0.990

Table 6.4(b): Pseudo-First-Order model parameters for fluoride adsomption onto Alginate,
bentonite, anﬁlginatc—bcntunitci SBAC

orbent qe(exp.) Ki(min™) qe(cal.) R?
Alginate 1.525 0.077 3.108 0.8351
Bentonite 1.682 0.078 2.335 0.967
Alginate-bentonite/SBAC 2.3055 0.074 3.242 0.848

Table 6.4(c): Pseudo-First-Order model parameters for fluoride adsorption onto nano-

cellulose/PVA, C%ulusc and PVA

sorbent qelexp.) Ki(min™) qe(cal.) R?
PVA 1.656 0.095 3972 0.925
Cellulose 2.283 0.073 3.265 0.844
nano-cellulose/PVA 2.50 0.079 1.615 0.984

Table 6.4(d): Parameters of Pseudo-First-Order model for fluoride adsorption onto Alginate-

nanocellulose, Cellulose and Alginate
@surbent qelexp.) Ki(min™) qe(cal.) R?
Alginate 1.525 0.077 3.108 0.835
Cellulose 2.283 0.073 3.265 0.844
Alginate-nanocellulose beads 2502 0.088 4.217 0.954

Table 6.5(a): Pseudo second order sorption kinetics parameters for fluoride adsorption onto

SB, SBC and SBAC

Adsorbent q.(exp) K:(1/min) qe(cal) R?
SB 0.7852 1.639 1.694 0.999
SBC 1.747 0.1662 1.804 0.999
SBAC 1.83 0.1663 1.885 0.999
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Table 6.5(b): Parameters of Pseudo-Second- Order model
Alginate, bentonite, and Alginate-bentonite/SBAC

for fluoride adsorption onto

Adsorbent qe(exp.) Kz(min™) qe(cal.) R?
Alginate 1.525 0.091 1.6139 0.999
Bentonite 1.682 0.0867 2.397 0.999

Alginate-bentonite/SBAC 2.3055 0.0866 2.396 0.999

Table 6.5(c): Pseudo-Second-Order
cellulose/PVA, Cellulose and PVA

model parameters for Fluoride adsorption onto nano-

Adsorbent ge(exp.) Kz(min™) qe(cal.) R?
PVA 1.656 0.124 1.72 0.999
Cellulose 2.283 0.079 2.38 0.998
nano-cellulose/PVA 2.50 0.139 344 0.999

nanocellulose, Cellulose and Alginate

Table 6.5(d): Pseudo-Second-Order model parameters for fluoride adsorption onto Alginate-

Adsorbent qe(exp.) Kz(min™) ge(cal.) R?
Alginate 1.525 0.091 1.6139 0.999
Cellulose 2.283 0.079 2.38 0.998
Alginate-nanocellulose beads 2.502 0.079 2.615 0.999

Table 6.6(a): Intra-particle diffusion kinetic model parameters for fluoride adsorption onto SB,

SBC and SBAC

Adsorbent Conc(mg/L) Kint (min®*) C R?
SB 6 0.0416 1.247 0.7192
SBC V] 0.0425 1.348 0.721
SBAC V] 0.0423 1.429 0.728

Table 6.6(b): Intra-particle diffusion kinetic model Parameters for fluoride adsorption onto

Alginate, bentonite, and Alginate-bentonite/SBAC

Adsorbent Cone(mg/L) | Kint (min"5) C Cone(mg/L)
Alginate 6 0.0539 0.9877 0.892
Bentonite 6 0.0516 1.1852 0.862

Alginate-bentonite/SBAC 6 0.059 1.71 0.928
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Table 6.6(c ): Intra-particle diffusion kinetic model parameters for fluoride adsorption onto

nano-cellulose/PVA, Cellulose and PVA

Adsorbent Kint (min®%) C Conc(mg/L)
PVA 0.046 0.0664 0.849
Cellulose 0.066 0.16205 0.889
nano-cellulose/PVA 0.049 2.0227 0.782

Table 6.6(d): Parameters of Intra-particle diffusion kinetic model for fluoride adsorption onto

Alginate-nanocellulose, Cellulose and Alginate

Adsorbent Conc(mg/L) Kint (min"*) C Conc(mg/L)
Alginate 6 0.0539 0.9877 0.892
Cellulose 6 0.066 [ 0162 0.889
Alginate-nanocellulose beads 6 0.069 1.829 0.883

Thermodynamic study

The magnitude of K. was calculated using the eqn. 2.14. Fig. 6.23 to Fig. 6.26 depicts the K.
vs. I/T data of various biosorbents. The magnitude as for AG, AH, and AS obtained from the
plots based on eqn. 2.14. and eqn. 2.15 are presented in the Table ﬂlﬁ"le negative value of
AG suggest that the fluoride removal process using prepared biosorbents was spontaneous and

the ncga% value of AH suggested that F~ adsorption was associated with the exothermic

reaction. The positive value of AS signify that the fluoride adsorption system was random.
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Fig. 6.23: graphical presentation of thermodynamics study for batch adsorption of fluoride
using SB, SBC and SBAC

Thermodynamic parameters for fluoride Thermodynamic parameters for fluoride
removal onto Alginatebentonite/SBAC 0.05 removal onto bentonit Thermodynamic pararnste‘rs for fiuoride
0.308 B . 0.196 removal onto Alginate
0306 ) i 0.0495 0.19% .
y=63.246x + 0.0947 e S ————
0304 209123 - 0088 1y -13.899x+0.0027 o 0192 y=530120+0.0153
LELT I e s R =0.3004
0 . i 0.0885 R'=0.9538 o 019 L B
¢ v % £ " Y
£ 298 " 5 O 0 5 - x -
0296 - 00873 " 0.186 _
0294 = 0.047 A~ 0184 o
- .
0252 ® 0.0465 v 0.182 o
0.29
0.046 018
0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034
0.0031 0.00315 0.0032 0.00325 D.0033 0.00335 0.0034 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034
e iyt yr

Fig. 6.24: Graphical presentation of thermodynamics study for batch adsorption of fluoride
using Alginate-bentonite/SBAC, Bentonite and Alginate
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Fig. 6.25: Graphical presentation of thermodynamics study for batch adsorption of fluoride
using nano-cellulose/PVA, Cellulose and PVA
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Fig. 6.26: Graphical presentation of thermodynamic parameters for batch adsorption of

fluoride onto Alginate-nanocellulose
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Table 6.7(a): Thermodynamic parameters of fluoride adsorption onto SB, SBC, and SBAC

Adsorbent Temperamreg AG(J/mol) AH(J/mol) AS (J/mol k)
SB 298 -466.869
303 -412.653
308 -412.019 -455.374 0.0108
313 -383.500
318 -466.869
SBC 298 -800.676
303 -813.198 -63.865 2,472
308 -825.505
313 -837.416
318 -848.6657
SBAC 298 -799.600
303 -812.104
308 -824.577 -70.602 2.447
313 -836.284
318 -848.6657

Table 6.7(b): Calculate value of thermodynamic parameters for fluoride
Alginate, bentonite, SBAC and Alginate-bentonite/SBAC

adsorption onto

AS (J/mol
Adsorbent Temperature AG(J/mol) AH(kJ/mol)
k)

Alginate 298 -482.365
303 -473.984
308 -480.772

-440.742 0.127
313 -478.078
318 -483.795
Bentonite 298 -122.929
303 -121.533
308 -122367

313 -123.164 -115.556 0.0224
318 -122.713
Alginate-bentonite/SBAC 298 -760.772
303 -760.737
308 -770.692

-525.827 0.787
313 -777926
318 -771.626
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Table 6.7(c ): Thermodynamic parameters for Fluoride adsorption onto nano-cellulose/PVA,

Cellulose and PVA

Temperamrelﬂ

Adsorbent AG(J/mol) AH(kJ/mol) | AS (J/mol k)

298 -687.190

303 -696.666

PVA

308 -707.119 -82.397
313 -717.537

298 -1165.769

303 -1170.212

Cellulose

308 -1189.381 -553.296
313 -1193.550

298 -2061.421

303 -2090.863

Nanocellulose/PV A

308 -2096.890 -1052.635
313 -2115.839

Table 6.7(d): Estimated values of thermodynamic state parameters for fluoride removal using

Alginate-nanocellulose, Cellulose and Alginate

Temperamreg

Adsorbent AG(J/mol) AH(J/mol) AS (J/mol k)

298 -482.365

Alginate 303 -473.984
308 -480.772 -440.742 0.127

313 -478.078

298 -1165.769

Cellulose 303 -1170.212
308 -1189.381 -553.296 2.050

313 -1193.550

303 -2291.195

Alginate-nanocellulose 308 -2311.058
beads 313 -2312.722 -1585.313 2.343

318 -2329.530
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RSM analysis for Fluoride removal study using prepared biosorbents

The ranges and levels of process variables (for Fluoride) examined in this research were, weight
of bio-adsorbent, pH, and contact time given in Table 6.8. Consistent with this design, a total
of twenty runs were carried out for fluoride removal study using raw SB, SBAC, Alginate-
bentonite/SBAC, Nanocellulose/PVA and Alginate-nanocellulose composite beads (Table
6.9).

Table 6.8: Experimental range and levels of independent variables for fluoride removal

process using raw SB and SBAC

Independent Range and levels (coded)

variables Units -1 0 +1 -alpha +alpha
pH 2 4.5 7 0.295518 | 8.70448
Dose g/lL 0.75 1.375 2 0.323879 | 242612
Time min 60 90 120 39.5462 140 454

(a) RSM study using SB and SBAC

Experimental design and statistical analysis:

From Fig. 6.27 (a) and 6.28 (b), it was observed that actual removal efficiency values were
close to the predicted values for selected defluoridation experiment. ﬂ empirical relationship
between the response and the independent variables has been expressed by the following
quadratic models. Final Equation in Terms of Actual Factors:

Fluoride Removal efficiency of raw SB (%R): R1 =+52.58909-0.51058xpH+4.82164x
Dose+0.029596% Time+0.068800% pH x Dose-6.33333E-004 x pH x Time+0.013067% Dose
x Time-0.040205xpH?-1.58005 xDose’-1.45634E-004 x Time?................... (6.1)

Removal efficiency of SBAC (%R):

R 1=+58.58909-0.51058 xpH-+4. 82164 xDose+0.029596x Time-+0.068800xpH x Dose-
6.33333E-004xpHx Time+0.013067x Dose x Time-0.040205xpH?-1.58005xDose>- 1. 45634E-
004X Time>. ... ooeeeeeeren, (6.2)

F-value obtained from the model was118.68 which sugge stcd@mudcl was significant. There
is only a 0.01% chance that a "Model F-Value" this large could occurred because of noise.

Values of "Prob > F" <0.0500 indicated model terms were significant. The "Pred R-Squared"
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26
for both adsorbent 0.9213 (SBAC) and 0f 0.9213 (SB)!H functional agreement with the "Adj
R-Squared" of 0.9824 (SBAC) and 0.9824 (SB) with low CV value (0.52).

The estimated error in between the predicted and the actual data of fluoride removal experiment
was very less (Fig. 6.27(a) and Fig. 6.28(a)). Combined influences of solution pH and time
upon defluoridation efficiency of SB and SBAC have been displayed in Fig. 6.27(b) and Fig.
6.28(b). The maximum defluoridation efficiency of SBAC was obtained as 60.98 % at a pH
value of 6.36 after 75.55 min contact time. Whereas, in case of SB it was 57% at a pH value of
5.0 after 114.44 min. Fig. 6.27(c) and Fig. 6.28(c) represented the 2D contour plots for
combined impacts of biosorbent dose and pH on fluoride uptake rate using SB and SBAC as
adsorbent material. Based on the plot, % removal of fluoride increased as dosage increased
simultaneously it was decreased with increasing pH, afterward a steady drop was observed.
The maximum adsorption of fluoride onto SBAC was achieved as 60.98 % at the optimum
conditions for the adsorbent dose of 1.9 g/LL and pH 6.36. Whereas, in case of SB it was 57%
at a dose of 1.96 g/L at pH 5.0. Fig. 6.27(d) and Fig. 6.28(d) represented the 2D contour plots
for combined impacts of biosorbent dosage and contact time on fluoride elimination efficiency.
The optimized condition for fluoride adsorption experiment using SBAC was observed from
RSM model was pH-6.36, dose 1.9 g/L and time 75.55 min and removal was found as 60.98
%. Whereas, in case of SB it was 57% at a dose of 1.96 g/L after 114.44 min.
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efficiency(d)
(b) RSM study using Alginate-bentonite/SBAC

Final Equation in Terms of Actual Factors:

%Removal for fluoride adsorption onto Alginate-bentonite/SBAC,
R1=+74.34909-0.51058xpH+4.82164*Dose+0.029596xTime+0.068800>pH*Dose-
6.33333E-004xpHx Time+0.013067% DosexTime-0.040205% pH?-1.58005%xDose?-1.45634E-

Results obtained from atic m implied that RSM model analysis was highly significant
as model F-value was 118.68 with %&lues of "Prob > F" less than 0.0001, the R? value was
high (0.9907), Adj R-Squared value was obtained as 0.9824 and the value of Pred R-Squared
was 0.9213 with a low value of CV (0.38).
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Fig. 6.29: Simulated vs. experimental values for Fluoride adsorption onto Alginate-
qltonitef SBAC (a), 2D contour plots on combine effect of pH and contact time (b), combine
effect of pH and adsorbent dose (c) and combine effect of contact time and adsorbent dose (d)

on fluoride removal efficiency

The estimated error in between the predicted and the actual data of fluoride removal experiment
was very less (Fig. 6.29(a)). Combined influences of solution pH and time upon defluoridation
efficiency have been displayed in Fig. 6.29 (b). The maximum adsorption of fluoride onto
Alginate-bentonite/SBAC composite beads was achieved as 77.32 % at the optimum conditions
for the contact time of 80.63 min and pH 5.84

Fig. 6.29 (c) represented the 2D surface plots for combined impacts of biosorbent dose and pH
on fluoride uptake rate. Based on the plot, % removal of fluoride increased as dosage increased
simultaneously it was decreased with increasing pH, afterward a steady drop was observed.

The optimized condition for fluoride adsorption experiment using Alginate-bentonite/SBAC
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composite beads was observed from RSM model was pH-5.84, dose 1.82 g/l removal was
found as 60.98 %.

Fig. 6.29 (d) represented the 2D surface plots for combined impacts of biosorbent dosage and
contact time on fluoride elimination efficiency. It was observed that at a higher biosorbent
dosage accessibility of adsorptive sites increased which led to higher defluoridation efficiency.
The optimized condition for fluoride adsorption experiment was observed from RSM model
was pH-5.84, dose 1.82 g/L and time 80.63 min and removal was found as 77.32 % (Sinha et
al., 2013).

(¢ ) RSM study using Cellulose and Nanocellulose/PVA

Final Equation in Terms of Actual Factors:

Fluoride removal efficiency of Cellulose, R1 =+71.18703+0.35923xpH+4.93842xDose-
5.70112E-003xTime-0.27200% pH xDose-8.90000E-003 x pHxTime+0.039200xDosex Time-
0.018259xpH?-1.68146xDose’+1.22654E-004 x Time?.................... (6.4)

Fluoride removal efficiency of Nanocellulose/PVA, R1=+81.29170-0.70524 %
pH+5.85287%Dose+0.020492%Time-0.045600xpH*Dose+6.16667E-004 xpHxTime+
3.53333E-003xDose * Time-5.13668E-003% pH2-1.51677x Dose’-5.13849E-005x

Results obtained from dratic model implied that RSM model analysis was highly
significant as model F-value was 86.7 with Values of "Prob > F" less than 0.0500, the

R? value was high (0.9873), Adj R-Squared value was obtained as 0.9760 and the value of
Pred R-Squared was 0.9033 with a low value of CV (0.37).

Fig. 6.30(b) and 6.31 (b) represented the 2D surface plots for combined impacts of biosorbent
dose and pH on fluoride uptake rate for cellulose and composite, respectively. Based on the
plot, % removal of fluoride increased as dosage increased simultaneously it was decreased with
increasing pH, afterward a steady drop was observed. The maximum adsorption of fluoride
onto cellulose was achieved as 74.9% at the optimum conditions for the adsorbent dose of 1.78
g/L and pH 6.30. Whereas, in case of nanocellulose/PVA it was 84.89% at a dose of 1.93 g/L
atpH 5.41.

Fig. 6.30(c) and 6.31(c) represented the 2D surface plots for combined impacts of biosorbent
dosage and contact time on fluoride elimination efficiency of cellulose and composite,
respectively. The optimized condition for fluoride adsorption experiment using cellulose was
observed from RSM model was pH-6.30, dose 1.78 g/L and time 91.83 min and removal was
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found as 74.9 % (Sinha et al., 2013). Whereas, in case of nanocellulose/PV A it was 84.89 % at
a dose of 1.93 g/L after 92.80 min.

Combined influences of solution pH and time upon defluoridation efficiency have been
displayed in Fig. 6.30(d) and 6.31(d) for cellulose and composite, respectively. The maximum
defluoridation efficiency of cellulose was obtained as 74.9 % at a pH value 0of 6.30 after 91.83
min contact time. Whereas, in case of composite it was 84.89 % at a pH value of 5.41 after
92.80 min.
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Fig. 6.30: Simulated vs. experimental values for Fluoride adsoﬁ:n onto Cellulose (a), 2D
contour plots on combined effect of pH and time (b), combined effect of contact time and pH

(¢) and combined effect of dose and pH (d) on fluoride removal efficiency
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é:lcocellulosefPVA (a), 2D contour plots on combined effect of pH and dose (b), combined
t of contact time and adsorbent dose (¢) and combined effect of contact time and pH (d)

on fluoride removal efficiency

(d) RSM study using Alginate-nanocellulose composite

Final Equation in Terms of Actual Factors:

% removal of fluoride using Alginate-nanocellulose:

R1=+71.18703+0.35923 xpH+4.93842xDose-5.70112E-003x Time-0.27200xpH x Dose-
8.90000E-003xpHx Time+0.039200%Dosex Time-0.018259xpH? 1.68146xDose’+1.22654E-
004XTime>.. ..o (6.6)

Results obtained from atic model implied that RSM model analysis was highly significant
as model F-value was 124.05 with Values of "Prob > F" less than 0.0500, the R? value was high
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(0.9911), Adj R-Squared value was obtained as 0.9831 and the value of Pred R-Squared was
0.9275 with a low value of CV (0.34).

The estimated error in between the predicted and the actual data of fluoride removal experiment
was very less (Fig. 6.32(a)). Combined influences of solution pH and time upon defluoridation
efficiency have been displayed in Fig. 6.32(b). Fig. 6.32(c) represented the 2D surface plots
for combined impacts of biosorbent dose and pH on fluoride uptake rate. Based on the plot, %
removal of fluoride increased as dosage increased simultaneously it was decreased with
increasing pH, afterward a steady drop was observed. Fig. 6.32(d) represented the 2D surface
plots for combined impacts of biosorbent dosage and contact time on fluoride elimination
efficiency. The optimized condition for fluoride adsorption experiment was observed from
RSM model was pH-5.67, dose 1.89 g/L and time 85.71 min and removal was found as 82.79
% (Sinha et al., 2013).
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Fig. 6.32: Simulated vs. experimental values for Fluoride adsorption onto Alginate-
nanocellulose (a), 2D contour plots on combine effect of pH and dose (b), combine etfect of
contact time and adsorbent dose (c¢) and combine effect of contact time and pH (d) on fluoride

removal efficiency.
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Table 6.9: Experimental results of RSM study using raw SB and SBAC for Fluoride removal

Run pH Dose Time %R of %R of | %R of Fluoride %R of
%R of Fluoride %R of
(g/L) (min) Fluoride | Fluoride removal Fluoride
removal Fluoride
removal | removal (Alginate- removal
(nanocellulose/ removal
(SBAC) (SB) bentonite/SBAC) (Alginate-
PVA) (Cellulose)
nanocellulose)

1 8.70 1.375 90 58.07 52.07 73.83 79.03 76.63 71.79
2 4.5 1.375 90 62.39 56.39 78.15 83.35 80.95 76.11
3 4.5 2.43 90 62.99 56.99 78.75 83.95 81.55 76.71
4 7 0.75 60 58.17 52.17 73.93 79.13 76.73 71.89
5 4.5 1.375 90 62.39 56.39 78.15 83.35 80.95 76.11
6 2 0.75 120 62.98 56.98 78.74 83.85 8145 77.05
7 4.5 1.375 90 62.39 56.39 78.15 83.35 80.95 76.11
8 2 0.75 60 61.89 55.89 77.65 82.85 8045 75.61
9 2 2 60 63.89 57.89 79.65 84.85 82.45 77.61
10 4.5 0.32 90 58.3 523 74.06 79.26 76.86 71.02
11 7 2 60 59.62 53.62 75.38 80.58 78.18 73.34
12 4.5 1.375 90 62.39 56.39 78.15 83.35 80.95 76.11
13 7 2 120 61.5 555 77.26 82.03 79.63 75.05
14 4.5 1.375 90 62.39 56.39 78.15 83.35 80.95 76.11
15 4.5 1.375 140.45 63.09 57.09 78.85 84.05 81.65 77.16
16 0.295 1.375 90 65.29 59.29 81.05 86.25 83.85 79.01
17 4.5 1.375 90 62.39 56.39 78.15 83.35 80.95 76.11
18 4.5 1.375 39.55 60.95 54.95 76.71 82.15 79.75 74.91
19 2 2 120 64.98 58.98 80.74 85.85 83.45 83.14
20 7 0.75 120 58.09 52.09 73.85 79.05 76.65 71.81

6.2.2. Results of Fluoride adsorption study in Fixed-bed Column using prepared biosorbents

Fluoride

Nanocellulose/PVA was also obtained in fixed-bed adsorption system at different bed height
(4am, 8cm, 10 cm), pH (4.0, 6.0, 8.0), feed flow rate (5.0, 10.0, 13.0 mL/min) and feed
concentration (8.0, 10.0, 12.0 mg/L). Effect of operational parameters on breakthrough curve
were found similar to that obtain in column study of dye adsorption. Under all experimental

condition Nanocellulose/PVA composite beads shows better results in comparison with raw

adsorption

SB, SBAC, Alginate-bentonite/SBAC composite.
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Influence of pH

To determine the influence Uql}H on the breakthrough curve, experiment was investigated at
different pH (4 to 8) keeping initial fluoride concentration, flow rate and bed height constant
at 10 mg/L, 5 mL/min, and 4 cm, respectively using raw SB C, Alginate-bentonite/SBAC
and Nanocellulose/PV A as biosorbent for individual smdyAﬁ:s observed that on increasing
the pH of the feed solution, the breakthrough time decreased which indicates that fluoride
removal efficiency and adsorption capacity was lower. Breakthrough time at pH = 4.0 for
fluoride adsorption in fixed bed using raw SB as adsorbent was 65 min and at pH = 8.0 it was
25 min (Fig. 6.33(a)). With SBAC as adsorbent, the breakthrough was achieved after 115min
at pH = 2.0 and at pH = 8.0 it was 80min (Fig. 6.34(a)). With Alginate-bentonite/SBAC beads,
breakthrough time at pH=4 and pH = 8.0 was 240 min and 145 min respectively (Fig. 6.35(a)).
On increasing the value of solution pH from 4.0 to 8.0, the time required to reach breakthrough
condition decreased from 225 min to 110 min for Nanocellulose/PVA composite (Fig. 6.36(a)).
Inﬂuenceﬁed height

Influence of bed height on the breakthrough time for fluoride removal study in the fixed-bed
column containing prepared biosorbents were investigated by varying the height (4.0 cm-8.0
cm). Amount of adsorbent for 4 cm bed hight of fixed-bed column containing Raw SB=3.7g,
using SBAC=2.8g, for Alginate-bentonite/SBAC beads=3.1g and for
Nanocellulose/PVA=2.1g. Adsorbent amount in 6 cm bed hight are 5.9 g, 3.9g, 4.16g and 3 .2¢g
using SB, SBAC, Alginate-bentonite/SBAC and Nanocellulose/PVA respectively. Adsorbent
mass in 8 ¢m height of adsorbent column is 6.7g, 6.2g, 5.67g and 4.15g using SB, SBAC,
Alginate-bentonite/SBAC and Nanocellulose/PVA respectively. Feed containing flouride of
10 mg/L concentration and pH 4.0 was passed through the é{:d bed column at flow rate of 5
mL/min at different bed height. The C/Cq versus time plot show that when bed height increased
from 4.0 cm to 8.0 cm, breakthrough time of the fixed-bed column containing SBAC particles
increased from 60 to 250 min leading to steeper breakthrough curve at small bed height (Fig.
6.34(b)). Fig. 6.35 (b) show that on increasing bed height from 4.0 to 8.0 cm using alginate-
bentonite/SBAC beads the breakthrough time increased from 240 to 445 min. Using
Nanocellulose/PV A composite as adsorbent, Fig. 6.36(b) breakthrough time changed from 210
min to 405min for the same change in bed height.

Influence of feed flow rate

In order to evaluate the defluoridation capability of raw SB, SBAC, Alginate-bentonite/SBAC

and Nanocellulose/PVA in fixed bed reactor at varying inlet flow rate (ranging from 5 to 13
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ml/min) experiment was done at pH 4.0, initial ride concentration (10 mg/L) and bed height
(4 cm) constant. From C/Cy versus time plot g 6.33(c), Fig. 6.34(c), Fig. 6.35(c), and Fig.
6.36(c)), it was observed that breakthrough achieved was faster at a higher influent flow rate.
On increasing flow rate from 5 to 13 ml/min, the breakthrough time of the fixed-bed column
containing raw SB particles (Fig. 6.33(c)) SBAC particles (Fig. 6.34(c)), Alginate-
bentonite/SBAC beads (Fig. 6.35(c)) and nanocellulose/PVA (Fig. 6.36(c)) decreased from 65

min to about 30 min, from 115min to 60 min, from 240 min to about 110 min and from 210min

to 95 min respectively.

Influence gnitial fluoride concentration

The effect of initial fluoride concentration on breakthrough curve was studied by varying the
inlet feed concentration in fixed-bed reactor using biosorbents for individual study. The
influence of feed concentration on breakthrough characteristic have been shown Ci/Co versus
time graph. It is observed that with increase in feed concentration, breakthrough time decreased
resulting in sharpness of breakthrough curves. Using Alginate-bentonite/SBAC beads as
adsorbent, breakthrough time reduced from 240 to 165 min with increasing feed concentration
of fluoride solution (from 10 to 14 mg/L) in fixed-bed reactor (Fig. 6.35(d)). Similarly, wi
Nanocellulose/PVA composite as adsorbent breakthrough curves (Fig. 6.36(d) rcvcalcd‘@
with an increase in the concentration of fluoride solution (as of 10 to 14 mg/L), the time

required for breakthrough reduced from 210 min to 140 min.
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Fig. 6.34: Effect of various operational conditions on breakthrough curve for fluoride

adsorption in fixed-bed containing SBAC
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Table 6.10: Parameters of the breakthrough curves for fluoride adoption onto raw SB

Q(ml/min) Co pH | Loem) | & | t (min) Mot St Su/Sw | R (%) Seo(mg/m
(mg/L) (mg) g)
5 8 4 4 65 | 13696 8.6 5478 | 0593206 | 63.70 1.480
5 10 4 4 80 | 13328 105 6.664 | 0720285 | 63.46 1.801
5 12 4 4 20 | 76014 7.5 4560 | 0438511 | 60.81 1232
10 10 4 4 45 | 10421 18 10421 | 0561343 | 57.89 | 2816
13 10 4 4 0 | 8777 195 11411 | 0.131449 | 5851 3.084
5 10 4 6 70 | 15574 105 7.787 044946 | 74.163 | 1.052
5 10 4 8 85 | 17490 | 1225 8.745 048599 | 7138 | 0.945
5 10 6 4 35 | 8848 7.5 4424 039555 | 61.023 | 1.195
5 10 8 4 25 | 8138 6.75 4.069 0 60.282 | 1.099

145




Table 6.11: Parameters of the breakthrough curves for fluoride adsorption onto SBAC

Q(ml/min) G pH | Loem) | t | t (min) Mot Stot Sw/Swe | R (%) Sen(mg/em
(mg/L) (mg) g)
5 8 4 4 115 219.1699 11.6 8.766795 0.524707 75.57 3.130998
5 10 4 4 65 146.9578 11.25 7.347889 0.442304 65.31 2.624246
5 12 4 4 80 187.3636 16.5 11.24182 0426977 68.13 4.014935
9 10 4 4 90 160.1515 21.15 14.41364 0.561968 68.149 5.147727
13 10 4 4 60 127.4295 273 16.56584 0.470849 60.68 5.91637
5 10 4 6 180 290.081 19.5 14.50405 0.620516 74379 3.718987
5 10 4 8 250 | 381.9213 26 19.09606 0.654585 73.44 3.929231
5 10 2 4 130 | 246.0385 16.75 12.30193 0.528372 73.444 | 4393545
5 10 7 4 85 168.5308 16.25 8.42654 0.504359 51.855 3.009479
5 10 8 4 80 146.3932 11.5 7.319661 0.546473 | 63.6492 | 2.614164
Table 6.12: Parameters of the breakthrough curves for Fluoride adsorption onto Alginate-
bentonite/SBAC beads

Q(ml/min) (m(;?b) pH | Lyem) | t | t(min) (I‘n:‘;') Stor Se/Swe | R (%) S‘“‘(':)gfm
5 10 4 4 240 369.4632 21.5 18.47316 0.649591 85921 5.597928
5 12 4 4 200 | 336.1814 234 20.17089 0.594917 86.200 6.11239
5 14 4 4 165 | 261.8996 224 18.33297 0.630013 81.843 5.55544
9 10 4 4 160 | 249.1088 279 22.41979 0.64229 80.357 6.793875
13 10 4 4 110 189.1455 338 2458892 0.581563 72.748 7451187
5 10 4 6 295 | 445.7772 24.25 22.28886 0.661766 91.912 3.980154
5 10 4 8 445 622.1307 39.25 31.10653 0.715284 79252 | 4.147538
5 10 2 4 250 | 405.0258 22.25 20.25129 0.617245 91.017 6.136755
5 10 7 4 165 273.75 17.25 13.6875 0.60274 79.347 4.14772
5 10 8 4 145 | 216.5169 14.75 10.82584 0.669694 73.395 3.28055
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Table 6.13: Parameters of the breakthrough curves for fluoride adsorption onto
nanocellulose/PVA
Q(ml/min) (m(;:l») pH | Lu(cm) th t¢ (min) (I‘:;;; Stot Sb/Stot R (%) Sm(gl)g)’m

5 10 4 4 225 341.607 205 17.080 0.6147 83318 8.1335
9 10 4 4 150 239.11 26.55 21.519 0.6273 81.054 10.247
13 10 4 4 95 170.53 312 22,168 0.5277 71.054 10.556
5 10 2 4 230 37398 21.75 18.699 0.6150 85972 8.904
5 10 7 4 145 25375 16.25 12.687 05714 78.076 6.041
5 10 8 4 110 212.042 13.5 10.602 0.5187 78.534 5.048
5 10 4 6 275 401.87 245 20.093 0.6843 82.014 6.279
5 10 4 8 405 593.44 39 29.672 0.6824 76.082 7.14988
5 12 4 4 180 294,107 225 17.646 0.6120 78428 8.403
5 14 4 4 140 231.364 22.75 16.195 0.6267 T1.188 7.712

Kinetic Modelling data of fixed-bed column adsorption of Fluoride

Estimated values of model parameters, kyn (L/min), under various operational conditions are
listed in the @JIE 6.14, Table 6.15, Table 6.16 and Table 6.17. The table revealed that the
magnitude of kyn increased with both pH value of feed solution and concentration of feed,
whereas kyn decreased under such conditions. kyy increased with the rate of inlet flow but
decreased with increasing depth of the column bed containing bigsorbent. Derived values of
kth, qo, and the value of R? (correlation coefficient) were listed inﬁ)le 6.14, Table 6.15, Table
6.16 and Table 6.17. Results indicated that g increased with both the depth of the column and
the flow-rate of feed solution. Whereas, kT decreased with increasing pH of the inlet solution.
On the other hand, ki, decreased with increasing depth of the adsorbent column but increased
with both pH value of the inlgt fluoride solution and the feed flow rate (Dhanasckaran et al.
2017). Results revealed that m Yoon-Nelson and Thomas model seemed to be well fit the
investigational data of the fixed-bed adsorption experiment for the fluoride removal using raw

SB, SBAC Alginate-bentonite/SBAC, Nanocellulose/PV A as biosorbent.
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Table 6.14: Derived Parameters of column kinetic models for fluoride adsorption on raw SB

at different experimental conditions

Operational conditions Thomas model Yoon-Nelson
F(ml/min) Cy(mg/L) Z(cm)  pH ki (m-g w(10 R? Ferw  (min) R
min) mg/g) (L/min)
5 8 4 4 0.00577 148.073 0.976 0.0462 136.96 0.976
5 10 4 4 0.00759 165.0455 0.953 0.0759 133.28 0.953
5 12 4 4 0.00732 123.2111 0.988 0.0878 76.014 0.988
10 10 4 4 0.00714 281.6602 0.962 0.0714 104.21 0.962
13 10 4 4 0.00793 308.405 0.985 0.0793 87.779 0.985
5 10 6 4 0.00617 199.676 0.948 0.0617 155.74 0.948
5 10 8 4 0.00604 911.0272 0.964 0.0604 174.90 0.964
5 10 4 6 0.00929 119.5735 0.984 0.0929 88.484 0.984
5 10 4 8 0.00917 109.9782 0.985 0.0917 81.381 0.985
Table 6.15: Derived Parameters of column kinetic models for fluoride adsorption on SBAC at
different experimental conditions
Operational conditions Thomas model Yoon-Nelson
F(ml/min) Co(mg/L)  Z(cm) pH K mlg (10 R? e T (min) R?
min) mg/g) (L/min)
5 8 4 4 0.00647 313.09 0.946 0.0518 219.1699  0.946
5 10 4 4 0.00687 262.424 0.964 0.0687 146.9578  0.964
5 12 4 4 0.00421 401.493 0.948 0.0506 187.3636 0.948
9 10 4 4 0.0066 514.773 0.944 0.066 160.1515 0944
13 10 4 4 0.00759 591.64 0.977 0.0759 1274295 0977
5 10 6 4 0.00494 371.898 0.906 0.0494 290.081 0.906
5 10 8 4 0.00432 392.9.23 0.954 0.0432 381.9213 0.954
5 10 4 2 0.00467 439.35 0.901 0.0467 246.0385 0.901
5 10 4 7 0.00633 300.95 0.974 0.0633 168.5308  0.974
5 10 4 8 0.00707 261.4.16 0.970 0.0707 146.3932 0970

Table 6.16: Derived Parameters of column kinetic models for Fluoride adsorption onto
Alginate-bentonite/SBAC at different experimental conditions
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Operational conditions

Thomas model

Yoon-Nelson

le!min) Comg/L) Z(em)  pH km (Lmg (10 R er r(min) R
min) mg/g) (L/min)
5 10 4 4 0.00503 5294.897 0.95 0.0503 349.463 0.95
5 12 4 4 0.00395 5657.844 0.969 0.0474 311181 0.969
5 14 4 4 0.00490 5237.263 0.964 0.0687 246.899 0.964
9 10 4 4 0.00662 6248.421 0.95 0.0662 229.108 0.95
13 10 4 4 0.00749 7057.248 0.977 0.0749 179.145 0.977
5 10 6 4 0.00386 3756.939 0.946 0.0386 420,777 0.946
5 10 8 4 0.00352 3980.871 0.961 0.0352 597.130 0.961
5 10 4 2 0.00387 5757.967 0.94 0.0387 380.025 0.94
5 10 4 7 0.0064 3768.939 0.981 0.064 248.75 0.981
5 10 4 8 0.00712 3204.801 0.966 0.0712 211516 0.966
Table 6.17: Derived Parameters of column kinetic models for fluoride adsorption on polymeric
composite at different experimental conditions
Operational condition Yoon-Nelson Thomas
1 Co Z(em) pH kyn T (min) R? ki (L mg!  qox10? (mg R?
min') (mg LV (L min™) min™) g
5 10 4 4 0.056 316.607 0.946 0.0056 75383 0.946
9 10 4 4 0.073 22411 0.952 0.0073 96.047 0.952
13 10 4 4 0.076 160.53 0.983 0.0076 99373 0.983
5 10 4 2 0.049 348.98 0.899 0.0047 8§2.32 0.899
5 10 4 7 0.064 228.75 0.981 0.0064 54.464 0.981
5 10 4 8 0.071 187.042 0.966 0.0071 44,534 0.966
5 10 6 4 0.049 391.87 0.882 0.0049 61.225 0.882
5 10 8 4 0.032 588.44 0.988 0.0032 70.896 0.988
5 12 4 4 0.056 289.107 0.847 0.00467 82.543 0.847
5 14 4 4 0.066 226364 0.983 0.00471 75523 0.983
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4.4, Summary

1
e Inbatch study, the fluoride adsorption potential ofthe prepared composite !as observed

to be significantly dependent on the various operational factors including pH,
experimental time, composite mass.

e Under all investigational condition, nanocellulose/PVA composite showed excellent
results towards fluoride adsorption compared to other biosorbents

e Fluoride adsomption isotherm showed that the estimated value of monolayer adsomption
capacity were 19.88, 20.53, 22.22, 23.809, 14.75, 28.41, and 23.809 mg/g for SB
powder, SBC, SBAC, Alginate-Bentonite/SBAC beads, Cellulose,
NanoCellulose/PV A, Alginate-Nanocellulose beads respectively

. e nature of rate limiting steps involved in adsorption process might be well predicted
by the Pseudo-second-order kinetics (R? = 0.999).

e Values of parameters obtained from the thermodynamic analysis show that the
decolorization and defluoridation method was spontaneous, exothermic and feasible.

o Yoon-Nelson model and Thomas model showed excellent conformity of the
experimental data of fixed-bed study with the breakthrough curves and effectively
explained the fluoride uptake process

e At higher initial fluoride concentration and at basic condition (pH>7), breakthrough
was reached faster on increasing depth of the adsorbent column.

e The fluoride adsorption efficiency of the composite column increased with both @)ed
depth of the composite column and the inlet flow rate, while it decreased with

increasing pH of the inlet fluoride solution.
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Chapter.7

Dye and Fluoride remediation using polymeric
materials-based composite: Fluidized-bed study
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7.1. Introduction

The solid-liquid fluidized-bed adsorption system have been used for many applications in
various sector of the chemical and biochemical industries. In a fluidized bed system, complete
mixing between solid particles and fluid can be established, thus creating more suitable
environments for effective heat and mass-transfer (Davoodi et al., 2021). In recent years, this
system has been applied in the wastewater purification process (Sureshkumar et al., 2020). The
benefits of this system besides preventing clogging in associated with fixed bed are better
adsorbate-adsorbents interaction leading to higher removal/uptake efficiency and less
adsorbent quantity requirement (Lan et al., 2002).

In this chapter, the results obtained on application of Alginate-nanocellulose composite beads
for MG dye decolorization and defluoridation process in fluidized-bed system have been

presented. Experimental data were evaluated by designing mathematical modeling.

7.2. Results and Discussion

7.2.1. Fluidized-bed study for Dye removal using Alginate-nanocellulose beads

Characteristics of fluidized-bed

Minimum fluidization velocity’ was calculated using adsorbent-bed height (/) vs. superficial
velocity (U) plot (Fig. 7.1) and corresponds to the point where the changes from stationary
solid adsorbent bed to solid-liquid fluidized-bed happens through increase in fluidization
velocity. Experimentally obtained U, value and the fluidization velocity for different height
of adsorbent-bed was represented in Fig. 7.1 using adsorbent mass of 4g. It is seen that the
velocity must be maintained above 0.06217 ¢cm min'! for attainment of fluidized condition.

High superficial velocity leads to increase in loss of fine adsorbent material (B. Lv et al., 2021).

2 bed height vs. superficial velocity

———i—————
0 0.05 0.1 0.15 0.2

U {em /min)
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Fig. 7.1: Fluidization curve for determination of the minimum fluidization velocity

(adsorbent mass=4g, fixed bed height=8cm, adsorbent beads diameter= 0.25mm)
Effect of feed concentration

Influence of initial feed concentration on MG dye adsorption in fluidized-bed column
(continuous adsorption experiments) with fixed biosorbent-bed weight of 4g Alginate-
nanocellulose beads was investigated by varying feed concentration (50, 75, 100 mg/L) at
constant inlet flow rate of 50 ml/min using 0.25 mm beads size. The curves presented (Fig.
7.2(a)) show that the rate of defluoridation in fluidized-bed is better at lower feed solutions. So
feed concentration of 50 mg/L was used for further experiments. The reduced adsorption
efficiency on increasing feed concentrations of dye solution could be associated with the
competition between large amount of adsorbate molecules for active sites on composite beads

surface (B. Lv et al., 2021).

Effect of adsorbent bed weight

Weight of biosorbent bed is another significant factor in the fluidized-bed adsorption process.
Effects of bed depth on the performance of column adsorption process were investigated in
fluidized-bed reactor at different bed weight (4, 6, and 8 g) with the feed flow rate,
concentration of feed and beads size kept constant at 50 mL/min, 50 mg/L and 0.25 mm
respectively. The results at various bed weight has been presented in Fig. 7.2(b). It is noted that
an increase in adsorbent-bed weight from 4g to 8g fluoride removal efficiency decreased. With
increasing weight of biosorbent mass, movement/suspension of particles in fluidized media of
the column reduced which leads to the decreased in adsorbent-adsorbate interaction (or contact
in between adsorbate and adsorbent) and reduce the removal proficiency. Hence, weight of

column bed for further study was kept by around 4g.

Effect of feed flowrate

Influence of the initial feed flow rates on fluoride adsorption performance of continuous
fluidized-bed system containing Alginate-nanocellulose as biosorbent was examined under
varying feed flow rate (30-50 mL/min) for a constant mass of biosorbent-bed (4g), initial feed
concentration of 8 mg/LL and bead diameter 0.25 mm. The sorption behaviours attained at
various feed flowrates are presented in Fig. 7.2(c). Results indicated that as rate of feed flow

was increased better dye adsorption was obtained with lengthier saturation period. Feed flow
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rate of 50 mL/min correspond to minimum fluidization velocity at which the fixed bed become

fluidized. Fluidization increases the adsorbate molecule-adsorbent particle interaction and

improves efficiency.

Effect of composite beads size

The influence of average adsorbate breads size (in diameter) on MG dye adsorption

performance in continuous fluidized-bed reactor was investigated at varying adsorbent bead

diameter (0.25mm, 0.53mm, 0.97mm) while the feed flowrate, adsorbent mass and feed

concentration were kept constant as 50 mL/min, 4g and 50 mg/L respectively. Mass of

adsorbent in column taken in each run was kept constant (4g). Beads of different diameter was

prepared by allowing the suspension to flow into the calcium chloride solution from openings

of different diameter. Fig. 7.2(d) represented the effects of composite beads size upon

biosorption proficiency. A decrease in biosorbent beads diameter from 0.97 to 0.25 mm show

higher defluoridation performance and lengthier biosorption process. Removal proficiency is

improved by using smaller size of solid particle because of higher adsorbent surface area for

better interaction with adsorbate molecule at the same adsorbent mass.
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Fig. 7.2: Influence of different experimental variables on adsorbent performance of the

continuous fluidized-bed for MG dye removal
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7.2.2. Fluidized bed column kinetic models for MG dye removal study

Parameters obtained from Yoon-Nelson model are presented in Table 7.1. On the basis of
resulted data, itis observed that the value of k,,, and T decreased on increasing both feed flow
rate and pH of feed solution. The value of T was maximum at 8 cm bed height.

Calculated values of ki, qo. and regression coefficients obtained from Thomas model are
preggnted in Table 7.1. Results suggested that with an increase in the feed flow rate, the value
of qomas rate constant (kry) reduced but the bed capacity (qo) increased. Contrarily, qo
increased and the value of kri reduced with an increase in column bed height. The reasonably
high value of regression coefficients (R2>0.95) at all the investigational situations signify that
the data obtained from the column study could be suitably explained by Thomas model and

Yoon Nelson model.

Table 7.1: Derived Parameters of continuous fluidized bed column kinetic models for dye

adsorption on composite at different experimental conditions

Operational condition Yoon-Nelson model Thomas model
Adsorbent
F C W beads dia. Ferw T (min) R? ke x10° o (me/e) R?
(L/min)  (mg/L) (g (L/min) (L/mg.min)
(mm)

0.05 50 4 0.25 0.0225 483.955 0.966 0.045 336.080 0.966
0.05 50 6 0.25 0.0192 711.406 0.984 0.0384 296.419 0.984
0.05 50 8 0.25 0.0175 828.971 0.993 0.035 262.333 0.993
0.04 50 4 0.25 0.0209 373.827 0.987 0.041 207.682 0.987
0.03 50 4 0.25 0.0257 35.875 0.993 0.0514 14.948 0.993
0.05 75 4 0.25 0.0452 257.079 0.954 0.060 267.791 0.954
0.05 100 4 0.25 0.0543 157.311 0.963 0.054 218.487 0.963
0.05 50 4 0.97 0.065 165.384 0.962 0.13 114.850 0.962
0.05 50 4 0.53 0.0195 683.589 0..985 0.039 474.715 0..985
0.05 50 4 0.25 0.0225 483.955 0.966 0.045 336.0802 0.966

7.2.3. Fluidized-bed study for Fluoride removal using Alginate-nanocellulose beads

Fluoride adsorption behaviour in fluidized bed was investigated using Alginate-nanocellulose
beads as adsorbent by varying parameters including feed concentration (8, 10, 12 mg/L), feed
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flowrate (30, 40, 50 mL/min), adsorbent beads size (0.25, 0.53, 0.97mm), adsorbent bed weight
(4, 6, and 8g). The trends of the results are similar to that obtained in the dye remowval study in

fluidized bed column under all experimental conditions.
Effect of feed concentration

Influence of initial feed concentration on fluoride adsorption in fluidized-bed column of
Alginate-nanocellulose beads was investigated by varying feed concentration (8-12 mg/L) at
constant biosorbent-bed weight (4 g), constant feed flowrate of 50 ml/min using 0.25 mm beads
size. The curves presented (fig. 7.3(a)) show that the performance of fluidized-bed was better

at feed concentration of 8 mg/L.

Effect of adsorbent bed weight

Effects of bed depth on the performance of column adsorption process were investigated in
fluidized-bed reactor at different bed weight (4, 6, and 8 g) where the feed flowrate and
concentration of feed were kept constant at 50 mL/min and 8 mg/L respectively. The results
are presented in Fig. 7.3(b). [t was noticed with increase in adsorbent-bed weight defluoridation

rate decreased.

%ﬂt of feed flowrate

The effect of feed flowrates on fluoride adsorption performance of continuous fluidized-bed
system was examined under varying feed flowrate (30-50 mL/min) for fixed weight of
biosorbent-bed (4g), beads size of 0.25 mm and feed concentration of 8 mg/L. The sorption
behaviours attained at various feed flowrates were presented in Fig. 7.3(c). Results indicated

that as rate of feed flow was enhanced to 50 mL/min better fluoride adsorption was obtained.

Effect of composite beads size

The influence of average adsorbate breads size (in diameter) on fluoride adsorption
performance in continuous fluidized-bed reactor was investigated at varying adsorbent bead
diameter (0.25mm, 0.53mm, 0.97mm) while the initial feed flow rate and feed concentration
were kept constant as 50 mL/min and 8 mg/L, respectively. It was noticed that a decrease in
biosorbent beads diameter from 0.97 to 0.25 mm showed higher defluoridation performance

and lengthy biosoption process.
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Fig. 7.3: Influence of different experimental variables on adsorbent performance of the

continuous fluidized-bed for fluoride removal
7.2.4. Fluidized bed column kinetic models for fluoride removal study

The calculated values of parameters obtained from Yoon-Nelson model, kyx and T are shown
in table 7.2. Results showed that the model parameter kyy increased with an initial
concentration gfeed solution and the value of 7t decreased under such conditions. The
magnitude of these parameters decreased with increase in flow rate of feed solution and
adsorbent beads size. The value of T increased with the weight of the adsorbent bed but that of
kv~ decreased. Calculated values of Thomas model parameters k4, and go with coefficients of
ression analysis (R?) for each set of experimental conditions are presented in Table 7.2.
esulted data indicated that both the Thomas model and Y oon-Nelson models were suitable to
predict the biosorption performance for fluoride adsorption onto Alginate-nanocellulose
mposite beads in a fluidized-bed system. As seen in Table 7.2, it is observed that krn
écreas ed with increasing both the adsorbent bed weight and the flow rate of the feed solution,

whereas o increased for these trend. The value of qo increased with increasing both the inlet

concentration and beads size whereas ki decreased.
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Table 7.2: Derived Parameters of kinetic models for continuous fluidized bed column for

Fluoride adsorption using Alginate-nanocellulose at different experimental conditions

Operational condition Yoon-Nelson model Thomas model
Adsorbent qox10°
F kyn kem X102 (L
W (g) beads dia. T (min) R? (mg/g) R?
(L/min)  (mg/L) (L/min) mg/min)
(mm)
0.05 50 4 0.25 0.039 296.035 0.983 0.0079 205.580106 0.983
0.05 50 6 0.25 0.045 324.201 0978 0.0091 135.083880 0.978
0.05 50 8 0.25 0.036 335.467 0.992 0.0072 106.160453 0.992
0.04 50 4 0.25 0.044 291.715 0.990 0.0088 162.064208 0.990
0.03 50 4 0.25 0.044 256.892 0.957 0.0088 107.038288 0.957
0.05 75 4 0.25 0.045 207.124 0.954 0.0602 215.754056 0.954
0.05 100 4 0.25 0.054 157.311 0.930 0.0054 218.487824 0.930
0.05 50 4 0.97 0.072 138.152 0.965 0.0145 95.9386973 0.965
0.05 50 4 0.53 0.033 327.848 0.950 0.0066 227.672558 0.950
7.3. Summary
Decolourization and defluoridation characteristics of fluidized bed was examined using

Alginate-nanocellulose beads are presented in this chapter. Concluded summery of this

research work are as follows:

With increasing bed weight, the adsorption rate increased

The adsorption efficiency reduced by rising initial feed concentrations

Results indicated that as rate of feed flow was enhanced better fluoride adsorption was

ascended along with lengthier saturation period due to increase in the adsorbent-

adsorbate contact frequency.

It was noticed that a decrease in biosorbent beads diameter showed higher

defluoridation performance and lengthy biosoption process.

These results suggested that fluidized bed in conjunction with Alginate-nanocellulose

composite can be used as a suitable efficient biosorbent in decolourization and defluoridation

process in treatment of polluted water.
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Chapter.8

Evaluation on Regeneration and Biodegradation

study of pollutant-loaded composites
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8.1. Introduction

Recyclability and reuse of adsorbent are important factors in evaluation of economy of
adsorption process. Pollutant elimination by biosorption process is reasonable and beneficial if
the pollutant loaded biosorbent can be regenerated. Regeneration helps to prolong
serviceability of adsorbent, recuperate the uptake capability and saves expenses for adsorbent
preparation. Disposing the used adsorbent has many undesirous effect on the environment. This
could be reduced by biodegradation of the adsorbent. After several cycle of reuse, as the
removal efficiency of adsorbent is reduced, the pollutant loaded adsorbents were biodegraded
isolated microorganism before dispose them to the environment.

iodegradation is the microbial process of decaying or reduction of different organic materials
and toxic metals to tha" nontoxic form with the help of microorganisms. The biodegradation
process is a simple, eco-friendly and cost-effective process that requires low capital and
operating cost and generates no hazardous end products. In this method nutrients and physical
conditions plays important role. Temperature and pH are the important physical variables and
shows a significant impact on degradation behavior. Biodegradation of dye (Banerjee et al.,
2017) and fluoride (Singh & Gothalwal (2018); Mukherjee et al., (2015) occurs as a result of
the activity of a large number of microorganisms including bacteria, fungi and actinomycetes.
Bacterial species including Bacillus sp, Pseudomonas sp, Streptomyces sp etc have proved to
be efficient in biodegradation of dye (Kalyani et al., 2008; Katiyar et al., 2020) whereas
microorganism such as Aspergillus sp., Rhizopus sp., Acinetobacter sp. RHS are also proved
to be efficient in biodegradation of sodium fluoride (Tamilvani et al., 2015; Mukherjee et al.,
2015). Though there is huge volume of work on the biodegradation of pollutants from
wastewater such as Bacillus sp. used to biodegrade 2, 4, 6-TNT (Lin et al., 2013),
Pseudomonas sp used for bioremediation of Reactive Red 2 (Kalyani et al., 2008; Banerjee
et al., 2017), etc. But research on use of micro-organism for degradation of pollutant loaded
adsorbent is still a not much researched area.
This present chapter describes the experimental results on the regeneration and
biodegradation of the pollutant loaded biosorbents after use in wastewater treatment process.
In regeneration study, loaded biosorbent post-adsorption of dye/fluoride was regenerated and
then again used in adsorption study. After a few cycles, the loaded biosorbent were
biodegraded using isolated microorganism. The biodegradation of dye-loaded adsorbents and

fluoride-loaded adsorbents was carried out using isolated microorganism (Lysinibacillus sp.
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(GenBank accession no: SUB9070461 seqlPDMWS596888). The biodegradation behavior

was observed in terms of % weight loss with time.
8.2. Material and method

1. Regeneration experiment

éjpcrimcm on the recyclability of the adsorbent was done at 30°C. 1 g/L of adsorbent was kept
in contact with 50 mL of dye solution (20 mg/L) for 60 min under agitation. MG dye loaded
adsorbent was added into 0.1 M NaOH or 0.1 M HCI solution and stirred for 120 min. The
adsorbent mass was then separated and washed with deionized water two times to remove the
residual NaOH or HC1 solution and then vacuum dried at 80 °C and reused for adsorption. This
process was repeated for several cycles in the following manner.

Regeneration study of fluoride-loaded adsorbents was conducted at 30 °C. QIL of adsorbent
was added to 50 ml of fluoride solution of strength 6 mg/L. The suspension was stirred for 90
min. Fluoride loaded adsorbent was the separated and added into NaOH (0.05 M) solution and
was stirred for 90 min at 30 °C. Thereafter the adsorbent was again separated from the solution
and washed away two or three times with DI water. Then, it was vacuum dried at 80 °C. This

cycle was again repeated a few times.

8.2.2. Isolation and culture of micro-organism

Bacteria were isolated from soil samples taken from Bantala industrial complex, Kolkata,
West Bengal. Bacterial colonies were cultured by serial dilution of the solution of soil sample
and plating them on the nutrient agar plate. After several subcultures purest culture was stored
at 4°C for further use. There are different types of culture mechanism for the organism growth.
Slant culture and liquid solution culture have been used in this study.

. 100 ml nutrient broth solution was prepared taking 1.3gm of broth and distilled water.
The solution was sterilized at 15 psig pressure for 15 minutes in an autoclave and cooled. The
bacteria were inoculated into this solution aseptically. The inoculated media was incubated in
a BOD shaker for one day for uniform growth of the organism.

. 50 ml nutrient agar solution was prepared. The solution was sterilized for 15 minutes
in an autoclave at 15 psig pressure and then the solution was equally divided into ten test tube.
Mouth of the test tubes were sealed with the help of nonabsorbent cotton. The test tubes were

kept slightly slanted manner. When solution in the test tube become solidified then small
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amount of micro-organism was inoculated with the help of nip wire. Then the test tubes mouths

were plugged with nonabsorbent cotton and kept in incubator for 24 hours at 35°C.

8.2.3. Characteristics of the isolated micro-organism
Gram stain characterization was implemented to detect the cellular morphology and gram
nature of the isolated strain.

orpheological characteristics of the isolated strain
a‘am staining is a common technique used to differentiate two large groups of bacteria based
on their different cell wall constituents. The Gram stain procedure distinguishes between Gram
positive and Gram-negative groups by coloring these cells red or violet. Gram positive bacteria
stain violet due to the presence of a thick layer of peptidoglycan in their cell walls, which
retains the crystal violet these cells are stained with. Altematively, Gram negative bacteria stain
red, which is attributed to a thinner peptidoglycan wall, which does not retain the crystal violet
during the decoloring process

Procedure of Gram staining

. A smear was prepared from the 24 hr old plate culture of the isolated strain

. The smear was air dried.

. Air-dried smear s then heat-fixed.

° The smear was covered with crystal violet stain and allowed to stand for 1 min.

. The primary stain was washed%h Gram'’s iodine solution and it was allowed to stand
for 60 min.

. The smear was washed with 95% ethyl alcohol and washed with water.

. The secondary stain safranine was applied and the smear was exposed forl min

. The slide was washed with water and dried

. Slide was examined under microscope.

8.2.4. Determination of bacterial growth

Total viable count: Standard method of viable count wag performed to quantify number of
cells to be used as inoculums of the reaction mix‘rurc.y Viable Count (TVC) gives a
quantitative idea about the presence of microorganisms 1 a sample. The count actually
represents the number of colony forming units (CFU) per ml of the sample. @c standard plate
count method consists of diluting a sample with sterile saline diluents until the bacteria are

dilute enough to count accurately.
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e ATVCis %iwed by plating dilutions of the culture until 30-300 colonies exist on a
single plate.
Turbidometric analysis: Biomass s separated by centrifugation at 8000 RPM for 10 min.
The pellet was washed and re-suspended in equal volume sterile saline solution and measured
for OD at 600nm (optical density measuring at this wavelength reduces the absorbance of the
culture media and corresponds to the discrete light interactions of the microorganism).
Standard plate count method
e Inorderto check OD of growth media Sml was taken (at 550nm wavelength).1ml from
rest of this add to 9ml double distillate water (autoclaved) in a test tube (1). Taking
0.1ml from test tube (1) spreading was done in a Petri plate (1). then from test tube (1)
Iml was taken and added with another test tube (2). Then 0.1ml from this test tube was
used for spreading in a Petri plate (2). from test tube (2) 1 ml was taken and similarly
this process was go on up to Petri plate (7).
o 0D ofthose test tube samples was checked before spreading culture and counting CFU
from plate culture.
Standard curve (ODsw corresponds to CFU/mL)
The procedure adopted for standard curve from bacterial growth is stated below
e 1. Bacteria were grew at different time period in broth (4 time period i,c;@uurs 24
hours, 36 hours and 48 hours), The OD600 was measured for each growth condition
e 2. The broth was taken from the conditions mentioned above: the serial dilution and
streak were done onto agar plate
e 3. The plates were incubated and counted the CFU/mL for each growth conditions (18
hours, 24 hours, 36 hours and 48 hours)
e 4. Standard curve (OD600 vs CFU/mL) was plotted

CFU measurement in Petridis = (colony number x dilution factor)/volume plated

8.2.5. Biodegradation study of pollutant-leaded composite and weight loss analysis

After the adsorption process, dye-loaded composites and fluoride-loaded composites were
biodegraded using isolated selected stain Lysinibacillus Sp. (GenBank accession no:
SUB9070461 seql PDMW596888). Biodegradation studies were performed at different
experimental conditions such as varying pH, inoculums volume, system temperature, dye-
loaded composite mass, salinity and agitation speed. The biodegradation potential ofisolated

bacteria was evaluated by the weight loss method. Collected dye-loaded composite beads
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from the post-adsorption process were disinfected in an autoclave. Sterilized dye-loaded
composite was then weighed and inoculated with isolated microorganisms and kept in a BOD
shaker at 35°C for 5, 10, 15, 20, 25, 30, 35, 40, and 45 days under various operational
conditions. After a certain time period of incubation samples were washed with sterile DI
water and ethanol to wash excess inoculated bacteria, and then vacuum dried and weighed.
Percentage Weight loss was determined in each case of the experimental condition by
following equation (Eqn.8.1) (Sarkhel et al., 2020).

0 . _ Ty — T:f
o Weight loss = T x100.............(8.1)

0

Where, To (g) and Tr (g) denoted the initial weight of the dye-loaded composite before the
treatment of biodegradation and the final weight of the biodegraded dye-loaded composite at

certain time intervals.
8.3. Results and discussions

8.3.1. Regeneration Study of dye-loaded and fluoride-loaded adsorbents

Desorption experiment

The adsorbents used were sugarcane bagasse activated biochar (SBAC), cellulose, Alginate-
bentonite/SBAC, nanocellulose/PVA, Alginate-nanocellulose beads. The % desorption of the
MG dye-adsorbed adsorbents and fluoride-adsorbed adsorbents using a 5% (v/v) NaOH
solution after 2 h is shown in Fig. 8.1(a) and Fig. 8.1(b).

Regeneration study

Fig. 8.2 show %cfﬁ:ct of recovery cycles on the adsorption capacities of dye and fluoride
onto prepared adsorbents. The result of % removal of dye and fluoride for six adsorption-
desorption cycles are illustrated in Fig. 8.2a and Fig. 8.2b. Table 8.1 and Table 8.2 show that
the amount of dye and fluoride adsorbed in each cycle. The results show that the decrease in
uptake of cellulose alginate beads were not large for malachite green (MG). However, for
fluoride the uptake decreased significantly after two cycles. These promising results
demonstrated that adsorbent could be regenerated and repeatedly used in dye and fluoride

removal.
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Table. 8.1: Results of regeneration study for MG dye-loaded adsorbents

Adsorbent Q:le 1 CycleII | Cyclelll | CyclelV | CycleV Cycle VI
SBAC %R 92.15 88.51 85.5 81.155 77.507 73.85
q 18.43 17.702 17.1 16.231 15.5014 14.77
Cellulose %R 94.72 90.85 85.85 81.41 79.25 75.085
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q 18.944 18.17 17.17 16.282 15.85 15.017
SBA C-alginate beads %R 98.21 96.241 92.52 87.533 85.15 829
q 19.642 19.2482 18.504 17.5066 17.03 16.58
Cellulose-PVA film %R 99.23 96.6 94.02 90.3 86.92 84.012
q 19.846 19.32 18.804 18.06 17.384 16.8024
Cellulose-alginate beads %R 99.57 97.345 94.94 93.15 90.185 87.585
q 19.914 19.469 18.988 18.63 18.037 17.517
Table 8.2: Results of regeneration study fluoride-loaded adsorbents
Adsorbent g:]e | Cycle Il | CycleIll | CyclelV | CycleV Cycle VI
SBAC %R 60.94 52.167 47.38 41.88 35716 3l.l6
q 1.828 1.565 1.421 1.256 1.071 0.93
Cellulose %R 75.11 68.76 64.83 52.8 48 42.5
q 2.2533 2.063 1.945 1.584 1.44 1.275
SBA C-alginate beads %R 77.82 70.80 63.4 57.76 56.05 50.3
q 2334 212 1.902 1.733 1.6815 1.509
Cellulose-PVA film %R 85.14 82 T7.57 74 67.93 66.4
q 2.5542 246 2.327 222 2,038 1.992
Cellulose-alginate beads %R 83.53 79.48 75.13 71.4 65.43 61.75
q 9.88 9.38 8.16 7.68 6.92 5.906

8.3.2. Characteristics of isolated bacteria stain

The isolated strain was identified and showed the closest homology with Lysinibacillus sp.

(Closer to macrolides). Lysinibacillus macrolides (GenBank accession no: SUB9070461
seqlPDMW596888) strain L1 NC110221A. The isolated bacteria stain showed gram-positive

characteristics.

Fig. 8.3: Microscopic view of isolated bacteria, Gram staining results: Gram positive

bacteria
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8.3.3. Microbial Growth study at different experimental conditions

Effect of temperature on bacterial growth:

Temperature has significant effects on the biodegradation rate as it plays an importance role in
the growth of microorganisms. Temperature affects microbes in two contradictory ways: with
increasing temperature (Fig. 8.4a), chemical and enzymatic reactions occur at more rapid rates,
and the growth rate increases. But above a definite temperature, proteins are permanently
damaged. In this experiment, 50 ml medium was distributed in a series of 100 ml flask, plugged
with non-adsorbent cotton and wrapped with brown paper. Then the entire contents were
sterilized in an @uclavcd at 15 psi pressure for 15 min. Then each medium was inoculated
with 1 ml of bacterial cells. The media were then maintained in a BOD incubator at different
temperature ranges (25-55°C) and 150 RPM. The growth curve is depicted in Fig. 8.4. The
organism showed maximum growth at 35°C and showed a good consistent growth at
temperature ranging from 25 to 55°C. Microbial membrane are damaged at high temperature.

At very low temperature, cell membrane solidify and enzyme’s activities reduces.

Effect of pH on growth of the organism

The pH level of an environment can either enhance or harm the microbial growth. anc effect
of different pH on the bacterial growth was investigated at various pH ranges (2-11) in BOD
incubator at 150 RPM under 35 °C temperature and the growth curve is shown in Fig. 8.4(b).
The gram-positive bacteria were grown in mineral salt medium for 360 min at different pH.
Maximum amount of cell mass was produced at pH 8. Intracellular pH can reduce significantly
when the microbial cell is exposed to the acidic or basic environment. As maximum enzymes
are very sensitive to pH, the growth inhibitions that are observed under acidic condition occur

through direct influence of H on cellular components.

Effect of salinity on bacterial growth

Salt concentration inhibits bacterial growth in various ways. Salt dehydrates microbial cell as
the salt around the external part of the cell membrane draws water molecules out and
substitutes them with salt molecules. Very high density of salt harms or destroys
microorganism by drawing water out of them. To investigate the effect of salt concentration on
growth of the isolated bacteria a series of liquid culture have been observed at different

concentration of sodium chloride salt (1%, 2%, 4% w/v) in mineral salt medium culture and
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growth curve was presented in fig. 8.4. [t was observed that bacterial growth rate was higher

and stable at 2% (w/v) salt concentration in liquid culture.
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Fig. 8.4: Bacterial growth at various temperatures (a), at various pH levels (b), at different

Effect of incubation time on bacterial

concentration of NaCl salt (c)

growth at presence of dye and fluoride

In order to examine !!e effect of incubation time on bacterial growth in presence of dye and

fluoride, isolated bacteria were grown in mineral salt medium containing either malachite green

(100 mg/L) or fluoride (6 mg/L) for the individual study. The time dependent growth curve of

isolated bacteria in presence of dye and fluoride is shown in fig. 8.5. In both the cases the

organism entered its

The two graphs su

log phase after 1 hours of its growth from inoculation into fresh media.

est that the organism reaches its stationary stage after 8 hours. Increase of

MG concentration increased from 100 mg/L to 200 mg/L reduced the bacterial growth rate.

CFU numbers decreased at higher concentration of MG dye (500 mg/L) and fluoride (15mg/L)

due to toxic effect of MG and fluoride on the bacteria.
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Fig. 8.5: Bacterial growth curve with time in presence of MG dye and Fluoride at different

initial concentrations

The growth characteristics of the organism were optimized in order to increase the yield. The
organism was found to be a neutrophile, which grows best at neutral pH (5-8), prefers a
temperature of 35°C and a rotation speed of 150 rpm. The growth curve of the organism showed

that it reached its doubling phase after 1 hours of its growth.

8.34. Biodegradation study of MG dye-loaded and fluoride-loaded composite
Effect of pH on biodegradation rate

Influence of system pH on dye-loaded and fluoride-loaded composites degradation using
Lysinibacillus sp (GenBank accession no: SUB9070461) bacteria has been examined at
different pH: 2-11 for period of 45 days under specified operational conditions (Initial
Inoculums volume-0.3 x10° CFU/mL (0.4g/L), rotation speed-150 rpm, Temperature 35 °C).
The data is presented in %weight loss vs. time graph in Fig. 8.6. It is observed that with

changing pH level from 2.0 to 8.0, % weight loss of on dye-loaded and fluoride-loaded
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composites increased after biodegradation. The growth or degradation inhibitions that are
observed at acidic conditions (pH-2) might be affected through the direct influence of H™ ion
on cellular elements (James B. Russell et al. 2001). The isolated bacteria favor growth at basic
environments (pH 5-8). However, it sustains a neutral cytoplasmic pH to avoid acidic or alkali
variable macro-molecules in the microbe cell. This leads to very less biodegradation rate at

pH=2 and moderate above pH=8 (such as pH=11 shown in fig. 8.6(c)).
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Fig. 8.6: Time dependent %weight loss data at different pH condition for biodegradation of
dye and Fluoride-loaded composites (Inoculum dose-0.3x10° CFU/mL, Composite dose-
1g/L, Temperature-35C, Agitation speed-150 RPM)

Effect of temperature on biodegradation rate

In these studies, @ temperature was varied from 30°C to 45°C. The results are presented

graphically in fig. 8.7. All other operational parameters including initial inoculums volume-.3

x10° CFU/mL (0.4g/L), agitation speed-150 rpm, pH-8, dye-loaded composite dose-1g/L were
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kept constant. Results indicated that the biodegradation rate of on dye-loaded and fluoride-
loaded composites showed an increasing trend as temperature was increased from 30 to 35°C.
The rate then decreased with further increase of temperature to 40°C. At higher temperature,
bacterial growth was less which leads to the lower biodegradation rate of pollutant-loaded

polymeric composites material.
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Fig. 8.7: Time dependent %weight loss data at different Temperature for biodegradation of
dye and Fluoride-loaded composites (Inoculum dose-0.3x10? CFU/mL, Composite dose-
1g/L, Agitation speed-150 RPM, pH-8)

Effect of pollutant-loaded composite dose on biodegradation rate

Effect of dye-loaded adsorbent mass on biodegradation of on dye-loaded and fluoride-loaded
composites composite by Lysinibacillus sp (GenBank accession no: SUB9070461) has been
observed at different doses 1-2g/L for 45 days at constant operational conditions (Initial
Inoculums volume-0.3 x10° CFU/mL (0.4g/L), rotation speed-150 rpm, pH-8, temperature
35°C). The results presented in Fig. 8.8 shows that degradation rate is higher at lower dosage
of pollutant loaded adsorbent. At a higher dosage of dye-loaded and fluoride-loaded

composites, bacterial growth was less which leads to the less biodegradation rate of composites
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material. This is happened due to the toxic effect of excess composite on the bacteria (Sarkhel

et al., 2020; Polman etal., 2021).
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Fig. 8.8: Time dependent %weight loss data at different dosage for biodegradation of dye and
Fluoride-loaded composites (Inoculum dose-0.3x10° CFU/mL, Temperatur-35 C, Agitation
speed-150 RPM, pH-8)

Effect of inoculums volume on biodegradation rate

The inoculums volume is an essential parameter that significantly affects the growth rate of
microbes as well as biodegradation rate. Generally, a lesser amount of inoculums volume is
inadequate to biodegrade the dye-loaded polymeric composite, whereas a very high dosage of
inoculums volume induces less biodegradation rate (Verma & Kuila, 2019; Polman et al.,
2021). Hence, the suitable dosage of inoculums volume is essential for the biodegradation
study. Biodegradation study of dye-loaded Ca-Alginate/biochar composite by Lysinibacillus

sp (GenBank accession no: SUB9070461) was carried out for 45 days at different inoculums
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concentrations (0.1- 0.3x10° CFU/mL) keeping all other operational factors constant (agitation

speed 150 rpm, pH-8, and temperature 35°C, dye-loaded composite dose-1g/L). The time-

dependent biodegradation response is depicted in terms of % weight loss vs. time graph in fig.

8.9. It is seen in the graph that with raise in inoculums dosage from 0.1 x10° CFU/mL (0.1g/L)

to 0.3 x10° CFU/mL (0.4g/L), % weight loss of pollutant-loaded composite after

biodegradation treatment increased.
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Fig. 8.9: Time dependent %weight loss data at various Inoculum volume for biodegradation

of dye and Fluoride-loaded composites (Composite dose- 1g/L, Temperatur-35 C, Agitation

speed-150 RPM, pH-8)
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8.4. SEM image of biodegraded composites

SEM images of biodegraded composites (Alginate-bentonite/SBAC beads, Alginate-
nanocellulose beads, nanocellulose/PV A hydrogel composite) are presented in fig. 8.11. The
figure suggests that the surface of the composite after the biodegradation process showed a
disrupted surface compared to the untreated composite (mentioned in previous chapters).
After the treatment of the biodegradation process, the surface of the pollutant-loaded

composite showed more unevenness, cavities and cracks with large interconnected holes

around the surface.
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8.5.

Summary

After five adsorption-desorption cycles, the average adsorption efficiency for MG
dye removal dropped to ~70 %, whereas the average adsorption efficiency for
fluoride removal study dropped to ~40%.

After six cycles, MG dye adsorption efficiency was 87.58% and fluoride adsorption
efficiency obtained was 61.75% with Alginate-nanocellulose composite beads,
whereas MG dye adsorption efficiency obtained as 84% and fluoride adsorption
efficiency obtained as 66.4% for Nanocellulose/PVA composite film after six
cycles.

Biodegradation study of dye-loaded and fluoride-loaded composite by isolated
bacteria, Lysinibacillus Sp. (GenBank accession no: SUB9070461
seq PDMW3596888) were observed for 45 days under aerobic conditions by
varying different operational parameters (pH, inoculum dosage, salinity,
temperature, etc.) and high biodegradation efficiency was found (after 45 days %
weight loss >80%).

Biodegradation rate of dye-loaded composites and fluoride-loaded composites
showed an increasing trend with pH. The maximum biodegradation rate was
obtained at pH 8.0.

Maximum biodegradation capability was observed at 35°C temperature

At the higher dosage of pollutant-loaded composites, bacterial growth was found to

be less which leads to a less biodegradation rate.

175




Chapter.9

Overall Conclusion and Future scope
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9.1. Overall Conclusions

Fluoride enters into ground-water because of natural leaching of fluoride rich rock sand
Volcanic ash (such as Fluorspar, cryolite, fluorapatite and sellaite etc.). Discharging effluents
of numerous industrial activities for instance, coal-burning stations, steel production,
alumium, phosphorus, production of bricks, glass, plastic, cement, and HF acid (hydrofluoric
acid) contains fluoride which affects the ecosystem and living beings by contaminating water,
air, soil, crops and vegetables. The effluent of many industries such as textile, leatheg tanning,
paper, food contain considerable amount of dyes. Dye is of environmental concem due to its
hazardous and toxic effects on human being and aquatic life.

The effluent needs to be treated before discharge into open waterbodies. The technique that
have been focused on in this study was adsorption. The objective was to evaluate the removal

efficiency of carbonaceous materials and polymer grafted composites derived from agro-waste

economically attractive. Agro-waste, Sugarcane bagasse was selected to derive carbonaceous
material and to extract biopolymer from it. Kinetic and equilibrium studies were conducted in
batch reactor. Batch process is not much suitable when large volume of wastewater needs to
be treated. Therefore, dye and fluoride adsorption studies were also carried out in continuous
mode in fixed bed and fluidized bed contactor. The removal efficiency of prepared composites
with its base materials or components were compared for identifying the suitability of prepared
composites for MG dye and fluoride remediation processes.

Overall conclusion of these study includes:

» Dye and Fluoride Ecmuval efficiency depends on the parameters; such as: adsorbate
concentration, adsorbent dosage, contact time, pH, temperature and rotational speed.

» Dye adsorption I[sotherm showed that the estimated value of monolayer adsorption
capacity were 169.49, 172.414, 185.185, 196.078, 188.68, 212.76, and 263.158 mg/g
for SB powder, SBC, SBAC, Alginate-Bentonite/SBAC beads, Cellulose,

NanoCellulose/PV A, Alginate-Nanocellulose beads respectively.

Y

Fluoride adsorption Isotherm showed that the estimated value of monolayer adsomption
capacity warel9.88, 20.53, 22.22, 23.809, 14.75, 28.41, and 23.809 mg/g for SB
powder, SBC, SBAC, Alginate-Bentonite/SBAC beads, Cellulose,
NanoCellulose/PV A, Alginate-Nanocellulose beads respectively.
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Adsorption kinetic study indicated that the pollutant removal using beads would better
describe by ﬁ;udn-secnnd-nrder kinetic model

Negative value of Gibbs free energy and negative Enthalpy value indicated the
spontaneous nature of the reaction and pollutant elimination process was exothermic
RSM modeling showed that optimization was effectively correlated with batch
experimental data.

The breakthrough in fixed bed study was achieved faster at a higher influent flow rate.
With increasing inlet dye concentration breakthrough time decreased. On the other
hand, with rising bed height and pH the breakthrough time increased

With increasing feed flow rate, adsorption rate in fluidized bed increased but with
increasing bed weight the adsorption rate decreased.

After five cycles, the average adsorption efficiency for MG dye removal dropped to 70
%. The adsorption efficiency for Fluoride removal study was just over 40%.

The regenerability or recyclability of adsorbents were better with dye s compared with
fluoride.

Isolated Bacteria was Gram positive bacteria and showed better growth rate at pH 5-8
and at 35 °C temperature

Bio-degradation of dye loaded exhausted adsorbents using isolated bacteria showed

appreciated results

Table 9.1: Dye adsorption capacity results for different type of prepared adsorbents

Prepared adsorbents YoRemoval Initial dye Adsorbent mass | Adsorption Chemical used
concentration used in Dye capacity (mg/g) | in composites
(mg/L) adsorption
Sugar cane bagasse 83.04 % 20 mg/L 1glL 169.49 mg/g -
(SB) powder
SB Biochar (SBC) 90.64% 20 mg/L lg/L 172.414 mg/g -
NaOH Activated 93.42% 20 mg/L lg/L 185.185 mg/g SBC:NaOH
Biochar (SBAC) (15%)=1:10
Sodium alginate- 98.21% 20 mg/L lg/L 196.078 mg/g lg SBC,
Bentonite/SBAC beads 2%(wiv) of
sodium alginate
2% (Wiv)
bentonite clay
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Cellulose 94,78% 20 mg/L lg/L 188.68 mg/g 0.75% NaClOa,

2% NaHSOs,

17% NaOH

NanoCellulose/PVA 99.23% 20 mg/L lg/L 212.76 mg/g 0.5g cellulose
A% (wiv) PVA

Alginate-Nanocellulose 99.63% 20 mg/L lg/L 263.158 mg/g 0.5¢g cellulose,

beads 2% (w/v) of
sodium alginate

Table 9.2: Fluoride adsorption capacity results for different type of prepared adsorbents

Prepared adsorbents %Removal | Initial fluoride | Adsorbent Fluoride Chemical used in
concentration mass used in Adsorption composites
(mg/L) Dye adsorption | capacity
(mg/g)

Sugar cane bagasse (SB) 54.63 % 6 mg/L 2g/L 19.88 mg/g -

powder

SB Biochar (SBC) 57.68% 6 mg/L 2g/L 20.53 mg/g -

NaOH Activated Biochar 60.72% 6 mg/L 2g/L 22.22 mg/g SBC:NaOH

(SBAC) (15%)=1:10

Sodium alginate- 76.65% 6 mg/L 2g/L 23.06 mg/g lg SBC, 2%(w/v)

Bentonite/SBAC beads of sodium alginate
2% (wiv)
bentonite clay

Cellulose 75.96% 6 mg/L 2g/L 14.75 mg/g 0.75% NaClOs, 2%
NaHSO4, 17%
NaOH

NanoCellulose/PVA 83.44% 6 mg/L 2g/L 28.41 mg/g 0.5g cellulose 4%
(wiv) PVA

Alginate-Nanocellulose 83.23% 6 mg/L 2g/L 23.809 mg/g 0.5g cellulose, 2%

beads (w/v) of sodium
alginate

The present study demonstrated that proposed composites (Alginate-Bentonite/SBAC beads,

NanoCellulose/PV A, Alginate-Nanocellulose composite polymeric beads) are efficient, high-

potential biodegradable biosorbent and could be used as potential alternatives for

decolorization and defluoridation of wastewater.
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9.2. Future Scope

Further studies need to be undertaken for the practical application of'this system. These include:

e Actual industrial effluents contain various type of pollutants rather than just a single
pollutant (dye or fluoride; selected as pollutant in this study). This may affect the adsorptive
capacity of the biomass for the specific pollutant. Hence, it is very important to investigate
the remediation performance of'the target pollutant in presence of the other species.

e Performance evaluation of prepared composites needs to be investigated with the real
industrial effluents.

e The influence of common ions usually present in wastewater such as phosphate,
calcium chloride on the fluoride adsomption process.

e Investigation of different types of contractors to improve adsomption efficiency in
continuous mode.

e Development of more efficient degradation method of loaded biosorbent that will be

discarded post adsorption.
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