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ABSTRACT

Water is an important component for existence of all living beings. Since the beginning of
civilization, mankind flourished around the sources of water. With the skyrocketing growth in
population, climatic changes and industrialization, availability of fresh water on earth is declining
continuously, on the other hand demand is enlarging. After industrialization our water sources
such as oceans, rivers started squeezing in quality, due to anthropogenic activities which have
led to degradation of environment. Survival of living beings is threatened and earth’s support
system is endangered due to Pollution. Worldwide leading cause of diseases and deaths is due to

water pollution.

Water is contaminated by numerous inorganic and organic substances such as industrial wastes,
fertilizers, toxic chemicals, metals, dyes and its byproducts. Dyes are organic compounds used
as colouring material in various industries mainly textiles. Dyes transmit colour to water and a
small fraction is easily recognizable, which is aesthetically unacceptable. Due to complex
structure, dyes are difficult to degrade. Abundant production of dyes have undesirable
environmental effects. Despite the adverse effects caused by dyes to the environment, they are
continuously being discharged in water bodies thus disturbing the water cycle. The condition can
further intensify without strict remedial action. Thus, prioritizing wastewater treatment is
essential to avert crippling water problems. Today world is becoming more eco sensitive which
has given new impetus to waste water treatment. Researchers are in constant search of technically
feasible and economically viable methods for removing dyes and its toxic effects from the
environment. There are different methods that are used for the removal of dyes from wastewater
amongst them adsorption has been found to be more advantageous and effective method.
Adsorption is easy, reliable and versatile method for the removal of dyes. Over the past few

years, trend of using ecofriendly, low cost adsorbent has increased.

Focus of this study is on the adsorptive removal of two anionic dyes: Acid Yellow-36(AY-36)
and Direct Blue-86 (DB-86) from aqueous solution using low cost activated carbon as adsorbent.
So for present study, an agricultural waste, peanut shell was used as raw material for
manufacturing peanut shell activated carbon (PnsAC) using HsPOs as chemical activator. The
pyrolysis is carried out under nitrogen environment at a ramp of 10 °C min™ upto a temperature

of 650 °C for 2 hr activation time.



To test the efficacy of PnsAC different characterization studies were performed. Thermal
stability was analyzed using TGA technique. Surface morphology was studied by SEM images
and elemental analysis was carried out using energy-dispersive X-ray spectroscopy (EDS).
Variation in surface functional groups were interpreted by Fourier Transform Infrared

spectroscopy (FTIR). Zero point charge for PnsAC was 2.3.

Investigations were done for studying the adsorption potential of PnsAC for the removal of
anionic dye AY-36. Batch experiments were conducted to study the effects of pH (2 — 11),
adsorbent dose (2 — 6 g L), and initial AY-36 concentration (100 — 250 mg L*). The optimized
condition obtained by varying the variables were obtained at temperature 35 °C, initial dye
concentration 200 mg L, pH 2, PnsAC dose 4 g L™ and equilibrium time 150 minutes. 98 %
removal of AY-36 was achieved at optimized conditions. Equilibrium adsorption isotherms,
kinetics, and thermodynamics were investigated. The experimental data were analyzed using
different isotherm models: Langmuir, Freundlich, Redlich—Peterson, Sip, and Toth. The kinetics
of adsorptive removal of dyes was studied with Pseudo first order, Pseudo second order and intra-
particle diffusion model. Equilibrium study revealed that Freundlich isotherm model described
best the experimental data. The kinetics of dye adsorption was found to confirm Pseudo second
order kinetics with a correlation coefficient value of 0.999. Kinetic study results indicated that
the chemisorption likely dominated the adsorption of AY-36 on peanut shell activated carbon
(PnsAC). Thermodynamic study revealed that the adsorption process was feasible, endothermic

and spontaneous.

Another dye DB-86 was adsorbed using PnsAC. Adsorbent dose of PnsAC was investigated
through batch experiments at various initial pH and DB-86 concentration, to obtain maximum
adsorption. This study showed that 78.6 % removal was obtained for 10 g L™* PnsAC dose in 150
minutes (equilibrium time) at pH 2, while temperature was maintained at 35 °C. Kinetic,
equilibrium, and thermodynamic studies were carried out to validate the results from
experiments. Kinetic study confirms that the adsorption phenomena follow the Pseudo second
order rate equation. Isotherm study reveals that Freundlich, Redlich—Peterson, Sip, Radke—
Prausnitz, Koble-Corrigan, and Fritz—Schlunder isotherm models well explained the
experimental equilibrium data. Thermodynamic study showed a negative value of AG® which
advocated that the process of adsorption was spontaneous. Positive values of AH® and AS°

signified the endothermic and increased disorderness in the adsorption of DB-86, respectively.

Further, for effective adsorption, PnsAC was modified with alginate and used for the removal of

DB-86 dye. The alginate encapsulated activated carbon (PnsAC-alginate), prepared from waste
iii



peanut shell was used as an adsorbent. Alginate encapsulation was done by pouring homogenous
mixture of sodium alginate and PnsAC into the bath of 1 % calcium chloride solution. The effects
of temperature, equilibrium time, adsorbent dose, dye concentration and solution pH on the
adsorption of DB-86 onto PnsAC-alginate were studied. To the best of our knowledge, no attempt
have so far been made for optimization purpose using response surface methodology (RSM) in
the adsorptive removal of DB-86. Central composite design coupled with RSM was used to
optimize the adsorption feed conditions in order to achieve maximum dye removal efficiency.
The statistical analysis revealed that for maximum dye removal efficiency, the optimal conditions
were adsorbent dose of 24.65 g L!, DB-86 dye concentration of 125.5 mg L™ and pH of 3.1.
Under optimized conditions, experimental dye removal efficiency (98.4 + 0.1%) agreed closely
with the predicted results, thus indicating the suitability of RSM in optimizing the feed
conditions. SEM, EDS, TEM, XRD, BET and FTIR analyses showed the surface morphology of
the adsorbents and confirmed the adsorption of DB-86 onto PnsAC-alginate. Crystalline behavior
of PnsAC-alginate were analyzed using X-Ray diffraction (XRD). Zero point charge for PnsAC-
alginate was 7.8. The experimental results also showed that the dye removal efficiency was
increased by 7 % compared to that with peanut shell activated carbon (PnsAC) as an adsorbent.
The adsorption kinetics of DB-86 was well described by Pseudo second order kinetic model with
intra-particle and film diffusion mechanisms. Langmuir isotherm model provided the best fit to
the adsorption equilibrium data, obtaining maximum dye adsorption capacity of 21.6 + 0.9 mg
gl. Estimation of thermodynamic parameters revealed that the adsorption process was feasible
and was spontaneous and endothermic in nature. The present study has demonstrated that the use
of positively charged PnsAC-alginate as an adsorbent is a cost effective and suitable alternative

for the removal of anionic DB-86 dye from aqueous solutions.

From above study we can conclude that, low cost adsorbents PnsAC and PnsAC-alginate can be
commercially converted into efficient adsorbents for the removal of AY-36 and DB-86 dyes from

aqueous solutions by adsorption.
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CHAPTER I

INTRODUCTION

1.0 PRELUDE

Water is one of the most crucial renewable natural resources available on earth (Outline, 2013),
and is vital for life (Liu et al., 2013). Water plays a critical role in survival of each and every
organism on earth. Water being a universal solvent is susceptible to pollution. Our ecosystem is
jeopardized due to increase in water pollution globally. Advancement in technology and rapid
industrialization over the last decades have resulted in the growth of pollutants which have led
to immutable damage to ecosystem (He et al., 2018) and ultimately to human health.
Anthropogenic influence has degraded the quality of water (Reddy, 2008). Huge amount of trash,
plastic waste, oil spills and toxic chemicals are dumped in rivers, seas and lakes. About 71% of
earth’s surface is covered with water but less than 2 % of the total available water on earth is
drinkable. Worldwide usage of water has increased by 1 % annually and as expected the demand
will continue at same rate till 2050 which will lead to rise in water consumption by 20 to 30%
above current level (Nations, 2019). Scarcity of water will be faced by 50 % of world’s
population by the year 2025 (kirk othmer, 2017). Hazardous effects of pollution and shortage of
water have already impacted humanity. Global scarcity of water can cause poor access to billions
of people. 1.8 billion people are using contaminated drinking water, since 80% of untreated
wastewater flows back to the ecosystem (Nations, 2019). Out of ten, three people worldwide do
not have access to drinkable water (Nations, 2019). To avert water crisis, replenishing water and
sustainable designs have to be developed. Improvising wastewater management and lowering
pollution level is the major solution for the challenge of providing safe and sufficient water

supplies to everyone.

India is the major contributors of wastewater in South Asia. Industries have a key role in
producing wastewater and textile industry is leading among them. India is one of the major
producer of textiles, its share in global trade is approximately 7 % (“Year End Review 2018:

Ministry of Textiles,” n.d.). In India, though the textile industry ranks among the top ten water



consuming industry but the amount of pollution generated by them is much larger and have
contaminated a vast amount of water resources (Raja et al., 2019). Wastewater from textile
industries can be characterized by organic pollutants, inorganic pollutants, dyes, heavy metals
etc. The presence of organic pollutants provides toxic characteristics in real effluents. Treatment
of wastewater from textile industries is vitally important which enables its reuse and brings down
the consumption of water in textile industry (Nufiez et al., 2019). Among the wide variety of
pollutants found in wastewater, dyes are a serious threat to the environment (Chiou and Chuang,
2006; Sharma et al., 2017a). Colour is the first indicator of pollutants in wastewater which is due
to the residual dyes obtained from different sources including textile industries, pharmaceutical
industries, paper, dye and bleaching industries etc. (Samal et al., 2018). These industries
discharge a huge amount of coloured wastewater. Extensive use of dyes poses problems, as
coloured wastewater is generated which requires treatment prior to its disposal into mainstream.
Concentrations of dyes present in dye-house effluents range from 0.01 g L™ to 0.25 g L™,
depending on the type of dyes and processes used for dyeing (Faria et al., 2009) (Dalai et al.,
2018), but the durability of dyes in wastewater is mainly responsible for the pollution caused by
them. Numerous reports indicate that our ecology is affected by the toxic effects caused by dye
effluents. Hence an effective and versatile technology which can decolourize the dye effluents
needs to be developed. Researchers have shown interest in the process of adsorption and it has
been found suitable, considering its higher efficiency for removing a wide variety of metals and
dyes. Although, activated carbon is an efficient adsorbent but its high cost restricts its use.
Various investigators have attempted to produce activated carbon from agriculture and industrial
wastes. Therefore, in the present study our emphasis is on the preparation of activated carbon

from low cost material and its application in removing dyes.

1.1 STATISTICS OF DYE PRODUCTION AND DISCHARGE

The rising demand of dyes from industries such as textiles, paints, food, printing inks etc. has
witnessed a remarkable growth in global market. The expected annual growth of dye industry is
2-3 % in near future (“Chemical Economics Handbook,” n.d.). The global production of dyes is
800,000 tons annually (Hassaan and Nemr, 2017). More than 10,000 types of dyes are used for
manufacturing of textiles only (Hassaan and Nemr, 2017). Out of the total dyes produced
worldwide, azo dyes constitute 70 % (Heibati et al., 2014; Ruiz et al., 2011). In 2011 for acid
dyes, global export and import market was 680,000 tons and for direct dyes it was 181,998 tons
(Ghaly et al., 2014).



Worldwide major producers and exporters of dyes are China and India (“Global Dyes Market,”
n.d.). Major textile producer is China and it accounts for 40 — 45 % of world dye consumption
(“Chemical Economics Handbook,” n.d.). In India, the production of dyes and pigments during
fiscal year 2018 was almost 367,000 tons (“India - dyes and pigments production volume 2018,”
n.d.) and annual growth rate in fiscal year 2019 was 6.73 % (“India - dyes and pigments
production growth rate 2019,” n.d.).

A huge amount of liquid waste is produced by textile industries which contain inorganic and
organic compounds. During dyeing process all the dyes applied, does not get attached to the
fabric, instead a small amount of dyes gets separated from the fabric and are washed out. Textile
effluents contain high concentration of these unfixed dyes (Hassaan and Nemr, 2017). The dyeing
material that is discharged annually in the environment is 5000 tons (Pirkarami and Olya, 2017).
An account of fixation and dye loss to effluent is shown in Table 1.1. In the production of textiles,
industries utilize a huge amount of water and chemicals. For producing 1 kg of fabric, water
consumed is about 0.08 - 0.15 m®. It was estimated that per day after processing 12-20 tons of
textiles around 1000 - 3000 m® of water is released (Ghaly et al., 2014). During the forecast
period (2019-2024), CAGR (compound annual growth rate) of 5.46 % is anticipated for dyes and
pigment market (Markets, n.d.).

Table 1.1 : An account of fixation and dye loss to effluent (Neill et al., 1999)

Type of Dye Fibre Degree Of Fixation Loss of Effluent

(%) (%)

Acid Polyamide 89+ 95 5+20

Basic Acrylic 95 + 100 0£5

Direct Cellulose 70£95 5+30

Disperse Polyester 90 £ 100 0+10

Metal-complex Wool 90 £98 2+10

Reactive Cellulose 50+90 10 £50

Sulfur Cellulose 60 =90 10 £ 40

Vat Cellulose 80 £ 95 10 £ 40




Globally environment protection agencies have imposed some limits on disposing the wastewater

into the environment, for safeguarding human health and environment from pollution caused by

industries. Discharge limits of various countries have been shown in Tablel.2

Table 1.2 : Discharge limits of various countries (Ghaly et al., 2014)

Parameters BIS CCME | China FEPA Mexico SL
pH 55-9 | 65-85 | 6-9 6-9 6-85 | 6-85
Temperature ( °C) 50 30 - 40 - 40
Colour (Pt - Co) None 100 80 7(Lovibond) - 30
TDS (mg L™) 2100 2000 - 2000 - 2100
TSS (mg LY 100 40 150 30 - 500
Sulphide (ug LY 2000 200 1000 200 3 2000
Free Chlorine (ug L™) 1000 1000 - 1000 : -
COD (mg LY 250 80 200 80 <125 | 600
BOD5 (mg L) 30 50 60 50 <30 200
Oil & Grease (mg L™?) 10 - - 10 - 30
Dissolved Oxygen (ug L) - 1000 - - - -
Nitrate (ug L™) 10000 13000 - 20000 10000 | 45000
Ammonia (ug L) - 0.1 - 0.2 - 60
Phosphate (ug L™) 5000 | <4000 | 1000 5000 - 2000
Calcium (ug L™ - - - 200000 - 240000
Magnesium (ug L?) - 200000 - 200000 - 150000
Chromium (ug L™ 100 1 - <100 50 50
Aluminium (ug L) - 5 - <1000 5000 -
Copper (ug L) 3000 | <1000 | 1000 <1000 1000 | 3000
Manganese (ug L) 2000 5 2000 5.0 200 500
Iron (ug LY 3000 300 - 20000 1000 10
Zinc (pg LY 5000 30 5000 <10000 10000 | 10000
Mercury (ug L) 0.01 0.026 - 0.05 - 1

CCME Canadian Council of Ministers of the Environment

BIS Bureau of Indian Standards

FEPA  Federal Environmental Protection Agency (United States)

SL Sri Lanka



1.2 HARMFUL EFFECTS OF DYES

Wastewater discharged from dye industries carry a variety of chemicals. Colour in wastewater is
highly noticeable and it occurs due to the presence of dye. Effluents containing dyes are not only
polluting water but are aesthetically displeasing (Sharma et al., 2017a). Dyes are harmful as the

dye effluents pose direct as well as indirect effects on the environment as shown in Fig.1.1.

Light penetration is Fertility of soil is
effected by presence of effected due to
dyes which damages leaching of
Effects ) ]
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the ecosystem ground water

kvt
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DYE
EFFLUENTS
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L |
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Human Beings are 1

Aquatic life is Presence of colour

disturbed enhances
genotoxicity

effected since dyes
are carcinogenic and

mutagenic

Fig. 1.1 : Effects of dye effluents on the environment
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Most of the dyes are resistant to photo-oxidation and non-biodegradable in nature. Coloured
water traps sunlight which in turn curbs photosynthesis in aquatic plants thus disturbing the flora
and fauna of aquatic life. Moreover, the fertility of soil is also effected due to leaching of dyes in
ground water. Wastewater containing dyes is difficult to treat as the dye molecules are defiant
which show resistance towards aerobic digestion and are stable to oxidizing agents, heat and light
(Hassaan et al., 2017). Removing colour from wastewater is extremely crucial as even a small
amount of dye (less thanl ppm) causes wastewater colouration (Abd EI-Rehim et al., 2012).
Textile industry effluents have a harmful-impact on environment since during treatment process
a huge amount of energy is consumed and later hazardous waste in the form of sludge remains
which needs safe disposal. Synthetic dyes are poisonous because they are highly soluble in water

due to which they are considered to be a common water pollutant.

Dyes are posing detrimental threats on human health and environment due to their carcinogenic
and mutagenic nature (Dahri et al., 2014). Stringent legislations are imposed on various
parameters of industrial discharge in recent years. Globally synthetic dyes are getting replaced
by organic dyes or natural dyes since synthetic dyes contain hazardous chemicals. Awareness is
rising among end product users due to escalating pollution levels and environmental issues. Thus,

removal of dyes is of paramount importance.

1.2.1 Acid Yellow —36 (AY - 36)

Acid Yellow 36 (AY-36), also known as Metanil Yellow with IUPAC name 3-(4-
anilinophenylazo) benzenesulfonic acid sodium salt (Mittal et al., 2008), is an azo dye. Azo dyes,
containing —N=N-as a chromophore are used in textile, leather, plastic, food, and pharmaceutical
industries (Ahmad et al., 2010) and are the most crucial class of dyes. These dye molecules are

stable and non-degradable that can produce toxic aromatic amines (Abd El-Rehim et al., 2012).

AY-36 raises high environmental concern because of its high solubility in water. It is used in
soap colours, shoe polish, spirit, lacquer, cosmetic products, leather dyes, pigment
manufacturing, coloured-water fast ink, and textile industry and is thus released in the wastewater
of these industries. Though it is not permitted to be used as a food colour, it is found in various
types of food such as sweet meat, ice cream, and beverages. It is used as turmeric coating due to
its orange—yellow colour (Mittal et al., 2008). Furthermore, AY-36 with the pH range of 1.2 —
2.3 is used to estimate H™ ion concentration (Mittal et al., 2008). The oral consumption of AY-
36 can cause methaemoglobinaemia, cyanosis, tumour, and intestinal and enzymic disorders in

human body (Anjaneya et al., 2011). Upon contact with skin, AY-36 may have adverse effects
6



and cause dermatitis. Thus removing AY-36 from wastewater is necessary because of its many

hazardous effects.

1.2.2 Direct Blue —86 (DB - 86)

Direct dyes are water soluble and anionic in nature and are widely used in dying industries due
to their easy application and economic factor. Direct dyes are generally applied in an aqueous
bath having electrolytes within a temperature range of 75 - 95 °C. These dyes are not colour fast
since they are unable to form strong bond with fibre molecules (Ghaly et al., 2014). Direct Blue-
86 (DB-86), a phthalocyanine direct dye, are brilliant greenish blue or turquoise in shades
(Othmer, n.d.). DB-86 (Nemr et al., 2009), is commercially used for dyeing of cellulosic fibers
like cotton, flax, viscose rayon, acetate, jute and applicable on leather and paper colouration.

1.3 TECHNIQUES AVAILABLE FOR WASTEWATER TREATMENT

Wastewater is the used water containing a large number of pollutants which originates from
domestic, industrial and agricultural activities. These pollutants contain organic and inorganic
compounds that are responsible for disturbing the water cycle. Their removal can be simple or
complex depending upon the nature of the contaminants and their toxicity level. Wastewater

treatment is not only crucial for environment but also for making it reusable.

In recent years, textile waste is gaining attention due to the large amount of effluents generated
which is disposed untreated in sources of water. Treatment of wastewater containing dyes is a
big challenge due to the complex and diverse structure of dyes (Arumugam et al., 2018).
Moreover energy consumption is high for the treatment of wastewater containing dyes. Major

problem faced is the removal of colour from the effluents which is due to the residual dyes.

There are many factors such as economic feasibility, residual by products and effluent required,
that are considered while selecting the method to be employed for wastewater treatment, further
quality of water source and usage of treated water are most critical determinants for selecting the
process (Crittenden et al., 2012). The techniques for wastewater treatment may also be chosen
depending upon the volume and size of wastewater. Various methods of wastewater treatment

are shown in Fig.1.2.
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A lot of research have been conducted for treating wastewater from industries and efficient

methods have been explored for decolourization of effluents from industries such as physical,

chemical and biological methods. For each and every technique advantages and disadvantages

are extensively reviewed as shown in Table 1.3. Due to the presence of variety of contaminants

in various effluents, a combination of two or more treatment methods may be employed for better

results.

Table 1.3 : Techniques for dye removal from wastewater (Robinson et al., 2001)

Physical / chemical

/ biological methods

Advantages

Disadvantages

Adsorption using

Activated carbon

Simple and easy operation, good

removal for variety of dyes.

Expensive, Ineffective for vat and
disperse dyes, regeneration is

tedious.

Electrochemical

destruction

Breakdown compounds are non-

hazardous.

High cost of electricity.

Electrokinetic

coagulation

Economically feasible.

High and

disposal problem.

sludge production




Physical / chemical
/ biological methods

Advantages

Disadvantages

Fenton’s reagent

Effective decolourisation of both

soluble and insoluble dyes.

Sludge generation, economically
unfeasible, formation of

undesirable intermediates.

lon exchange

Regeneration: no adsorbent loss.

Not effective for disperse dyes,

Economically not viable.

Membrane filtration

Removes all dye types.

Expensive, Concentrated sludge
production, it cannot handle large

volume.

Ozonation

Applied in gaseous state: no

alteration of volume

Short  half-life
ineffective for disperse dyes, COD

(20 minutes),

removal is less and Cost of Ozone

is high.

Photochemical

No sludge production

Formation of harmful intermediate

products.

Aerobic Process

All types of dyes can be removed

Cost of supplying oxygen to
microorganism is high.

Maintenance cost is high.

1.3.1 Biological Methods

It is the most economical method as compared to physical and chemical methods. Bacteria, fungi,

yeast and other microorganism degrade and accumulate the pollutants, thus industrial effluents

are treated by using different biodegradation methods like adsorption by microbial biomass,

fungal decolourization, bioremediation method, microbial degradation (Sahu and Singh, 2019).

Biological treatment involves aerobic and anaerobic process.

In aerobic process bacteria converts sludge into CO2 and biomass in the presence of oxygen or

air and in anaerobic process, anaerobic bacteria degrades the sludge into CO», biomass and

methane in the absence of oxygen (Ghaly et al., 2014). Colour of azo dyes can be removed by

9




reducing the azo bond (-N=N-) under reducing conditions. During reduction amines are produced
which are reluctant to degradation under anaerobic conditions, though these amines are
colourless. So by this process colour is somehow reduced on the cost of toxicity. Main advantage
of anaerobic process is the production of biogas which can be utilized in providing power and

energy (Robinson et al., 2001).

Bioaugmentation and bioremediation methods are used to decolourize dye wastewater using
enzymes such as lignin peroxidases, manganese peroxidases and laccases (Freeman and Reife,
2003). Although enzymes have proved to be effective for decolouring organic dyes but they have
certain disadvantages:

e If temperature and pH are not in optimum range, the rate of reaction will be slow.
e Lignin peroxidases and manganese peroxidases which are most effective enzymes for dye

degradation, are not commercially available.

In biological methods there is ease of operation and flexibility in the process but complicated
dyes are defiant because of their synthetic organic origin and complex structure. Thus, these
cannot be degraded by biological process. Many of the synthetic dyes are harmful to some
microorganisms besides that time taken in this process is much higher and also large area is
required for the process and the process is further effected by diurnal variations and toxicity of
various chemicals (Sahu and Singh, 2019). Biological method is not found to be suitable in
removing colour from wastewater (Kharub, 2012).

1.3.2 Chemical Methods

Treatment of effluents from industries by chemical methods involves a number of processes such
as Fenton’s reagent, Ozonation, Electrochemical destruction etc. These are efficient methods for

removing dyes but the high cost and large amount of chemical consumption restricts there use.
Fenton’s Reagent (Fe?*/ H202)

It is one of the advanced oxidation process which can oxidise and decolourize effluents
containing azo, reactive and anthraquinone dyes. Fenton’s reagent is a mixture of ferrous iron
and H20.. Rate of Fenton’s reagent is limited by the rate of OH ion generated. Removal study of
Reactive Black 5 and Reactive Blue 19 dyes are carried out using Fenton’s reagent (Freeman and
Reife, 2003). Ferrous ions of Fenton’s reagent react with hydrogen peroxide, producing hydroxyl

radicals. These hydroxyl radicals transform big organic molecules in the presence of UV light

10



into mineral acid, small molecules of SO, and water. This process oxidises in a very short time

but the major drawback of this process is sludge generation (Robinson et al., 2001).
Ozonation

Ozone is one of the most powerful oxidising agent. The oxidation potential of ozone is 2.08 eV.
The disinfectant power of ozone has been known from last 100 years but its use for ozonation
have started from last three decades only. Ozone has low solubility and is highly reactive. In
Advanced Oxidation Process (A.O.P.), ozone and hydroxyl radicals oxidise the organic and

inorganic pollutant in presence of UV light.

Oxidation of organic species is carried out by the combination of reactions with ozone and
hydroxyl radicals. Ozone molecules is selective and attacks preferentially the unsaturated bond
of chromophores. Chromophore are organic molecules with conjugated double bonds that can be
broken by ozone forming intermediate radicals and finally smaller molecules that decreases the
effluent colour (Shriram and Kanmani, 2014). Major drawback of this process is the cost of
ozone, which is high. Moreover, the process is having short half-life (20 minutes) (Robinson et
al., 2001).

Chemical and Biological methods are effective methods of wastewater treatment containing
dyes. However, they need specialized equipment and are energy guzzlers. Further, they create
huge amount of chemical intermediates which require safe disposal (Sahu and Singh, 2019).

1.3.3 Physical Methods

There are a wide number of physical methods used for wastewater treatment such as membrane
filtration (Reverse osmosis, nanofiltration), ion exchange, and various adsorption techniques.

These methods are briefly described below.
Membrane Filtration

This is a separation process that is pressure driven. In this technique membrane acts as a physical
barrier for particles of specific size to pass through it. Membrane filtration technique can be
classified as reverse osmosis, nanofiltration and ultrafiltration based on the particle size to be
retained. This process is used for effluent treatment of various industries such as textile, dye,

electrochemical, chemical, paper, and many others.

In Reverse osmosis and Nanofiltration, wastewater is passed through a semipermeable membrane

by using pressure and thus solids are left on one side of the membrane. In reverse osmosis pore

11



size is in the range of 0.5 nm and operating pressure is between 7 and 100 bar and in
Nanofiltration the pore size is between 0.5 and 2 nm and operating pressure is between 5 to 40
bar. The reverse osmosis membranes can remove organic, inorganic substances, colour, hardness,
bacteria and viruses from water. By using this process for acid dyes the colour removal was found
to be 97.2% (Abid et al., 2012).

Major advantage of this technique is that it produces less waste and the wastewater can be reused
moreover the efficiency of the process is high. But this is an expensive procedure and it cannot

work on high concentration of dyes, also there is a high probability of membrane fouling.
lon Exchange

This process is effectively used in the treatment of wastewater from textile industries. lon
exchange is a reversible process in which wastewater containing dyes are passed through the bed
of cationic and anionic exchange resins and ions are exchanged between solid (resin) and liquid
(wastewater). Cations are removed by passing through cation exchange resins and the resins are
recharged by hydrogen ions making it acidic. Anions are removed by passing through anion
exchange resins and these resins are recharged by hydroxyl ions (Ghaly et al., 2014). In this
method no loss of adsorbent is there, however, it is an expensive process as well as it cannot treat

wide range of dyes.
Adsorption

In the adsorption process, the matter is extracted from one phase and concentrated on the surface
of another phase (Interface accumulation). In compliance with the abundant literature available
on adsorption, it is the most preferred process pertaining to its ease of operation, simplicity,
reliability, high potential for colour removal. The pollutants that are too stable to be removed by
other conventional methods can be removed efficiently by adsorption process due to which it is
gaining importance (Robinson et al., 2001). However, the high cost of adsorbent makes it an

expensive process.

Adsorbent plays a pivotal role in the adsorption process. It is an insoluble material which has the
capacity to contain a definite amount of solids and liquids in its pores and cavities. The
performance of adsorbent depends upon the surface area and porosity, more the surface area more
will be the adsorption. A wide range of adsorbents are available, amongst them activated carbon
(AC) is the most widely used adsorbent. To overcome the high cost of commercially available
AC, a large number of industrial, agricultural and domestic wastes such as sugarcane, orange

peel, coconut shell, rice husk, fly ash (Singh et al., 2008) and others are utilized to prepare low
12



cost AC. In recent trends these developed adsorbents were utilized efficaciously in the removal

of dyes from wastewater (Malik, 2004).

1.4 RESEARCH OBJECTIVES

Based on the detailed literature review presented in the Chapter |1, objectives of the present study

have been formulated. In the present study, efficacy of Peanut shell Activated Carbon (PnsAC)

for the adsorption of AY-36 and DB-86 from agueous solution have been studied. RSM was used

for the optimization of adsorption parameters. Main objectives of this research can be

summarized as follows :

Vi.

Vil.

To synthesize Peanut shell Activated Carbon (PnsAC) (in a single step) using H3POa
followed by pyrolysis from waste peanut shell.

To characterize PnsAC by SEM analysis to find surface morphology of PnsAC, EDS
analysis to find the chemical composition of PnsAC, FTIR analysis to confirm surface
functional group.

To study the effect of different parameters like pH, initial dye concentration, PnsAC
dosage, contact time and temperature on the removal of dyes.

To examine the kinetics, equilibrium isotherm and thermodynamics of AY-36 and DB-
86 dye for the above adsorption process.

To synthesize the immobilized Peanut shell Activated Carbon (PnsAC-alginate).

To characterize the PnsAC-alginate by SEM, EDS, TEM, FTIR, BET surface area and
pHzpc.

To analyze kinetic and isotherm data using various isotherm and kinetic models and to
evaluate suitability of this PnsAC-alginate for the removal of DB-86 dye from

wastewater.

1.5 STRUCTURE OF THE THESIS

The present work has been divided in seven chapters as shown in Fig.1.3. A brief record of these

chapters has been given below.

13
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Chapter I gives a brief introduction to the importance of water, harmful effects of dye discharge
in water bodies and the effect of effluents on environment. Different techniques available for
wastewater treatment has also been discussed. Research objectives were extracted from the

inadequacy of literature.

Chapter Il presents the classification of dyes and pollution effects, arising due to the presence
of dyes. Physisorption and chemisorption were explained. Furthermore, various factors like pH,

contact time, initial dye concentration, adsorbent dose, temperature effects were explained.

Chapter 111 consists of various chemicals and their use with the synthesis process of Peanut
shell Activated Carbon (PnsAC). The use of various equipments and analytical instruments were
also summarized. A brief methodology of characterization, kinetic and isotherm models,
thermodynamic study were given. Detailed procedure of batch adsorption study has been given.

Chapter IV explains the characterization of PnsAC and effect of different parameters like effect
of initial pH, adsorbent dose, contact time, equilibrium isotherm, kinetic and thermodynamic
study of AY-36 dye.

Chapter V contains the adsorption study of DB-86 on indigenously developed activated carbon
and effect of various parameters like initial pH, dye concentration, amount of PnsAC,

temperature. Kinetic, isotherm and thermodynamic studies were also carried out.

Chapter VI consists of alginate coated Activated Carbon for the removal of DB-86 dye from
synthetic wastewater. Response surface methodology was used to optimise the process variables
like adsorbent dose, adsorbate dose and pH. Kinetic, isotherm and thermodynamic studies were

also carried out.

Chapter VII provides important outcomes, conclusions and further recommendations for the

study.
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CHAPTER 1I

LITERATURE REVIEW

2.0 DYES

Mankind have always been fascinated towards colour aesthetically and socially. From the onset
of civilization, colours appealed humans as is evident from fabrics found in Egyptian tombs
(Stothers, n.d.). Dyes used were of natural origin (plants and animals) and people used it for
colouring their clothes, surroundings. These natural dyes were exclusively used till 1850’s.
Synthetic dye was first discovered in 1856, by William Henry Perkin and was named mauve.
Industrial revolution led to the growth of textile industry demanding for economic and readily

available dyes. Thus by 1900, markets were dominated by synthetic dyes (Stothers, n.d.).

Dyes are organic solvents, which on applying to the substrate, in an aqueous solution chemically
bonds to it. Some additives are used to improve and vary the colours of dyed materials, these

additives are commonly known as Mordant.

Dye molecule contains two important constituents namely Chromophore and Auxochrome
(colour helper). The function of chromophore is to give colour to dye molecule and auxochromes
function is to regulate intensity of colour, e.g. amino group, aldehyde group, hydroxyl group.
Auxochromes are usually electron donating and chromophores are electron withdrawing. In dye
structure chromophores and auxochrome are attached by a conjugated system (“Chemistry of
dyes,” n.d.)

2.1 CLASSIFICATION OF DYES

Dyes are classified in different ways. Internationally a system used for classification of dyes is
Colour Index. It is the most authentic reference database of colours which provide detailed
information such as manufacturers, properties, preparation, uses. Colour index international is
maintained by Society of Dyers and Colourists and the American Association of Textile Chemists

and Colourists (AATCC) (Othmer, n.d.).
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In colour index, dyes are grouped using dual classification in which Generic name is assigned

first and then CI Constitution number on the basis of chemical structure is assigned. No single

parameter can classify all types of dyes due to their various variants (Ajmal et al., 2014). Fig.2.1

shows the classification of dyes.

CLASSIFICATION OF DYES
RAW CHEMICAL NUCLEAR APPLICATION
MATERIAL STRUCTURE STRUCTURE BASIS
\ 4 v
v v \ 4 v v v v
Natural Synthetic Az0 Nitro Cationic Anionic Acid Basic
dyes dyes dyes dyes dyes dyes dyes dyes
v VL v \ 4
Anthraquinone Acridine Direct Disperse
dyes dyes dyes dyes
v v \ 4 v
Xanthene Indigoid Reactive Solvent
dyes dyes dyes dyes
A 4 A 4
Sulfonic Vat
dyes dyes

Fig. 2.1 : Classification of dyes
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2.1.1 Classification on the Basis of Raw Material

Dyes are basically classified as Natural and Synthetic, on the basis of source from which it is
obtained.

2.1.1.1 Natural Dyes

Natural dyes are the earliest known dyes which originated from plants, animals and minerals.

Major variety of these dyes are vegetable dyes obtained from plants.

Plants : Indigo is known as the oldest dye obtained from indigo plant in Asia. Alizarin dye is
extracted from the roots of madder plant. Natural dye logwood obtained from trees is used on

silk and nylon black.

Animals : Cochineal dye is obtained from coccus cacti an insect. It gives red and orange colour

onto silk and wool fabrics. Tyrian purple dye is obtained from shell fish.

Minerals : Iron Buff, Chrome Yellow, Chrome orange etc. are some dyes produced from mineral

resources.
2.1.1.2 Synthetic Dyes

Whatever colour we see today is due to synthetic dye. These dyes are produced from inorganic
and organic molecules. Azo dyes are those synthetic dyes that have chromophoric azo group (—
N=N-). Natural dyes do not possess this chromophore. Commercially, azo dyes are available in
abundance. These dyes are economic, easy to apply, colour fast. Generally azo dyes have one
azo group, two groups may be present which are known as diazo, three groups known as triazo
and so on (Heibati et al., 2014).

Synthetic dyes find its application in diversified fields. Many industries like textile, food,
cosmetics, pharmaceuticals, paper printing etc. are using these dyes excessively. There are many
categories of these dyes : acid, basic, direct, reactive, vat, disperse, mordant and sulphur etc.
(Hassaan and Nemr, 2017).

2.1.2 Classification on the Basis of Chemical Structure

Dyes can be categorized on the basis of chromophores present in the structure such as Acridine
dyes derivative of acridine, Anthraquinone dyes derivative of anthraquinone, Azo dyes, Nitro
dyes, Xanthene dyes etc.
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Azo Dyes- e.g. aniline yellow, butter yellow, Congo red, disperse red, Bismarck brown,
chrysoidine, Methylorange, orange-II, resorcin yellow, parared, etc.

Sulfated azo dye- e.g. acid red 66, direct red 28, Reactive red 35, reactive black 5, reactive violet
5 etc.

Anthraquinoid Dye- e.g. Alizarin etc.
Indigoid and Thioindigoid- e.g. Indigo, thioindigo, tyrian purple etc.
Sulfonic Dyes- e.g. acid fuchsin, Thymol blue etc.

Xanthene Dyes- e.g. rhodamines, Fluorescein etc. (Ali et al., 2017; Othmer, n.d.)
2.1.3 Classification on the Basis of Nuclear Structure

2.1.3.1 Cationic Dyes

Basic dyes are cationic dyes as chromophore of basic dyes contains positive charge. These dyes
are soluble in water. Cationic dyes show good affinity towards acrylic, silk and wool but show
no affinity for cellulose. These dyes are economical, available in wide range of shades and have
good brightness but are poor light fast, e.g. Methylene Blue

2.1.3.2 Anionic Dyes

Acid dyes or anionic dyes are negatively charged dyes. These consists of salt of carboxylic,
sulphuric or phenolic group. Azo groups (-N=N-) are present in the center of some acid dyes
(Ghaly et al., 2014). Anionic dyes are easily soluble in water and can be applied to wool, nylon,

silk and acrylic fibres. E.qg. acid yellow-36, direct blue-86.
2.1.4 Classification on the Basis of Application of dyes

Various dyes are classified in Table 2.1 according to their application, chemicals present and

their properties.

Table 2.1 : Classification of dyes on the basis of application (Neill et al., 1999)

Class Principal Substrate Chemical type Properties
Acid Wool, Nylon, silk, Azo, azine, Anionic, Water
paper, leather and ink. | anthraquinone, nitro, Soluble.
nitroso,
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Class

Principal Substrate

Chemical type

Properties

triphenylmethane and

xanthenes.

Basic Paper, polyester, Azo, azine, acridine, Cationic, Water
polyacrylonitrile anthraquinone, Cyanine, | Soluble.
modified nylon and hemicyanine,
inks. diphenylmethane,

diazahemicyanine,
triarylmethane,
xanthenes and oxazine.

Direct Rayon, nylon, cotton, | Azo, phthalocyanine and | Anonic, Water
leather and paper. oxazine. Soluble.

Disperse Acrylic, acetate, Azo, anthraquinone, Water insoluble and
plastic, polyamide and | nitro, styryl and non-ionic dyes used to
polyester. benzodifuranone. dye hydrophobic

fibres.

Reactive Nylon, silk, wool and | Azo, anthraquinone, Dyes form covalent
cotton. basic, oxazine, bond with fibre.

phthalocyanine and
formazan.

Solvent Plastics, gasoline, Anthraquinone, Azo, Water insoluble and
varnishes, fats, inks, triphenylmethane and solvent soluble.
stains, oils and waxes. | phthalocyanine.

Vat Cotton, wool and Anthraquinone and Water insoluble.

rayon.

indigoids.
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2.2 ADSORPTION

Adsorption was discovered in 1785 by Lowitz and applied for decolourization of sugar during
refining. Later in 19" century inactivated charcoal was used in water treatment plant of America.
In 1929 at Hamm, Germany, first granular activated carbon units were used for water supply
treatment. 1930, municipal corporation of New Jersey, first used powdered activated carbon for

water treatment (Crittenden et al., 2012).

Adsorption is a surface phenomenon. When one component is accumulated on the surface of
another component, the phenomenon is known as Adsorption. The component that gets
accumulated (adsorbed) is adsorbate and the surface on which it gets accumulated is adsorbent.
The adsorbate molecules are transported into micro and macro pores of adsorbent. Adsorption
can also be defined as the process of mass transfer in which, physical or chemical interactions,
bound a substance and transfers it from liquid phase to surface of a solid. Higher adsorption
capacity is achieved by larger surface area (Rashed, 2013). Adsorption may be categorised into

two, based on adsorbent and adsorbates nature of attraction.

i.  Ifdissolved species are concentrated on solid surface by chemical reaction then the process
is known by Chemisorption (Chemical Adsorption).
ii. If the dissolved species are accumulated on solid surface by physical attraction then the

process is known as Physisorption (Physical Adsorption).

Table 2.2 shows difference between physical adsorption and chemical adsorption for various

adsorption properties.

Table 2.2 : Comparative table of Physisorption and Chemisorption

Physical adsorption Chemical adsorption

Low temperature process. High temperature process.

Prominent forces are Vander Waal’s forces. | Chemical bonding exists.

Reversible process. Irreversible process.
Low heat of adsorption(4—40 kJ mol™?) High heat of adsorption (>200 kJ mol™?)
Forms multi molecular layer. Forms mono molecular layer.
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Physical adsorption Chemical adsorption

Nonspecific process (extent of adsorption | Highly specific process (extent of adsorption
depends upon properties of adsorbent). depends upon both adsorbate and adsorbent).

Activation energy is not required. Requires activation energy.

Quantity adsorbed per unit mass is high | Quantity adsorbed per unit mass is low (only

(entire surface is participating). active surface sites are important).

Among the various techniques applied to wastewaters, adsorption has fascinated the researchers
owing to its accuracy, easy operation, insensitivity to toxic substances and ability to treat
concentrated coloured solution.

2.3 FACTORS CONTROLLING ADSORPTION

Adsorption is influenced by factors like pH of solution, nature of adsorbent, temperature, contact

time, initial concentration and effect of adsorbent concentration.
2.3.1 pH of solution

pH is the prominent factor in the study of adsorption. Activity of functional group present in the
AC effect the solution chemistry. pHzy. is defined as zero point charge. It is the pH at which

surface has no charge or the surface is neutral.

If pH < pHzpc, the surface of AC becomes positively charged and it will attract anionic dye. If
pH > pHzpc, the surface of AC becomes negatively charged and it will attract cationic dye. Thus,

there exists strong electrostatic force of attraction.
2.3.2 Nature of Adsorbent

Adsorption process is dependent on the nature of the adsorbent. For removing organic / inorganic
compounds from aqueous solution various types of porous adsorbents are used. Activated Carbon
(AC), activated alumina, silica gel, zeolites etc. are some of the adsorbents which are generally
used in industries. Biomass can be used as precursor for manufacturing AC, which can be utilized
for the removal of dyes from wastewater. Pores of AC provides surface area for adsorption of
dye. Adsorption capacity is proportional to the surface exposed, since adsorption is a surface

phenomenon.
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In the adsorption process, particle size of an adsorbent have a significant role. Under comparable
conditions, adsorbents with large particle size will have low surface area on the contrary the
adsorbents with smaller particle size will be having greater relative surface area (Y. Zhang et al.,
2015). For non-porous adsorbents, the capacity of adsorption is inversely proportional to the
particle diameter on the other hand for porous adsorbents it is independent of particle size.
However, the particle size of porous substances affects the rate of adsorption. Smaller particle

size of adsorbent ensures larger surface area, therefore the rate of adsorption is generally higher.

2.3.3 Temperature

Temperature is the key parameter in the adsorption process. Adsorption is generally exothermic
in nature. According to Le Chatlier’s principle, the process will shift in the direction where it can
eliminate the generated stress. If endothermic adsorption is there, then the adsorption will shift
in the direction where temperature is more.

The Vander Waal’s forces are prominent in physisorption process which occurs at low
temperature. But in chemisorption process, the reaction requires activation energy which is
provided by high temperature. The adsorption will initially increase with increase in temperature

since:

i.  Mobility of adsorbate is increased.

ii.  Number of adsorbent site increases owing to breakage of internal bonds at the edge.

2.3.4 Contact Time

Contact time affects the adsorption capacity. Contact time of the adsorption process depends on
the vacant sites and nature of adsorbent. Contact time of physical adsorption is less but of
chemical adsorption is more due to chemical bond formation between adsorbent and adsorbate.
Initially adsorption is high because a lot of adsorption sites are empty. Thereafter the adsorption
becomes slower and finally it becomes constant due to repulsion between solute molecules

adsorbed on the surface.

2.3.5 Initial dye concentration

Adsorption capacity is affected by the initial dye concentration. Initially the adsorption capacity
increases when initial concentration of dye is increased due to the presence of many dye

molecules in the solution. The initial driving force (max. because of the max. concentration of
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dye solution in dye bath) overcome the mass transfer resistance by dye molecules between the

solid phase and aqueous phase.
2.3.6 Effect of Adsorbent Concentration

When the quantity of adsorbent is increased in the solution, the number of active sites increases
thus adsorption also increases. However, percentage removal at equilibrium is not affected by

increasing the amount of dose on prevailing condition of experiments.

2.4 TYPES OF ADSORBENTS AND THEIR SELECTION

Adsorbent is the most crucial substance which defines the success or failure of adsorption
process. An adsorbent having high BET surface area, good adsorption capacity and has
macropores and micropores for adsorption is considered good. Porous material are categorized
by their size as per International Union of Pure and Applied Chemistry (IUPAC) as follows :

e Microporous Materials: pore dia less than 2 nm.

e Mesoporous Materials: pore dia between 2nm and 50 nm.

e Macroporous Materials: pore dia greater than 50nm.
Fig.2.2 show various adsorbents used for dye removal.
There exists four major kinds of adsorbents namely silica gel, activated alumina, zeolites and
activated carbon (Yang, 2003).

Silica gel have high surface area (800 m? g) due to which it quickly adsorbs water, making it a
good desiccant. Silica gel is harmful for respiratory tract, digestive tract and irritates eyes and
skin (Scientific, 1997).

Activated alumina is made from aluminium hydroxide. Itis having surface area around 200 m?
g It can be used in desiccator. Activated alumina acts as a good adsorbent and is used for

removing arsenic, fluoride and sulphur (Wikipedia activated alumina, n.d.) .

Zeolite have huge pores and high specific properties which makes it attractive to be utilized in
gas separation, for purification of water, for removal of water, carbon dioxide and sulphur dioxide

from low grade natural gas.
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ACID DYES

Chitosan Beads [Metanil Yellow]

AC prepared from seed(cotton,
sesame)shell [Acid Red 114]

Poplar saw dust [Metanil Yellow]
Orange peel AC [Acid Violet]
Activated Carbon (AC)/ a Fe203

DIRECT DYES

Multi walled carbon
Nanotubes

[Direct Blue 53]
p-tert-butylea-
lix(6)arena(3) onto modified
silica(2)

[Acid Yellow 17]

[Direct Black38]
e potato peel based sorbent
[Direct Blue 71]

e Almond shells

BASIC DYES

ADSORBENTS

[Direct red 80]

Poplar saw dust
[Methylene Blue]
EDTA-modified
[Methylene Blue]
Orange peel [Methylene
Blue]

Australian natural Zeolite
[Rhodamine B]

Granular Activated carbon
[Basic red 5]

bentonite

REACTIVE DYES

Chemically modified walnut shell
[Reactive brilliant Red]

Eucalyptus Bark [Remazol BB]
Granular activated Carbon [Reactive
Yellow 81]

Peanut shell microwave irradiation
pyrolysis [Reactive Red 41]

Chitosan beads [Reactive Bluel5]

Fig. 2.2 : Adsorbents used for different dyes removal

Activated carbon (AC) is one of the best adsorbent to remove colour from wastewater. It shows
high adsorption efficiency due to its high porosity, large surface area, and thermal stability.
Adsorptive removal using activated carbon was a widely accepted method due to availability of
its large surface area (Sharma et al., 2017b). The size of carbon pore opening is greater than that
of pollutant molecules, and hence these molecules are adsorbed as they can easily pass into
carbon pores (Malik, 2003). Furthermore, the attraction force of carbon is stronger than the force
by which pollutants are dissolved in the solution. Therefore, the pollutants are adsorbed on the
surface of the AC. Surface of AC have wide variety of functional groups. Even though, AC is

widely used as an effective commercial adsorbent for the treatment of wastewater but it is
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expensive due to its high manufacturing cost, which restrains its application most of the time.
This has led to search for cheaper, easily available, and efficient raw material for the preparation
of AC. Initially when AC was developed, the finest raw material used for manufacturing AC was
coal because it was rich in carbon. Since coal is non-renewable natural resource, with limited
supply, the focus shifted towards renewable resources for the production of AC. The renewable
agricultural waste is considered to be the best option for precursor material as it has high carbon
content and sufficient structural strength (Danish and Ahmad, 2018). Although a variety of
agricultural waste biomass-has been used for the preparation of AC such as agricultural peel
(Anastopoulos and Kyzas, 2014), wood biomass (Danish and Ahmad, 2018), lignocellulosic
precursors (Reviews, 2018) etc., there is still a need for development of cost-effective, locally
available and efficient adsorbents for removal of dyes from wastewater. Various lignocellulosic

precursors were used for manufacturing AC.

Stem- date palm, grape (Saeed et al., 2010), oil palm (Rashidi and Yusup, 2017), wheat (Robinson
etal., 2002; Zhang et al., 2014) etc.

Shells- almond (Deniz, 2013), coconut (Dias et al., 2007), peanut (Garg et al., 2019), pistachio
nut (Dias et al., 2007), pomegranate (Amin, 2009), walnut (Miyah et al., 2018) etc.

Peels- Orange (Fernandez et al., 2014), Banana (Temesgen et al., 2018), lemon (Aichour et al.,
2018), sweet lemon etc.

Husks- Rice (Isoda et al., 2014), Barley, Rye etc.

Wastes- Apple pulp, Potato waste, pineapple, Parthenium hysterophorus (Venugopal and
Mohanty, 2011), Tea, Soyabean oil cake, Bagasse (Kumari and Das, 2015) etc.

Woods- Pine (Dias et al., 2007), Almond tree, Tamarind (Danish and Ahmad, 2018), Jatropha
wood, Eucalyptus (Danish and Ahmad, 2018) etc.

2.5 ACTIVATED CARBON

Activated carbon was used as a purification material since ancient times. In ancient India,
drinking water was filtered using activated carbon. Later in early 19" century sugar refining
industry in Europe started using it. Today activated carbon is used for removing contaminants in

various residential, commercial and industrial applications (“Oxbow Activated Carbon,”)
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Production : Activated Carbon production generally involves two processes i.e. carbonization
and activation. Activated Carbon is a highly porous carbon which is prepared by chemical or

physical activation of a carbon rich material such as wood, coal, lignite etc.

Continuous attempts are made for manufacturing AC from low cost renewable materials.
Utilizing agricultural wastes / plant residues as raw material for AC production is a good
alternative to commercial AC as activated carbon is expensive since it is made of costly material
like coal (Oubagaranadin and Murthy, 2012).

Physical Activation : of AC is done by following processes :

Carbonization : Carbon rich material is pyrolyzed at 600 - 900 °C temperature range in inert
atmosphere. Carbonization creates initial porosity as carbon content is enriched.

Activation / Oxidation : After pyrolysis, the carbonized material is heated in the temperature
range of 600 - 1200 °C using oxidizing gases like oxygen, steam, CO.. Porous structure of AC is
enhanced which increases the capacity of adsorption (Ahmida et al., 2015).

Chemical Activation : takes place in two steps

e Heating

e Chemical treatment

Heating is usually done in the temperature range of 450 - 900 °C in a furnace, thus less heat is

required as compared to physical activation.

Chemical treatment of AC material is done to increase the surface area in which chemicals like
acids (HCI, H2SOg4, H3POg), bases (KOH, NaOH) and other salts (ZnCly) are added.

Chemical activation is favoured more than physical activation process due to its shorter activation

time, lower temperature, good thermal stability, porous volume and larger surface area.

Classification: AC can be widely classified. A broad classification based on physical

characteristics is made as Powdered AC, Granulated AC, AC Fibers, and Impregnated AC.
i.  Powdered Activated Carbon (PAC)

The AC below the size of 1.0 mm and physically in powdered form is known as PAC. As per
ASTM (American Society for testing and Materials) the particle size of PAC must be less than
0.177 mm or 80 mesh sieve, so they have large surface to volume ratio. PAC cannot be used in

column studies because being a fine particle it closely packs the column due to which pressure
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drops very large (Kwiatkowski, 2012). Pollutants from all the three phases (solid, aqueous and
gas) can be efficiently removed by using PAC.

ii.  Granulated Activated Carbon (GAC)

The particle size of GAC is relatively larger than PAC and thus have smaller external surface.
90% of GAC is retained by 80 mesh sieve (180 um). It is used for column adsorption. Organic
compounds, lead, chromium and dyes such as C.I. Reactive black can be removed from water
using GAC (Kwiatkowski, 2012).

ii.  Activated Carbon Fibers (ACF)

ACEF is the latest form of AC. It is used as cloth and felt. As compared to GAC, adsorption
capacity of ACF is relatively high. ACF have mostly micropores due to which it has high surface
area. Various organic and inorganic contaminants have been removed by using ACF from

aqueous and gaseous phases (Kwiatkowski, 2012).
iv. Impregnated Carbon (IC)

To increase the surface activity of AC, doping is carried out with metal, organic or inorganic
substances which enhances the adsorption capacity and surface properties. Examples of IC are

copper impregnated AC, zinc chloride impregnated AC etc. (Kwiatkowski, 2012).
2.5.1 Peanut Shell Activated Carbon

Peanut, commonly known as groundnut, is a legume crop grown for its edible seeds, which is
grown in tropic and subtropical regions. India is the second largest peanut producer after China,
with a production of 54.80 lakh tons. Thus, peanuts are abundantly available at an extremely low

cost. Peanuts can be used as cattle feed and fuel (Han et al., 2016).

Peanut shell is an agricultural waste and an effective ingredient for preparing activated carbon
(Girgis et al., 2002). Peanut shells, are excellent source of cellulose, hemicellulose and lignin
(Adeosun et al., 2016) with high liquidity absorbency, chemical inertness and biodegradability.
Table 2.3 show the reported surface area of PnsAC.

Peanut shells have high volume and low density (AL-Othman et al., 2012). They are extremely
flammable, and thus can be used for producing fireplace logs. They are a good source of fibre
and do not contain any harmful material. Scientists have studied methods to produce hydrogen
as a fuel by using peanut shells; it is an eco-friendly alternative to various products, such as
mulch, for manufacturing biodegradable dish soap and plywood.
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Table 2.3 : Recent reported surface area Sset (m? g1) for Peanut shell Activated Carbon.

Reference Adsorbent SeeT (M? gt)
(Girgis et al., 2002) PnsAC 228 - 1177
(Lochananon and Chatsiriwech, 2008) | PnsAC 1000
(AL-Othman et al., 2012) PnsAC 88.85-95.51
(Li et al., 2015) PnsAC 1195 - 1871
(Wu et al., 2015) PnsAC 1277
(Xu and Liu, 2008) PnsAC 807 - 1019
(Georgin et al., 2016a) PnsAC 370.1 - 395.8
(Zhong et al., 2012) PnsAC 952.6
(Wu et al., 2013) PnsAC 1060
(Wilson et al., 2006) PnsAC 542 - 726
(Zhang et al., 2015) PnsAC [17-1322
(Zhang et al., 2016) PnsAC 494 - 1533
(Han et al., 2016) Peanut shell biochar 145.25
(Ahmad et al., 2012) Peanut shell biochar 3-448
(Ricordel et al., 2001) PnsAC 485

2.6 ALGINATE

Alginate was discovered in 1881 by a British chemist, E.C.C. Stanford. Alginate is a natural
polymer occurring in the cell walls of brown seaweeds, in the form of gel which contain calcium,
sodium, barium and strontium ions. From various researches, alginate was found to be the best
gelling polysaccharide. Alginate is abundantly used in various industries like textile, printing,
food, dyeing, pharmaceuticals etc. due to its properties such as gelling, stabilizing, ability to be
viscous and water retention capability (Draget, 2009). For the forecast period of 2017 - 2025, the
consumption of the product in Asia Pacific is expected to rise at a rate of 5.9% and this forecast
is limited to U.S., UK, Canada, France, China, Germany, Japan, India, Brazil (“Global Alginate
Industry Trends,” n.d.).Variations in physical and chemical properties of alginate are observed
due to different sources of species (Draget and Taylor, 2011). There are a wide variety of species
from which alginate is extracted amongst them the important species are Laminaria, Macrocystis

and Ascophyllum (McHugh, n.d).
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Alginate is composed of homopolymeric blocks of (1-—»4) linked -D-mannuronate (M) and o-
L-guluronate (G) residues, having different sequences and composition of blocks (Ai et al.,
2011).Fig.2.3 shows the structural characteristics of alginates,Fig.2.3(a) monomers of alginate
are shown, Fig.2.3(b) represents the polymeric chain structure. A molecule of alginate is a block
copolymer which has three different blocks G, M and MG having different proportions
depending on the source of seaweeds. Alginate have irregular pattern of blocks so the structure
of alginate polymer cannot be judged by the knowledge of monomer. Fig.2.3(c) shows the
combination of different blocks of alginate. These blocks differ in their properties like G blocks
formed by adding calcium ions, are responsible for gel formation. Higher the amount of G blocks
greater will be the gel strength. Similarly alginates solubility in acid, is determined by the
quantity of MG blocks (McHugh, n.d.).

Alginate can be conveniently altered by physical and chemical methods for improvising its
properties, structure and function for utilising in various applications. Properties of alginate can
be determined by the composition of guluronic acid and mannuronic acid. Solution to gel

transition of alginate takes place in presence of divalent cations (eg. Ca®*).
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HO HO
B-p-mannuronate (M) a-L-guluronate (G)
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W N ™ - e — o

M-block G-block G-block MG-block

Fig.2.3 : Structural features of alginates: (a) Monomers of alginate, (b) chain
Structure, (c) Distribution of blocks (Draget and Taylor, 2011)
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Water soluble sodium alginate is converted into calcium alginate by adding sodium alginate
solution, drop wise into the bath of calcium chloride solution (Fig.2.4). The key feature of
alginate is, preferential ionic interaction with divalent ions which converts it into hydrogel thus
forming egg box structure. The cross linked structure of alginate makes it favourable to be used
as an immobilization matrix for adsorbent impregnation. Therefore it may be used as a natural
and economic adsorbent (Ai et al., 2011).

Sodium Alginate Calcium Alginate
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Fig.2.4 : Formation of calcium alginate from sodium alginate

2.7 ADSORPTION STUDIES USING PEANUT SHELL ACTIVATED
CARBON

Girgis et al. (2002) manufactured the AC from peanut hull, activated by phosphoric acid, zinc
chloride, potassium hydroxide (Girgis et al., 2002). In this study, they carbonized the precursor
at 700 — 900 °C then carried out steam pyrolysis at a temperature of 600 °C thus mesopores were
generated. With increase in impregnation ratio, porosity also increased. BET surface area of 1177
m?2 gt was found at HsPO4/ precursor ratio of 1 with pyrolysis for 3h at 500 °C. BET surface area
of 420 m? g was reported with impregnation of 50 % ZnCl, and pyrolyzed for 6h at 300 °C.
BET surface area of 228 m?g™* was obtained for 1:1 KOH impregnation, followed by 3h pyrolysis
at 500 °C.

Lochananon and Chatsiriwech (2008) produced activated carbon using peanut shell using (10-
60 wt %) H3POs solution at 200 °C temperature for 2h (Lochananon and Chatsiriwech, 2008).
The yield of reaction decreased from 60 % to 45 % while the BET surface area increased upto
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100 m? gt by increasing HsPOa acid concentration from 10 - 60 wt %. Increase in surface area is

proportional to increase in adsorptive properties.

Othman et al. (2012) prepared AC by chemical activation of peanut shell with KOH and
removed hexavalent chromium (AL-Othman et al., 2012). The reported BET surface area was
88.85 t0 95.51 m?g?* for oxidized and unoxidized sample. Kinetic study showed that Pseudo first
order and second order model followed appropriately. Equilibrium data concludes that Langmuir
and Freundlich models were most suitable. The estimated Langmuir monolayer adsorption
capacity was16.26 mg g™*. Negative value of AG®revealed that the process was spontaneous. AG°
value decreased with increase in temperature. Positive value of AS° represents disorderness

within the system.

Wau et al. (2015) prepared peanut shell activated carbon by using KOH as activator under
microwave heating (Wu et al., 2015). If KOH / peanut shell mass ratio was 1 and 600 W
microwave power was utilized for 8 minutes, the surface area (Sger) was found to be 1277 m? g°
L. An efficient and simple approach for the preparation of low cost AC was found by microwave

heating of peanut shell, activated by KOH.

XU and LIU (2008) studied the effect of heavy metal ion Pb? (Xu and Liu, 2008). 58 %
phosphoric acid was used in 1:1 mass ratio (peanut shell : HsPOs), heated upto 550 °C for 2h in
nitrogen atmosphere to prepare AC. PnsAC was treated with HNO3 (5 %, 20 % and 50 %) to
improve the properties. FTIR confirmed that more number of groups are attached after the
treatment. Carboxyl groups, carbonaceous phosphor compound, phosphate ester etc. were found.
Monolayer Langmuir adsorption capacity of PnsAC was 24.02 mg g*. The increase in adsorption

capacity was due to pore widening.

Georgin et al. (2016) prepared PnsAC by conventional pyrolysis (CP) and they further prepared
AC by using microwave irradiation and pyrolysis (MWP) (Georgin et al., 2016a). In above two
types of preparation the second preparation was found to be more appropriate in removing Direct
Black-38 (DB-38) and Reactive Red-141 (RR-141) dyes from synthetic wastewater. BET surface
area of CP sample, MWP sample was 370.10 and 395.80 m?g* respectively. FTIR study revealed
the presence of —OH stretching, C-H stretching, C-C stretching, -C=C stretching and C=C of
aromatic group etc. C-O group in carboxylic and alcoholic groups corresponded to lignin which
was due to peanut shell. Adsorption was found maximum at pH 2.5. Pseudo second order kinetic
model and Sips isotherm model were found fit. Maximum monolayer adsorption capacity was
found to be 141.3 for DB-38 and 307.5 for RR-141 dye.
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Zhong et al. (2012) utilized peanut shell for production of AC through microwave induced
phosphoric acid activation (Zhong et al., 2012). Different process variables such as radiation
time, input power and HsPO4 concentration were optimized by RSM. The optimum conditions
were 33.04 volume % of HzPO4, 500.07 W microwave power and 9.8 minute radiation time and
under these conditions the yield was 42.12 %. BET surface area of PnsAC was 952.60 m? g
having pore volume 0.8807 cm® gX. Langmuir monolayer adsorption capacity of AC was 149.25.

The process followed Pseudo second order kinetics and intra-particle diffusion model.

Wau et al. (2013) prepared PnsAC in fluidised bed reactor kept at high temperature, by carbon
dioxide activation (Wu et al., 2013). 225.8 mg g™ of MB was produced at optimized condition
of 900 °C activation temperature and 5h activation time. Phenazone uptake yield was 26.157 %.
The BET surface area was 1060 m? g™ and the pore volume 0.8021 cm® g under optimized
condition. FTIR showed -COOH, -OH and -R functional groups. The ionisable groups (carboxyl
and hydroxyl) were able to interact with positive dye ions. So adsorption does not depend only
on surface area but functional group present on surface adsorption will also be responsible for
adsorption. Kinetic data was found fit to Pseudo second order model. The quality of AC was as
per the British Pharmacopoeia and the United States Pharmacopoeia Standards for AC. Hence

the developed PnsAC can be used commercially for medical use.

Wilson et al. (2006) prepared PnsAC from peanut shell by pyrolysis in N2 environment for the
adsorption of Cd?*, Cu?*, Pb?*, Ni?* and Zn?* (Wilson et al., 2006). Author compared three
commercial type of AC (DARCO 12x20, NORIT C GRAN and MINOTAUR) with the prepared
PnsAC. Surface area of prepared PnsAC and other commercial activated carbon were 542 — 815
m? gL, In house produced PnsAC (800 °C activation temperature, 4h activation time and non-

crushed) was found best and subsequently NORTI C GRAN, for removing various metal ions.

Zhang et al. (2015) prepared magnetic MPSAC via single step procedure in presence of
potassium carbonate and ferric oxide (S. Zhang et al., 2015). The samples were first carbonized
at 300 °C for 1h duration then activated at 650 — 800 °C for 0.5 - 3h. The surface area was
dependent on activation time and activation temperature. The Maximum surface area of MPSAC
was 1322 m? g at 650 °C activation temperature when activated for 3h. The Fe was converted
into FesC.

Zhang et al. (2016) prepared magnetic peanut shell activated carbon (MPSAC) to observe the
impact of KoCO3z and FesO4 on the porosity development (Zhang et al., 2016). During

impregnation potassium carbonate underwent anionic hydrolysis. Formation of KOH broke the
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key ester linkages among lignin and carbohydrates and one part of lignin was removed. Weight
loss peak was shifted from 350 °C to 255 °C by the addition of K2COz3 during pre-carbonization.
During activation stage various compound were formed like K2COs3, 15 H20, K2COs, K20 and
K. These compound developed micropores in MPSAC. FezO4 acted as the source of Fe and

activation promoting agent which formed FesC.

Han et al. (2016) made magnetic char from peanut hull using FeClz and pyrolyzed at (450 — 650
°C). Cr(VI) was adsorbed using the magnetic char (Han et al., 2016). Langmuir monolayer
adsorption capacity was 77.54 mg g*. The coefficient of determination (R?) is maximum for
Elovich and Pseudo second order model. BET surface area for magnetic biochar pyrolysed at
650 °C, was 145.25 m? g*. However economically feasibility must be studied before commercial

production of magnetically recoverable biochar.

Ricordel et al. (2001) peanut husks (PHC) was used for manufacturing activated carbon for the
removal of Pb%*, Zn?*, Ni?* and Cd?* (Ricordel et al., 2001). The calculated surface area of PHC
was 485 m? g*. FTIR study revealed carboxyl group, phenolic hydroxyl groups and carbonyl
groups. At equilibrium, the metal ion adsorbed were in the order of Cadmium < Nickel < Zinc
< Lead. Langmuir adsorption isotherm model (R?= 0.999) was found fit for the metal ion removal

study using PHC.

2.8 ACID YELLOW -36 (AY-36) ADSORPTION STUDIES

Mittal et al. (2008) removed AY-36 from aqueous solution by using De-oiled soya and bottom
ash (Mittal et al., 2008). Batch and column studies were performed for lethal dye removal.
Langmuir and Freundlich represented the isotherm data well. The adsorption followed Pseudo
first order reaction. Film diffusion mechanism was observed in the process. The process was
spontaneous since the value of AG® was negative. De-oiled soya and Bottom ash can be used

commercially for removing AY-36 from wastewater.

Pekkuz et al. (2008) investigated the adsorption of AY-36 by poplar saw dust, a low cost
adsorbent (Pekkuz et al., 2008). Cationic dyestuffs were more adsorbed than anionic dyestuffs.
Kinetic models and intra-particle diffusion model were studied for three different temperatures,
293 K, 313 K and 333 K. Langmuir isotherm was found fit (R?> 0.98). The calculated monolayer
adsorption capacity was 3.57x10° m mol g*. Thermodynamic parameters (AG®, AH® and AS°)

were estimated.
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Chiou and Chuang (2006) studied the adsorption of anionic dye using chitosan beads which
were chemically cross-linked (Chiou and Chuang, 2006). The adsorption capacities was 1334
mg g for AY-36. Langmuir model was found fit with adsorption data (R?> 0.996). First order
reaction was followed at lower concentration and second order reaction was followed at higher
concentration. Adsorption was found to be maximum at lower pH. The competitive adsorption
favoured the AY-36 adsorption.

2.9 DIRECT BLUE -86 (DB-86) ADSORPTION STUDIES

Dutta et al. (2012) studied adsorption of DB-86 through fixed bed column (Dutta et al., 2012).
The adsorbent was made from composite of alumina and AC (using microwave). For batch
adsorption, Langmuir (R?=0.98), Temkin (R?= 0.96) and Freundlich (R?=0.93) were found fit.
Estimated monolayer Langmuir adsorption capacity was 500.16 mg g*. The AC bed height in
the column was (5.04 - 10.16) cm. The bed capacity was estimated to be 142.67 mg L.

Nemr et al. (2009) investigated orange peel activated carbon for the treatment of DB-86 (Direct
Fast Turquoise Blue GL) dye from synthetic wastewater (Nemr et al., 2009). Percentage dye
adsorption is proportional to adsorbent dose. Optimum pH value was 2. Adsorption rate was
maximum in first 30 minutes. Pseudo second order kinetics (R?> 0.99) was the best model to
represent the kinetic data. Langmuir monolayer adsorption capacity was 33.78 mg g. Langmuir,
Temkin, Dubinin-Radushkevich (D-R) isotherm models were found better fit than Redlich-
Peterson and Freundlich model. The optimum conditions were 100 mg L dye concentration at
pH 2 with 6 g L™ adsorbent dose. At room temperature maximum removal was 92 %. Orange

peel AC can be used commercially in the treatment of DB-86 dye.

2.10 MOTIVATION FOR THE PROPOSED RESEARCH WORK

On the basis of literature review, following observations have been made:

i.  Peanut shells were used to prepare AC in the past and PnsAC (Peanut shell Activated
Carbon) thus prepared was used in adsorption process for removing dyes and heavy
metals from wastewater. However it was not used for the removal of AY-36 and DB-86

dye from wastewater.
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ii.  There are very few studies, available for the adsorption of dye using immobilized beads
of alginate coated Peanut shell Activated Carbon (PnsAC-alginate). To our Knowledge,

there is no single study reported on the adsorption of DB-86 dye using PnsAC-alginate.

In view of the above observations, objectives of the present research work as stated in the Chapter
I, have been formulated and pursued in the thesis.
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Table 2.4 : Comparison of Adsorption Isotherms, Kinetic models and Adsorption capacities of PnsAC

S.No. Adsorbate pH Temp. Initial Adsorption Isotherm Kinetic model Reference
(°C) adsorbent capacity proposed
concentration (mg g?)
1 Cr(VD) 2-10 |20, 30, Manl 16.26 Langmuir, Pseudo First order, | (AL-Othman et
40 Freundlich Pseudo Second order | al., 2012)
2 Pb%* 2.5 25 10g L1 35.46 Langmuir, - (Xu and Liu,
Freundlich 2008)
3 Direct black 2.5 25 110.6 Langmuir, Pseudo First order, | (Georginetal.,
03g L? Freundlich, Pseudo Second order | 2016a)
4 Reactive red 2.5 25 284.5 Redlich Peterson
and Sips
5 Remazol brilliant | - 20 1%y L8t 149.25 Langmuir, Pseudo First order, | (Zhong et al.,
blue R Freundlich, Pseudo Second order | 2012)
Temkin
6 Phenazore - 25 4215 - Pseudo First order, | (Wuetal.,
- Methylene bive - oF 6.67¢gL* =% - Pseudo Second order | 2013)
8 Cd?*, cu®, 4.8 - 10g L? 37.43,66.66, | Langmuir - (Wilson et al.,
Pb?* Ni?*, Zn?* 240.55, 2006)
34.63, 38.31
9 Trichloroethylene | 7 25 03g L? 50.01 Langmuir, - (Ahmad et al.,
Freundlich 2012)
10 Se(1V) 15-7 |- - 42.96 Langmuir First ~ order rate | (EI-Shafey,
expression 2007)
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Table 2.5 : Adsorption studies for removing AY-36 dye from wastewater

S.No. | Adsorbent pH | Temp. Initial dye Adsorption Isotherm Kinetic model Reference
(°C) concentration capacity proposed
(mgg™)

1 Cross linked 4 30 277¢gL? 1334 Langmuir First order, Second | (Chiou and
Chitosan order Chuang, 2006)
beads

2 Sawdust 6.23 | 25, 35, 0.0093 g L 1.310 Langmuir Pseudo  First order, | (Pekkuz et al.,

45 Pseudo Second order, | 2008)
Intraparticle diffusion
model

3 Bottom ash, 2 30, 40, 0.037g Lt - Langmuir, First order (Mittal et al.,
Deoiled soya 50 Freundlich 2008)

4 Graphene 7 25, 35, | (80 -800) mg 71.62 Langmuir, Henry, | Pseudo First  order, | (Guo et al.,
oxide 45 =L Temkin, Pseudo Second order | 2013)

Freundlich,
Dubinin-
Radushkevich

5 Grape 6.23 30 (200 - 900) 386 Langmuir, - (Saygili et al.,
industrial mg L? Freundlich 2015)
processing
activated
carbon
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Table 2.6 : Adsorption studies for removing dyes from wastewater

S.No. Reference Adsorbent Adsorbate / | Operating Inference
Object of study Mode
1. (Suteu et al., 2017) | waste brilliant Red | Batch The maximum monolayer adsorption capacity was 294.1 mg
seashell HE-3B reactive g™ at 60 °C.
powder dye Maximum removal was obtained in seven hours’ time.
Langmuir, Freundlich and Dubinin-Radushkevich models
were used to analyse the isotherm data.
Kinetic data found to follow pseudo second order model with
R?>0.99.
2. (Leah et al., 2018) EDTA- methylene Blue | Batch The observed Langmuir monolayer adsorption capacity was
modified (MB) and Cu(ll) 160 and 27 mg g™* for MB and Cu(l1) respectively.
bentonite ions pHzrc of EDTA modified bentonite was found to be 2.3

Langmuir, Freundlich, Temkin and D-R models were applied
on the isotherm data.

The negative value of Ea for MB and Cu(ll) were -10 and -
41 KJ mol? which denotes exothermic adsorption and

process to be more effective at lower temperature.
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S.No. Reference Adsorbent Adsorbate/ | Operating Inference
Object of study Mode
3. (Fernandez et al., | orange peel | methylene blue | Batch Activated carbon was made from orange peel using H3POa
2014) activated and rhodamine B as activator.
carbon BET surface area was 1090 m? gt
Kinetic data was best presented by Pseudo second order with
RZvalue 0.971 and 0.998 for methylene blue and rhodamine
B.
4. (Prolaetal., 2013) | multi- direct blue 53 Batch Effect of initial pH, time of contact and temperature were
walled studied.
carbon The optimum pH was 2 for MWCNT and PAC.
nanotubes Time to achieve equilibrium was 3h and 4h for MWCNT and
(MWCNT) PAC.
and powder The maximum adsorption capacity was 409.4 and 135.2 mg
activated g™ for MWCNT and PAC respectively.
carbon Synthetic simulated dye house effluent containing five dyes
(PAC) was used.

The observed pHzpc was 7.00 and 7.80 for MWCNT and
PAC.
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S.No. Reference Adsorbent Adsorbate/ | Operating Inference
Object of study Mode
5. (Caoetal., 2014) chem- reactive brilliant | Batch The monolayer Langmuir adsorption capacity was found to
modified red K-2BP be 568.18 mg g.
walnut shell Langmuir adsorption isotherm was most suitable isotherm
(MWNS) model as R?> 0.999.
Separation factor R was less than 1.
As R?>0.999, the Pseudo second kinetics was most suitable
kinetic model.
6. (Ranjithkumar et al., | activated acid yellow 17 | Batch Langmuir monolayer adsorption capacity was estimated to
2014) carbon/a- be 333.30.
Fe203 Pseudo-second order rate constant for AC and modified AC
was R?>0.98 and ge exp. was very close to ge cal.
Freundlich, Langmuir and Temkin models were applied on
the isotherm data.
7. (Kamboh et al., | p-tert- direct black-38 | Batch FTIR, SEM and TGA study confirmed the synthesis of new
2014) butylca- adsorbent.
lix[6]arene Maximum adsorption was 91 % at pH 9.0
3) onto

41




S.No. Reference Adsorbent Adsorbate/ | Operating Inference
Object of study Mode
modified
silica (2)
8. (Mittal et al., 2010) | bottom ash | crystal violet Batch/Col If pH was increased from 2-4 there is sharp increase in
(BA),de- oum adsorption.
oiled  soya 4h time was required to achieve saturation.
(DOS) Regression coefficient was 1 for Pseudo second order model.
9. (Dil et al., 2017) zinc (1) | Cd2+,Co2+,met Langmuir isotherm was found suitable isotherm model with
oxide hylene blue monolayer adsorption capacity of 97.1, 92.6, 83.9 and 81.6
nanorods (MB) and crystal mg g *for cadmium, cobalt, methylene blue and crystal violet
loaded on | violet (CV) respectively.
activated The optimum dose predicted by RSM was 25, 24, 18 and 14
carbon mg L? for cadmium, cobalt, methylene blue and crystal
(ZnO-NRs- violet respectively.
AC) to Artificial neutral network (ANN) was applied with 14

neurons.
Pseudo second order and intra-particle diffusion model were

suitable kinetic model.
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S.No. Reference Adsorbent Adsorbate/ | Operating Inference
Object of study Mode

10. (Khani et al., 2018) | y-Fe203-2- | direct Blue 71 Batch Langmuir adsorption capacity was 47.60 mg g* .

HEAS New activated carbon y-Fe203-2-HEAS was developed.
Freundlich isotherm model was found to be most suitable as
R?>0.98.
Pseudo first order and Pseudo second order kinetic model
were found suitable as R?> 0.99.

11. (Maleki et al., 2016) | potato peel- | direct blue 71 Batch Taguchi method was used for experimental design.
based Maximum adsorption capacity was 448 mg g.
sorbent The ANN model was having five neurons input layers.

12. (Saygili et al., 2015) | grape waste | methylene blue | Batch Maximum surface area was obtained at 6 :1 impregnation
activated and Metanil ratio, 600 °C activation temperature, 60 minutes of activation
carbon yellow time.

The yield of activated carbon was 44.15 % and the observed
surface area was 1455 m? g1,

The monolayer adsorption capacity for Methylene blue was
417 mg g* and 386 mg g for Metanil yellow.

13. (Jain et al., 2010) AC and naphthol yellow | Batch BET surface area was 929.7 and 326.5 for AC and ADM
activated S respectively.
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S.No. Reference Adsorbent Adsorbate/ | Operating Inference
Object of study Mode
de-oiled pHzpc for ADM was 8.2.
mustard Maximum adsorption was at 50 °C for AC, it followed the
(ADM) order 30 °C < 40 °C < 50 °C. Adsorption by ADM was
exothermic in nature.
Pseudo first order kinetic model agreed well.
14. (Mall et al., 2006) fertilizer auramine-O Batch The BET surface area of low cost fertilizer plant waste
plant waste | (AR), congo red carbon (WC) was 357 m? g'*.
carbon (CR), orange-G The polar group attached on the surface of AC gave cation
(WC) (OG), and exchange capacity to it.
methyl  violet The optimum pH was 7.0.
(MV) The adsorption kinetics followed Pseudo second order
Kinetics.
pHzpc value was 7.2.
15. (Sarkar et al., 2014) | amylopectin | malachite green | Batch Synthesized graft copolymer (adsorbent) was biodegradable.
and pHzpc for (AP-g-PAA)was 5.51.
poly(acrylic Pseudo second order model was having higher correlation
acid) (AP-g- coefficient and lower error value.
PAA)
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S.No. Reference Adsorbent Adsorbate/ | Operating Inference
Object of study Mode
Monolayer adsorption capacity has been found to be 352.11
mg g*.
16. (Othman et al., | magnetic methylene blue | Batch Langmuir and Freundlich represented the isotherm data with
2018) graphene R2>0.97.
oxide Pseudo second order Kinetics was found to be most suitable.
(MGO) Langmuir monolayer adsorption capacity was 1666.67mg g
1
17. (Liao et al., 2012) microwave | methylene blue | Batch/Col Removal of MB and AO7 was studied on MW modified BC.
(MW) (MB) and acid | oum Freundlich and Dubinin-Radushkevich model were found
modified orange 7 (AQO7) suitable.
bamboo Adsorption was suitable at pH below 5 and below 3 for MB
charcoal and AO7 respectively.
(BC) Thermodynamic analysis. revealed the process to be
spontaneous and endothermic.
18. (Luo et al., 2018) cucurbituril | acidic blue 25 Langmuir and Freundlich represented the isotherm data.
s (CBI[8]s) | (AB25) Maximum monolayer adsorption capacity was 434.8 mg g™.

Kinetic data was represented by Pseudo second order model
with R?>0.99.

45




S.No. Reference Adsorbent Adsorbate/ | Operating Inference
Object of study Mode

BET surface area of CB [8] was 3.7m? g
Thermodynamic data revealed the process to be spontaneous
and exothermic.

19. (Humelnicu et al., | zeolite tuff | basic Blue 41 Batch The kinetics study showed that Pseudo second order model

2017) follows the adsorption data.

Maximum adsorption was 95.7 % at pH 8.
Langmuir monolayer adsorption capacity was 192.31mg g*
at 50 °C and pH 5.
Langmuir isotherm best described the equilibrium data.
Temperature increase from 8 °C to 50 °C favoured the
adsorption.
The data of Thermodynamic study revealed the process to be
spontaneous and endothermic.

20. (Gong et al., 2005) | powdered amaranth (Am), All three dyes were removed efficiently at pH = 2.

peanut hull

sunset  yellow
(SY) and fast
green FCF (FG).

Monolayer adsorption capacity was 14.90, 13.99 and 15.60
mg g for Amaranth, sunset yellow and fast green FCF.
Pseudo first order rate kinetics fits the kinetic data.

Isotherm data followed Langmuir and Freundlich model.
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S.No. Reference Adsorbent Adsorbate/ | Operating Inference
Object of study Mode
21. (Zhao et al., 2017) cationic light green | Batch Adsorption is favoured at pH 2 - 4.
surfactant- | anionic dye Pseudo first order kinetic equation describes the kinetic data.
modified Langmuir isotherm was found suitable with monolayer
peanut husk adsorption capacity of 146.2 mg g* at 303 K.
Thermodynamic study showed the adsorption process to be
spontaneous and exothermic.
22 (Auta and Hameed, | waste tea | acid blue 25 | Batch For Batch studies of Acid blue 25 dye, initial concentration
2011) activated (AB25) (50 - 350 mg LY), initial pH (2-12), temperature (30 °,40 °,
carbon 50 °C) were taken.
(WTAC) Langmuir adsorption isotherm was most suitable equilibrium

isotherm with monolayer adsorption capacity of 203.34 mg
gt

The calculated pHzpc was 7.2.

Maximum adsorption was at pH 2.

Positive value of entropy AS° indicates the increase in
randomness at solid-liquid interface.

BET surface area was 820 m? gL,
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S.No.

Reference

Adsorbent

Adsorbate /
Object of study

Operating
Mode

Inference

23

(Doulati Ardejani et

al., 2008)

almond

shells

direct red 80
(DR 80)

Batch

Concentration of Direct Red was taken (50 - 150) mg L at
pH 2 and 97 % removal was obtained.

Maximum adsorption capacity was found to be 22.422 mg g
1

The time required to achieve equilibrium was 300 minutes.
Langmuir, Freundlich and BET isotherm equilibrium were
applied on adsorption isotherm data and R? > 0.8639 was
obtained.

BET surface area was 10.5 m? g*.

For Pseudo second order kinetic model, R? varies from
0.9986 to 1.

24

(Hussain et
2018)

al.,

nitrogen-
enriched
carbon sheet
(NECS)

methyl blue dye

Nitrogen enriched carbon sheet (NECS) was prepared from
sodium gluconate (as a carbon source).

High surface area 604 m? g*.

Langmuir adsorption isotherm represents the adsorption
process with the adsorption capacity of 847 mg g

NECS shows increase in adsorption capacity from 34 to 701

mg g when the pH was decreased from 10 to 2.
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S.No. Reference Adsorbent Adsorbate/ | Operating Inference
Object of study Mode
Upto five adsorption desorption cycles, no loss in efficiency
was observed.
25 (El Ashtoukhy, | loofa direct blue 106 | Batch Loofa egyptiaca (LE) was used for manufacturing three
2009) egyptiaca different types of adsorbents namely LE and two low cost
activated activated carbon (LEciand LEcy).
carbon Experimental data were examined by Langmuir, Freundlich
(LE), and Temkin isotherms with R?> 0.965.
The value of dimensionless equilibrium parameter R was
less than 1.
Kinetic data confirms Pseudo first order and Pseudo second
order models with R?> 0.97.
26 (Wang and Zhu, | an rhodamine B Batch Kinetic studies showed that Pseudo second order kinetic
2006) australian methylene blue model fits the data with R? close to 0.999.
natural Langmuir and Freundlich models were found to be most
zeolite suitable models.

Process is.spontaneous as AG® was found to be negative.
Positive value of AS° showed disorder at the solid-solution

interface.
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S.No. Reference Adsorbent Adsorbate/ | Operating Inference
Object of study Mode
BET surface area was 16.0 m? g
27 (Belaid et al., 2013) | granular acid blue 113 Batch The estimated equilibrium time was < 1h for RY and 4h for
activated (AB), basic red AB and BR.
carbon 5 (BR) and Kinetic data was perfectly fitted to Pseudo second order with
reactive yellow R2>0.98.
81 (RY) Surface area was 1100 m? g for GAC.
Elovich model very well describes the experimental results.
28 (De Castro et al., | modified methylene blue | Batch Ethylene diamine tetra acetic acid modified Phillippine
2018) bentonite dye (MB) and bentonite, a low cost material for the removal of Methylene
copper ions Blue (MB) and Cu(ll).
(Cu(ln) Pseudo second order kinetics was found to fit the kinetic data
with R?> 0.99.
Thermodynamic study reveals the process to be spontaneous
as AG® value was negative.
29 (Sandoval et al, | TNT methylene * blue BET surface area was found to be 206 - 239 m? gL,

2017)

dye
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S.No. Reference Adsorbent Adsorbate/ | Operating Inference
Object of study Mode

30 (Khaled et al., 2009) | activated direct N blue- Batch Direct Navy Blue (DNB) was removed from wastewater
carbon from | 106 (DNB) using adsorption.
orange peel Langmuir and Freundlich model reasonably represents the

equilibrium adsorption data (R?> 0.97) so adsorption process
is heterogenous.

The maximum adsorption capacity was 107.53 mg g™* for 150
mg L DNB and 2g L™ of AC.

Pseudo second order was found fit with R?> 0.99.

31 (He et al., 2018) paddle cationic  dyes Metal organic framework based on manganous (1) ions and
wheel (methylene blue a paddle wheel ligand, H3[Mn3O3(BTB)] (Mn-BTB, HBTB
ligand, (MB) and rhoda- =1,3,5-tris (4-carboxyphenyl) benzene acid)was synthesized.
H3[MnzO3( | mine B (RhB)) 120 minutes time was required to achieve equilibrium.
BTB)] (Mn- | and an anionic The BET surface area and pore volume of Mn-BTB were
BTB, dye (methyl 5.089 m? g* and 0.04175 cm® g™.

HBTB=1,3, | orange (MQ))
5-tris(4-
carboxyphe
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S.No. Reference Adsorbent Adsorbate/ | Operating Inference
Object of study Mode
nyl)benzene
acid)
32 (Kumar and Ahmad, crystal violet The maximum monolayer adsorption capacity was 64.93,
2011) (CV) 227.27 and 277.7 mg g* at 30°, 40° and 50° C respectively.

The estimated equilibrium time was 150 minutes.
AG® was found to be (-ve) which indicated feasibility of
reaction.

33 (Angela et al., 2018) acetaminophen Kinetic data was found fit by first order kinetics (0.986-
or acetyl-para- 0.987) and Pseudo second order kinetics (0.998).
aminophenol AGP® value obtained was negative indicating spontaneity of
(APAP) the reaction.
methylene blue AH® values were 16.5 and 74.7KJ mol™.

(MB) pHzec was found to be 10.
The surface functional group —OH and —COOH were found.

34 (Sham and Notley, | graphene cationic The maximum adsorption capacity was 782.3 mg g™ at 20

2018) exfoliated methylene blue 2 B

Adsorption data was modelled by Langmuir and Freundlich

adsorption isotherm.
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S.No. Reference Adsorbent Adsorbate/ | Operating Inference
Object of study Mode
Pseudo second order model was found fit for the kinetic data.
35 (Ghaedi et al., 2013) | zinc  oxide | brilliant ~ green The entropy was 136.59 J mol™* K.,
nanoparticle | (BG) solid Langmuir isotherm model show high correlation coefficients
s loaded on (R?=10.994).
activated The monolayer adsorption capacity was 142.9 mg g
carbon The calculated AG® value were -3026 to -8942.8 J mol?
(ZNO-NP- which indicated the spontaneity of the reaction.
AC) Positive AH® value indicated endothermic nature of
adsorption.
AS° is positive so adsorption was random.
36 (Senthil Kumar et | cashew nut | congo red (CR) The equilibrium time was 90 minutes.
al., 2010) shell (CNS) | dye The maximum removal was obtained at pH < 3 (due to
electrostatic attraction).
AG® was negative, values lies between -30317 to -10.576.
Redlich-Peterson, Koble-Corrigan model, Sips and Toth
model represented the isotherm data with R?> 0.999.
37 (Dogan et al., 2007) | sepiolite methyl violet Equilibrium was attained in 3 hours.
(MV) and
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methylene blue The adsorption kinetics was best described by Pseudo second
(MB) order model with R?> 0.99.
Surface area of Sepiolite was 342 m? g2,
38 (Inyang et al., 2014) | carbon nano | methylene blue | Batch MB sorption capacity was 6.2 mg g.
tubes (CNT) | (MB) Electrostatic attraction was dominant mechanism for the
sorption of MB.
Thermo stability of the biochars were increased by the
addition of carbon nano tubes (CNT).
Langmuir model fits the adsorption isotherm data with R? =
0.93.
Elovich model fits the kinetic model with R?=0.978.
39 (M. Saban | peanut hull | reactive black 5 | Batch Analysis of variance (ANOVA) showed R2 = 0.95.

Tanyildizi, 2011)

(RB5)

The interaction between RB5 and peanut hull was very
significant (P < 0.05) for RB5 adsorption.

Effect of temperature studied was 20 °C to 60 °C.
Monolayer adsorption capacity was 55.55 mg gt.

Pseudo second order with R? = 0.99 fits the adsorption data.
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The negative value of AG° confirms the spontaneous

adsorption.

40

(Temesgen et
2018)

al.,

banana and

orange peels

red reactive dye

Batch

The maximum removal efficiency was 89.4 % and 70.2 % at
pH = 4, adsorbent dosage 1 g in 100 mL, pH =4 at 30 °C on
the activated surface of orange and banana peels
respectively.

The surface area of orange and banana peel were 21.456 and
336.224 m? g,

The value of dimensionless separation factor was found to be
favourable and its value was less than 1.

The monolayer adsorption capacity for banana peel and

orange peel were 0.323 and 1.690 mg g* respectively.

41

(Muntean et
2012)

al.,

a symmetrical
disazo dye (OD),
an asymmetrical
disazo dye (RD),
and a trisazo dye
(GD)

The Monolayer adsorption capacity was 143.40 mg g
Langmuir isotherms fits the equilibrium data.

AG® was negative indicating spontaneous adsorption.
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42 (Sadaf and Bhatti, | peanut husk | indosol yellow Batch and Acetic acid treated immobilized peanut husk biomass was
2014) biomass BG dye Column used as adsorbent.
studies Maximum Indosol Yellow BG dye removal efficiency was
obtained at pH 2, with 0.05 g /50 mL adsorbent dose.
The adsorption process was exothermic in nature.
Maximum adsorption capacity was 79.7 mg g*
pHzrc of native, acetic acid treated and immobilized peanut
husk biomass was 7.4, 6.3 and 5.9 respectively.
Kinetic data followed Pseudo second order model with R? =
0.999.
Langmuir model was found to fit the equilibrium data with
maximum monolayer adsorption capacity of 84.74 mg g *for
acetic acid treated peanut shell husk.
43 (Nuithitikul et al., | activated basic green 4 The maximum BET surface area was 951, 1015 and 549 for
2010) carbon dye, acid blue H20 treated HCl treated and NaOH treated respectively.
derived 11, direct blue Pseudo second order kinetics was better fit for the kinetic
from durian | 80 data with R?> 0.99.
peel
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e Langmuir isotherm model was better fit than Freundlich
isotherm model.
e The dimensionless constant R value lies between (0-1) for
both the activated carbon.
e The maximum monolayer adsorption capacity was 312.5 mg
g™
44 (Noorimotlagh et al., | activated acid orange 7 | Batch e SEM analysis confirmed the pore size distribution of AC was

2014)

carbon from
milk vetch

and

(AO7)

lower than 100 nm.

Increasing adsorbent dose from 0.5 to 1.5 g L™ increased the
removal efficiency from 59.96 to 89.40 % respectively.
Pseudo second order kinetic model was found to be most
suitable kinetic model with R?=0.9865.

Langmuir adsorption isotherm model fits the equilibrium
data with R?= 0.9907.

The maximum monolayer adsorption capacity was 99 mg g
1
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45 (Khani etal,, 2018) v-Fe203 trictad dye reel FBatch y~Fe203 nanoparticle has removed 98.2 % of triazo dye
blue 71
nanoparticle Direct Blue 71.
Pseudo first order fits the kinetic data with R = 0.99.
Monolayer adsorption capacity was 47.6 mg g.
Dimensionless parameter R was found to be (0.23 - 0.64)
which favours the adsorption process.
46 (Belaid et al., 2013) | commerciall | acid blue 113 Batch The equilibrium time for batch adsorption was < 1h for RY
y available | (AB), basic red and AB and = 4h for BR.
granular 5 (BR) and Adsorption results perfectly fitted Pseudo second order
activated reactive yellow kinetics with R? > 0.98 for all the three dyes.
carbon 81 (RY) Fitting of Elovich equation confirms that the process was
(GAC) chemisorption.
47 (Georgin et al., | Para cationic dyes Batch A low cost adsorbent, Para chestnut husk (PCH) was used to
2018) chestnut crystal violet remove cationic dyes crystal violet (CV) and Methylene Blue
husk (CV) and (MB) from aqueous solution.
(Bertholleti | methylene blue PCH had amorphous structure containing carboxylic acids,

(MB)

esters, ketones and aldehydes.
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a excelsa) For both the dyes, adsorption was favoured by acidic
(PCH) condition.
The maximum biosorption capacities were 83.6 and 83.8 mg
g for CV and MB respectively.
90 % colour removal was observed.
48 (Deniz, 2013) almond methyl  orange | Batch Pseudo second order Kinetics fits the adsorption data.
shell dye The equilibrium data was found to best fit the Langmuir
residues isotherm model with R?= 1.0.
Maximum monolayer capacity was 40.650 mg g.
The dimensionless parameter R value lies between 0.0235 -
0.0255, which was less than 1.0 so it favoured the process.
49 (Cao et al., 2014) chem- reactive brilliant | Batch Modified walnut shell was used to treat anionic dye reactive
modified red K-2BP brilliant red K-2BP.
walnut shell Maximum adsorption capacity was 568.18 mg g at 313 K.
(MWNS) The above stated value was 10 fold to the initial value.

Kinetic data well fitted the Pseudo second order model.
Langmuir isotherm model was found to fit equilibrium data
with R?> 0.99.
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50 (Sandoval et al., | titanate methylene  blue | Batch Titanate nanotubes were used to study the combined effect
2017) nanotubes (MB) of adsorption and photo catalysis.
Generated OH radicals degrade the MB dye.
Degussa P-25 was used as a photo catalyst.
51 (Pekkuz et al., 2008) | poplar metanil yellow Pseudo second order with R?> 0.99 fits the kinetic data.
sawdust (MY)  (acidic) Ea was 14.93 KJ mol*and 10.41 for KJ mol* MY and MB
and methylene respectively.
blue (MB) BET surface area was 3.80 m™ g for sawdust.
(basic) Langmuir adsorption isotherm fits the equilibrium data with

R?> 0.98.
Negative value of AG® indicates spontaneous adsorption.
AS°® value is positive, therefore it indicates increased

randomness.
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Table 2.7 : Adsorption studies on the removal of dyes from wastewater using alginate and alginate composite as adsorbent

S.No. Reference Adsorbent Adsorbate / | Operating Inference
Object of Mode
study
1. (Aietal., 2011) |activated carbon | methylene | Batch lonic polymerization technique was applied for synthesis of
/cobalt ferrite | blue (MB) magnetic alginate composite beads.
/alginate composite Pseudo second order was found suitable for the kinetic data
beads with R2> 0.999.
Equilibrium data was found to follow Langmuir (R?=0.973)
and the Freundlich model (R?= 0.979).
The value of dimensionless constant separation factor Ry lies
between 0 and 1.
The negative value of AG® indicates spontaneous adsorption.
2 (Maetal., 2019) | gelatin/calcium methylene | Batch Monolayer adsorption capacity was 2046 mg g™ and 1937 mg
alginate (GA) blue (MB) gt for calcium alginate membrane (CA) and gelatin/ calcium

composite
nanofiber

membranes

alginate composite (GA).
The value of dimensionless constant separation factor Ry lies
between (0.044-0.546) for CA and (0.051-0.585) for GA.
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Equilibrium data was found to follow Langmuir (R?= 0.996
and R?=0.994) and Freundlich model (R?= 0.958 and R?=
0.943) for CA and GA respectively.
3 (Mohammed et | cellulose methylene The maximum adsorption capacity of the column was 255.5
al., 2016) nanocrystals blue (MB) mg gt
alginate ~ (CNC- Breakthrough curve revealed that dramatic increase followed
ALG) by a gradual decrease to a plateau at saturation.
4 (Oussalah et al., | hybrid beads were | methylene The monolayer adsorption capacity for methylene blue onto
2019) prepared from | blue (MB) adsorbents was 385.25 to 1309.5 mg g and R? > 0.97 for
natural — bentonite | and congo Langmuir adsorption isotherm model.
and alginate red (CR)

The monolayer adsorption capacity for Congo red dye onto
adsorbents was from 12.25 to 353.73 mg g and R?> 0.98.
Pseudo second order was found to fit kinetic data with R?>
0.95.

Thermodynamic parameter AG® was found negative which

indicates spontaneous nature of adsorption.
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5 (Pawar et al., | mesoporous methylene Batch The surface area of Mesoporous synthetic hectorite (MSH)
2018) synthetic hectorite | blue (MB) and Mesoporous synthetic hectorite-alginate beads (MSH-
(MSH) MSH- AB) were 468 m? g%, 205 m? g and pore volume 0.34 cm?®
alginate beads gl, 0.29 cm?® g respectively.
(MSH-AB) Langmuir monolayer adsorption capacity for:
MSH-AB -wet(W) 785.45 mg MB g’
MSH-AB -dry(D) 357.14 mg MB g
Powdered MSH 196.00 mg MB g*.
Kinetic data represented the Pseudo second order model for
MSH and the Pseudo first order model for MSH-AB.
Langmuir isotherm model was followed by MSH with R? =
0.997.
6 (Fabryanty et al., | bentonite — alginate | crystal Batch The pHzec value for acid activated bentonite was 3.88,
2017) composite violet (CV) sodium alginate was 7.07 and bentonite-alginate composite

was 5 to 6.
Kinetic data was found to fit Pseudo second order model with
R2(0.92 to 0.99)
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e Langmuir and Freundlich isotherm model were found fit.
e Maximum monolayer adsorption capacity was 462.60,
555.81 and 601.93 at 30 °C, 50 °C and 70 °C respectively.
e Thermodynamics parameter AG°® was negative which
indicated spontaneous adsorption.
e The positive value of AH® indicated endothermic process.
e The positive value of AS° reflects increased randomness
between adsorbate and adsorbent.
7 (Jabli and | synthesis of | methylene | Batch e pHzrc were equal to 6.3 and 6.6 for alginate gel beads(AGB)
Hassine, 2018) [sodiumalginate/4- | blue  and and Composite gel beads (CGB) respectively.
methyl-2- acid blue 25 o

(naphthalen-2-yl)-
N-
propylpentanamide
-function-

alizedethoxy-silica]

Contact time was varied up to 150 minutes.

AGB group present was COO" amino (-NH-) and
carbohydrate(COQO") group in the chemical structure of CGB.
Pseudo second order was found fit for the kinetic data with
R?>0.97.

Maximum monolayer adsorption capacity was 12.98 for
AGB and 9.26 for methylene blue.
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composite gel
beads
8 (Ravi and | bentonite and | methylene Maximum monolayer adsorption capacity was 2024 mg g
Pandey, 2019) alginate beads blue Kinetic data is best presented by Pseudo second order with
R?>0.97.
Separation factor R value lies between 0.78 and 0.33, which
indicated feasibility of the process.
Value of AG® was negative which indicated spontaneous
adsorption.
AS® value was positive which indicated enhancement of
randomness between adsorbate and adsorbent.
9 (Uyar et al., | alginate— methylene | Batch A novel cryogelation process was developed by deep-
2016) montmorillonite blue freezing the alginate beads at —21 °C.

composite beads

The drug encapsulation of calcium alginate beads was
improved, using montmorillonite (MMT) clay .

Maximum monolayer adsorption capacity was 181.8mg g.
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Equilibrium data was explained by Freundlich isotherm
model with R? > 0.99.
Pseudo second order kinetic model explains the kinetic data
much better than any other kinetic model having R? > 0.99.
AG°® was found negative which indicated spontaneous
adsorption.
Adsorption was endothermic since value of AH° was
positive.
AS° was positive which indicated increased randomness.
10 (Aichour et al., | lemon peels | methylene | Batch pHzpc of ALP/A 1/1 beads was 8.1.
2018) activated with | blue (MB) 100 mg L* of methylene blue dye was adsorbed 91 %, 94 %
phosphoric acid and 99 % by ALP/A 4/1, ALP/A 2/1 and ALP/A 1/1
(ALP) and respectively.
encapsulated ~ with Spontaneous adsorption was indicated by negative value of
alginate  (ALP/A AGO.
beads) Positive value of entropy show increased randomness

between ALP/A 1/1 and methylene blue.
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Monolayer adsorption capacity of ALP/A 1/1, was 841.37
mg gL
Langmuir adsorption isotherm model was found to fit
equilibrium data with R?= 0.991.
Pseudo first order and Pseudo second order fits the Kkinetic
data.

11 (Jung et al., 2016) | entrapping acid orange | Batch Spent coffee grounds was used to make activated carbon.
activated  carbon | 7 and This activated carbon was used to make alginate beads.
powder  derived | methylene pH of solution for Acid orange 7(AO-7) and methylene blue
from spent coffee | blue are 3.0 and 11.0 respectively.

grounds into
calcium-alginate

beads (SCG-GAC)

The BET surface area and pore volume were 704.23 m? g*
and 0.2926 cm® g respectively for SCG-GAC.

Monolayer adsorption capacity of AO-7 and methylene blue
were 665.9 and 986.8 mg g for SCG-GAC.

Sips isotherm model was found suitable as value of R? is

close to unity and has lowest value of error function.
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12

(Kwak et al.,
2018)

sericin-derived
activated carbon (S-
AC)/Alg beads

methylene
blue

Batch

Silk sericin (a secondary protein of the sericulture industry)
and alginate (Alg) were used to make a matrix, which was
used as adsorbent.

Sericin-derived activated carbon (S-AC) was prepared by
using NaOH as chemical activator and has a BET surface
area of 2150.1 m?g.

S-AC/Alg bead has surface area of 1215.4 m2g.
Monolayer adsorption capacity of methylene blue by the S-
AC/Alg beads was 841.37 mg g*.

Equilibrium data was best represented by Freundlich
isotherm with R?= 0.997.

Pseudo second order fits the kinetic data with R?=0.999.
Negative value of AG® indicated spontaneous adsorption.
Positive AS° value indicated enhanced randomness between
S-AC/Alg bead and methylene blue.

13

(Wang et al,
2018)

carboxyl

functionalized

methylene

blue

Monolayer adsorption capacity of CA-MWCNT-COOH was
1189 mg g* and for calcium alginate it was 1144.7 mg g*.
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multiwall carbon | (MB) In' 5 minutes 92.8 % adsorption of MB was found by
nanotubes MWCNT- COOH .
(MWCNT-COOH) With R? > 0.97, Langmuir adsorption isotherm model was
impregnated  into found to fit best.
calcium-alginate
(CA) beads (CA-
MWCNT-COOH)
14 (Zou et al., 2019) | a novel methylene | Batch Polyacrylamide (PAM) and Sodium alginate were used to
polyacrylamide blue (MB) form PAM / SA composite through polymerization.

(PAM) / PAM/SA

mi- crospheres

Pore size was in the range of 0 - 200 nm and the mesoporous
structure is uniform.

Particle size was in the range of 1 - 10 pm.

Maximum monolayer adsorption capacity of composite was
1070.54 mg g*.

Pseudo first order was found to be most suitable kinetic
model with R? > 0.999.
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Langmuir adsorption isotherm model was found fit with R?

>0.99.

Negative value of AG° confirmed spontaneous adsorption.
15 (Wang et al., | three kind of water | methylene | Batch Three kind of water insoluble alginate membrane were

2019) insoluble blue (MB) prepared by electrospinning and crosslinking with calcium

membrane were
made by
crosslinking of
calcium chloride
(CaCly),
glutaraldehyde
vapour (GA), and
trifluoroacetic acid
(TFA),

respectively.

chloride (CaCly), and

trifluoroacetic acid (TFA), respectively.

glutaraldehyde vapour (GA),
The monolayer maximum adsorption capacity was 2357.87
mg g* for MB removal using SA nanofiber membrane.

Negative value of AG° confirmed the process to be

spontaneous.

Surface Area Pore Volume

(BET) (m? g™ (cm®g™?)
Non cross linked 13.97 0.0256
CacCl; Cross linked 13.56 0.0450
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GA Vapour cross linked 11.86 0.0185
TFA Cross linked 15.26 0.0455
16 (Bayat et al., | synthesized methylene e Synthesized magnetic nanocomposite of nickel ferrite,
2018) magnetic blue dye zeolite and sodium alginate to enhance the removal of MB.

nanocomposite of
zeolite /nickel
ferrite through co-
precipitation
method and modify
its surface by

sodium alginate

Response surface methodology was used for optimization
with R?=0.977.

Under optimal conditions adsorption capacity of 69.61 mg g
! was estimated (pH = 8, 0.01 adsorbent amount and initial
concentration of 50 mg L™ are the optimal conditions).
Langmuir isotherm model was most suitable model with R?
= 0.99. The dimensionless parameter R was between 0.01-
0.07.

Pseudo second order kinetic model was found most suitable
asR?=1.

Adsorption was spontaneous as the value of AG® was

negative.
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17 (Boukhalfa et al., | magnetic beads methylene Special magnetic bead with y-Fe,Os and alginate were
2019) (AO-y-Fe203) of blue synthesized.
alginate (A) Maximum monolayer adsorption capacity was 905.5 mg g.
impregnated with Freundlich adsorption isotherm model was found most
citrate coated suitable model for the adsorption data with R?=0.98.
maghemite Thermodynamic parameter revealed adsorption process was
nanoparticles (y- spontaneous and endothermic in nature,
Fe203) and
oxidized
multiwalled carbon
nanotubes
(OMWCNTS) were
synthesized.
18 (Talbot et al., | magnetic alginate | cationic dye | Batch Adsorption was quick as 80 % occurred in 15 minutes and
2018) nanoparticles methylene equilibrium was attained in 2 h.
(AIgMNP) blue Maximum adsorption capacity was 273 mg g* for AlgMNP

and MB.
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e AIgMNP was found to be effective in removing cationic
pollutants from water.
19 (Guesmi et al., | hydroxyapatite methylene | Batch e XRD data confirms that the presence of alginate effected
2018) sodium = alginate | Blue crystallinity.
(CaHAp-AlQ) e Following were the Surface area of adsorbents
hybrid materials Adsorbent Surface area
(m*g™)
Hydroxyapatite (CaHAp) 21.640
Hydroxyapatite sodium alginate CaHAp- 12.840
(Alg)s
CaHAp-(Alg)1o 3.390

The monolary adsorption capacity of CaHAp-(Alg)io was
142.850 mg g L.
Langmuir isotherm model was found fit with R?> 0.99 and
dimensionless factor R value lies between 0.250 to 0.040 for
CaHAp-(Alg)1o
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Pseudo second order was most suitable model with R? =
0.999.
20 (Jayalakshmi and | cobalt ferrite- | reactive red | Batch/ The equilibrium time for binary adsorption was 60 minutes.
Jeyanthi, 2019) | alginate 195 Column Pseudo second order model was found to fit the kinetic data.
hanocomposite (RR195) The adsorbent was magnetically separable and reusable.
and The pHzpc of CoFe204-ANa was 7.5
Reactive AGP® was negative which confirms spontaneous adsorption.
yellow 145
(RY145)
from binary
component
system
21 (Kurczewska et | alginate /PAMAM | cationic Batch Adsorption capacity of alginate composite was improved in
al., 2019) dendrimer — methyl comparison to alginate beads.
Halloysite beads | green (MG) Pseudo second order kinetic model was found fit to the
and anionic kinetic data with R2> 0.94.
sunset
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yellow FCF Equilibrium data was presented by Freundlich isotherm
(SY) model with R?> 0.95.
Negative value of AG® indicates spontaneous adsorption. AS°
was positive so it indicates increased adsorbate adsorbent
interaction.
22 (Pando et al., | alginate was | methylene Hydrogels were synthesized from alginate and silica (SiO2),
2019) covalently gelled in | blue vinylated with vinyltrimethoxysilane using crosslinking
the presence of chemistry.
SiO; Hydrogel can absorb 889.76 + 12.65 g of water per 1g of dry
polymer.
Kinetic data was best fitted by Pseudo second order kinetic
model with R?> 0.96.
Equilibrium adsorption data was represented by Langmuir
model with R?> 0.97.
23 (Mohammadi et | ABSGO beads methylene Nano beads were made with alginate/ calix[4] arenes and
al., 2018) blue (MB) graphene oxide.
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(alginate /GO and
alginate/C4As-GOs

nanocomposite)

p-tert butyl calix[4] arene and sodium p-sulfonatocalix [4]
arene modified GO nanosheets (CGO and SGO) were
prepared.

The alginate beads containing SGO nanosheets (ABSGO)
had high porosity and thin layered structure.

Langmuir and Freundlich adsorption isotherm was found
suitable for ABSGO.

Maximum monolayer adsorption capacity was 170.36 mg g
! for ABSGO.

The kinetic data confirmed that pseudo second order model
was obeyed with R? = 0.998.

Gibbs free energy showed that adsorption was spontaneous.

24

(Ladnorg et al.,
2019)

alginate-like
exopolysaccharide
(ALE)

methylene

blue

Batch

A compound similar to alginate was prepared from aerobic
granular sludge (AGS).
69 % dye was removed at 35 °C in 60 minutes contact time.

Langmuir isotherm model was best fitted with R?= 0.967.
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The kinetics of ALE adsorption was best described by
Pseudo first order model.
Maximum adsorption capacity of MB by alginate and ALE
were 345 mg gt and 106 mg g respectively.
25 (Nasrullah et al., | mangosteen  fruit | methylene | Batch Immobilized activated carbon was made by entrapping
2018) peel (MP) AC into | blue activated carbon obtained from mangosteen fruit peel MPAC

calcium-alginate
beads (MPAC-

alginate beads)

into calcium alginate beads (MPAC-alginate beads).

BET surface area of MP, AC, AC-alginate beads were 3.787,
1621.8, and 890 respectively.

Maximum monolayer adsorption capacity was 287.35 mg g
1.

Freundlich adsorption isotherm best fitted the equilibrium
data with R?=0.954.

Pseudo second order kinetic model was found fit for the
kinetic data with R?> 0.998.

The adsorption process was spontaneous due to the negative

value of AG®.
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Positive value of AS® confirms increased interaction between
methylene blue and MPAC-alginate beads.
26 (Shao et al., | hydrogen  bonds | methylene The equilibrium adsorption capacity was 2977 mg g* for
2018) between SA and 2- | blue (MB) MB.
acrylamido-2- Pseudo second order kinetic order was found fit to the kinetic
methylpropa-1- data.
propanesulfonic Langmuir adsorption isotherm model described the isotherm
acid (AMPS), and data.
the AMPS was then
post-cross-linked to
manufacture
SA/PAMPS beads.
27 (Sharma et al., | Aca-NaAlg-cl-poly | auramine-O A novel material Aca-NaAlg-cl-poly(AA) was synthesized
2019) (Typical alginate | (AO), mal- using polymerisation by gum acacia, sodium alginate, acrylic
composite) achite green acid, N,N'-methylene bisacrylamide (MBA).

(MG) and

Central composite design of response surface methodology

was used for optimization.
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crystal Experimental adsorption capacities of AO, MG and CV were
violet (CV) 2.01 mg g?,3.06 mggtand7.55mgg™

Selective removal of cationic dye was observed to be 97.49
%, 95.39 % and 94.56 % for AO, MG and CV respectively.
Langmuir adsorption model was found best fit with R2 >
0.94.

Negative value of AG° confirmed spontaneous adsorption.
Positive value of AS° confirms increased interaction between

dye and typical alginate composite.
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CHAPTER IlI

MATERIALS AND METHODS

3.0 INTRODUCTION

In the present chapter materials required and experimental procedure for adsorption of AY-36
and DB-86 dyes are described. The details of various equipment are given. Response surface
methodology was used in optimizing different parameters for the adsorption of DB-86 dye
through alginate coated immobilized activated carbon. Beside this, kinetic ‘models, isotherm
models and thermodynamic conditions used are also described.

3.1 EXPERIMENTAL STUDIES
3.1.1 Materials

3.1.1.1 Dyes

Commercial grade dye, AY-36 was procured from Kashish colors Delhi and DB-86 from J C
Dye Chem Industries, Gujarat, India and were used as an adsorbate without further purification.
Properties of AY-36 and DB-86 dyes are shown in Table 3.1.

Table 3.1: Properties of dyes

Characteristics AY-36 DB-86
Molecular formula | C1sH14N3NaO3sS C32H14CuNgNax06S;
Molecular  weight | 375.38 g mol* 780.16 g mol*

(g mol™)

Amax 434 nm 620 nm
CAS numbesr 587-98-4 1330-38-7
Colour Index 13065 74180
number
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Characteristics AY-36 DB-86

Molecular structure

NaO3S

Pictorial view

i.  Calibration Curve for AY-36 Dye
A calibration curve as shown in Fig.3.1(a) was plotted for AY-36 dye at 434 nm after
recording the standard concentration of dye. The absorbance of the AY-36 was measured

and concentration was calculated from calibration curve.

ii.  Calibration Curve for DB-86 Dye
A calibration curve for DB-86 dye as shown in Fig.3.1(b) was plotted at 620 nm after
recording the standard concentration of dye. The absorbance of DB-86 was measured and

concentration was calculated from calibration curve.
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Fig.3.1 (a) : Calibration curve for AY-36 dye
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Fig.3.1 (b): Calibration curve for DB-86 dye
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3.1.1.2 Raw Material for Adsorbent

i. Peanut Shells

Peanuts were purchased from local market of Roorkee, India. Peanut shells (Fig.3.2 (a))

are agricultural waste, available in abundance in India at almost no cost. Scientific

classification of peanut is given in Table 3.2.

Table 3.2: Scientific Classification of Peanut

Kingdom Plantae

Order Fabales

Family Fabaceae

Genus Arachis

Species Arachis hypogaea

Fig.3.2 (a) : Peanuts and Peanut shells

ii.  Sodium Alginate
Sodium alginate (CeHgNaO7) (Fig.3.2(b)) was procured from SRL, India. It is a sodium

salt of alginic acid.

Fig.3.2 (b) : Sodium Alginate
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3.1.1.3 Chemicals

Chemicals used for experimentation namely, phosphoric acid of specific gravity 1.73, sodium

bicarbonate, hydrochloric acid and sodium hydroxide were purchased from Merck, India. Fused

calcium chloride was obtained from SRL, India. All the chemicals are of analytical grade and

used without further purification. Double distilled water was used in the preparation of solutions.

3.1.1.4 Instruments

Analytical Instruments

Fig. 3.3(a) — (d) show the images of various analytical instruments which were used in
the study:

Fourier Transform Infrared Spectrometer (FTIR),

EXSTAR TG /DTA 6300,

Surface Area analyser- ASAP 2010,

Scanning election microscope (Scanning Electron Microscope model FEI Quanta 200F
with Oxford-EDS system IE 250 X Max 80),

Scanning electron microscope (SEM, JEOL),

UV/Vis double beam spectrophotometer (modelU-2900, Hitachi).

Scanning electron microscope (SEM) (Carl Zeiss, EVO-18),

EDX (Environmental Scanning Electron Microscope model FEI Quanta 200F with
Oxford-EDS system IE 250 X Max 80),

Transmission electron microscopy (TECNAI G2 20 S-TWIN, FEI Netherlands),

X-ray diffraction (XRD) (Bruker D8 X-ray diffractometer),

BET surface area (Nova Touch Lx2 by Quantachrome, 2018, USA),

FTIR spectroscopy (Thermo Scientific, Nicolet, iS50 FTIR) with ATR mode.

Auxiliary Equipment’s

Fig. 3.4(a) — (g) shows the images of auxiliary equipment’s used in the study namely:
BOD orbital shaking incubator (Dewsil Scientific Private Limited), centrifuge (Remi, R-
8C), hot air oven (Dewsil Scientific Private Limited), pH meter (U-tech), weighing
balance (aczet), magnetic stirrer with hot plate, desiccator, double distillation water unit.
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(a) X-ray diffraction (XRD) (b) Transmission electron microscopy
(Bruker D8 X-ray diffractometer) (TECNAI G2 20 S-TWIN, FEI Netherlands)

(c) UV/Vis double beam
spectrophotometer (d) Scanning electron microscope (SEM)

(modelU-2900, Hitachi) (Carl Zeiss, EVO-18)

Fig.3.3 (a) — (d) : Analytical Instruments used in the study
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(a) BOD orbital shaking incubator (b) Hot air oven

(Dewsil Scientific Private Limited) (Dewsil Scientific Private Limited)

MAGNETTC STIRRER WITH HOT PLATE
CONTROL IND

£ »

sl o,

(c) Centrifuge (d) magnetic stirrer with hot plate
(RemiR-8C)

Fig.3.4 (a) — (d) : Auxiliary Equipment’s used in the study
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(e) weighing balance (f) Desiccator

(aczet)

(9) pH meter
(U-tech)

Fig.3.4 (e) — (9) : Auxiliary Equipment’s used in the study
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3.1.2 Methods
3.1.2.1 Adsorbent Preparation

3.1.2.1.1 PnsAC Preparation

The shells were separated from peanuts and washed using distilled water to remove dust and dirt.
After that, they were dried in an oven at 110 °C until a constant weight was obtained. The dried
shells were crushed into smaller particles and then sieved through 10 —20 mesh screens (1.651-
0.833 mm mesh opening size). Peanut shells and HsPO. were mixed with a precursor ratio of
1:1.5 (peanut shell /acid = 1:1.5). The mixture was transferred to a cylindrical steel tube ( 2.54
cm 1D x 60.96 in length), kept in a vertical furnace as shown in Fig.3.5 and heated up to 650 °C
with a ramp of 10 °C min for pyrolysis. The mixture temperature was maintained at 650 °C for
2 h in the presence of nitrogen, supplied at the rate of 100 mL min. While maintaining similar
conditions, the temperature of the steel tube was then brought down to ambient temperature. The
activated carbon thus obtained, was withdrawn from the steel tube and soaked overnight in 1 %
solution of NaHCO:s. Later it was washed repeatedly to attain a pH of 7. Thereafter it was dried
inan oven at 110 °C until its weight became constant. The resultant peanut shell activated carbon
(PnsAC) was grounded and sieved to attain the particle size of less than 0.5mm. Fig.3.6 shows
pictorial representation of prepared peanut shell activated carbon. Finally, the PnsAC was stored

in a desiccator.
3.1.2.1.2 Alginate Coated Activated Carbon (PnsAC-alginate) Preparation

A 500 mL beaker filled with 200 mL distilled water was taken. 3 g of sodium alginate (pure) was
added to the beaker and the beaker was kept on magnetic stirrer with hot plate for 1 hour at 800
rpm speed so that a homogenous mixture of sodium alginate is formed .The temperature of the
mixture after 1 hour was maintained at 65 °C. Then 3 g of PnsAC was added to this mixture and
stirred for 1hour at 800 rpm till a homogenous mixture was obtained. Then a 1 % solution of
calcium chloride (fused) was prepared. The solution of activated carbon and sodium alginate was
then poured drop by drop to calcium chloride solution using a dropper. PnsAC-alginate beads
were thus formed. The beads were then allowed to settle down for about an hour in calcium
chloride solution and later were washed with distilled water to remove excess calcium ion.
Fig.3.7 shows pictorial representation of prepared alginate beads kept in a petri dish. Afterwards

the beads were kept for drying in hot air oven at 100 °C, till constant weight was obtained.
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Fig.3.5 : Experimental setup for preparation of PnsAC

Fig.3.6 : Peanut Shell Activated Carbon Fig.3.7 : Alginate Beads
(PnsAC)
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3.1.2.2 Adsorbate Preparation

AY-36 and DB-86 stock solution of concentration 1 g L™ was prepared using double distilled
water. To prevent photo-oxidation, brown glass bottles covered with aluminium foil were used
for storing the stock solution. The pH of dye solution was adjusted by adding 0.1 N HCI or 0.1
N NaOH as required.

3.1.2.3 Characterization of PnsAC

Characterization was performed by using standard methods. In thermal analysis 10.32 mg mass
of peanut shell was weighed and placed in the crucible then the crucible was kept on the
microbalance. Nitrogen was taken as reactant gas at the flow of 100 mL min™ and heated from
35 °C to 900 °C at the heating rate of 10 °C min™. TG was recorded by using EXSTAR TG /DTA

6300, as the temperature increased.

Scanning electron microscope (SEM, JEOL) was used for the observation of surface morphology
at the voltage of 15 KV. Gold sputtering was done before the sample observation. Field-emission
scanning electron micrograph (FESEM) and energy-dispersive X-ray (EDS) spectrum were
recorded using an environmental scanning electron microscope (model FEI Quanta 200 F with
Oxford — EDS system IE 250X Max 80).

ASAP 2010 was used for the determination of N> adsorption —desorption isotherm at 77K.
Brunauer-Emmett-Teller (BET) surface area (SBET) of activated carbon was calculated using

BET equation. D-A equation was used in the calculation of micropore volume.

Surface properties of peanut shell and AC were analyzed using Perkin Elmer spectrum ES
version 10.5.2, Fourier transform infrared (FTIR) spectro photometer. Sample was ground upto
a particle size (< 45um) and dried for 10 hrs at 150 °C and then for FTIR analysis pellets of 1mm
thickness were made using sample to KBr ratio 1:100. The selected frequency range in the region
of 400 to 4000 cm .,

The surface morphology of the PnsAC-alginate adsorbent was carried out using a scanning
electron microscope (SEM) (Carl Zeiss, EVO-18) at an electron acceleration voltage of 20 kV
with a magnification factor of 2 kX and 10 kX. The elemental characteristics of the adsorbent
were carried out by EDX (Environmental Scanning Electron Microscope model FEI Quanta 200F
with Oxford-EDS system IE 250 X Max 80). Transmission electron microscopy (TEM) was used
to study the morphology with 25X-1100 kX magnification (TECNAI G2 20 S-TWIN, FEI

Netherlands). X-ray diffraction (XRD) analysis of the adsorbent material was carried out using
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Bruker D8 X-ray diffractometer equipment with a CuKa radiation source (used at 40 kV and 15
mA, diffraction angle ranged from 90° to 5° with continuous scanning mode). The PnsAC-
alginate adsorbent was characterized in terms of specific surface area, pore volume and pore size
distribution by N2 adsorption—desorption (Nova Touch Lx2 by Quantachrome, 2018, USA) at 77
K. The surface area and pore size distribution were determined using the Brunauer—-Emmett—
Teller (BET) equation and Barrett—Joiner—Halenda (BJH) method, respectively. FTIR spectrum
was observed for before and after adsorption of PnsAC-alginate using FTIR spectroscopy
(Thermo Scientific, Nicolet, iS50 FTIR)-with ATR mode in the range of 4000-400 cm™ at 26
°C. PnsAC-alginate samples (<45 um) dried at 150 °C for 10 h were used for preparation of pellet
of 1 mm thickness by the KBr pellet method which was used for FTIR analysis. The Zero point
charge (pHzrc) of PnsAC-alginate was measured by salt addition method (Dahri et al., 2014;
Miyah et al., 2018) which was based on addition of 0.2 g of PnsAC-alginate into 50 mL of 50
mM NaCl solution taken in 250 mL reagent flask. The pH (pHinitial) Of the solution was adjusted
in the range of 2 to 9 by adding required volume of 0.1N HCI or 0.1N NaOH. The solution was
stirred for 48 h at 120 rpm and the final pH of the solution (pHsina) Was measured. The values of
(pHfinal - pHinitiai) Were plotted against pHinitiar and the pHzpc was determined from the point of

intersection of the curve with the axis of pHinitial.

3.1.2.4 Batch Adsorption Studies

The adsorption potential of AY-36 and DB-86 on PnsAC was evaluated through batch
experiments (Das et al., 2012). For each experiment, 100 mL of dye with different concentrations
was poured in a 250-mL conical flask with stopper. Adsorbent doses varied from2 g L% to 6 g
Lt for AY-36 and doses were 4 g L™ to 12 g L for DB-86 with an increment of 2 g. The
temperature was maintained at 35 °C. The mixture was shaken for an appropriate time interval
in a BOD orbital shaking incubator. The mixture was centrifuged at 3500 rpm for 15 min in a 50
mL centrifuge tube. AY-36 concentration was determined at a wavelength of 434 nm and DB-
86 was estimated at 620 nm by using UV/VIS double beam spectrophotometer. The plotted
calibration curve was linear till 100 mg L. To study the effect of pH, on the adsorption,
experiments were conducted for the initial pH (pHo) of range 2—-11 at 35 °C till the equilibrium

was attained.

Adsorption studies of alginate coated AC were carried out to study the effect of pH, initial dye
concentration and amount of alginate coated activated carbon. Batch adsorption experiments

were conducted in 250 mL reagent bottle. 50 mL volume of different dye concentration were
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taken with different amount of alginate coated AC for three hour at 120 rpm in BOD orbital
incubator shaker. The optimization were carried out by varying the pH from 1.8 to 5.2, DB-86
concentration 65.91 to 234.09 mg L* and alginate coated activated carbon from 11.591 g L™ to
28.408 g L. % Removal is given by

C,—Ce)100
% Removal = % [3.1]

where C, is initial concentration and Ce is Equilibrium concentration.

Adsorption capacity is given by (mg g™) the amount of dye adsorbed per gram of alginate coated

activated carbon. At equilibrium it is given by

(Co—Ce)V
Qe S o [3.2]
Attimet=t

Co—Cp)V
qo = [3:3]

where V = volume in litre and m = mass in gram of adsorbent.

3.2 KINETICS AND ADSORPTION ISOTHERM MODELS
3.2.1 Adsorption Kinetic Models

Adsorption kinetics plays a significant role in adsorption. It provides the information and
mechanism of the process. Kinetic data were predicted using Pseudo first order model (Prola et
al., 2013), Pseudo second order model (Mouni et al., 2018) and Intra particle diffusion model
(Khani et al., 2018) for the adsorption of DB-86 dye.

Pseudo first order model is represented by:

d
é%=&mfﬂo [3.4]

where k, is Pseudo first order rate constant (min), on integration and applying boundary

conditiont=0tot=tand ¢, =0to g, = q
In(g, —q,) =Ing, —kt [3.5]
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For Pseudo first order model In(g, —q,) is plotted with time. Slope gives k,value and q,is

calculated by intercept. If Pseudo first order is predicted, it is physical adsorption (physisorption).

The Pseudo second order model is represented by

d
% =K, (q, —q,)? [3.6]

where k2 (g mg™ min ) Pseudo second order rate constant, on integration and applying t = 0 to

t=tand q; = 0 to q; = q, boundary condition

t 1 t
t_+ .t 3.7
g koo g 1371

where g, and ¢, are amount of dye adsorbed per gram of adsorbent at equilibrium and time t

respectively

. . t
For Pseudo second order model k, can be calculated by intercept of the linear plot of — vst. If

G
Pseudo second order is predicted its chemical adsorption (chemisorption).
Intra-particle diffusion model is given by
g, =k t*°+C [3.8]

ki, and C can be calculated by slope and intercept of the g, vs t%° plot. However if more than
one distinct line was obtained, the adsorption process was controlled by two or more mechanism

(Angela et al., 2018).

Boyd’s diffusion model is given by

q 6
F =—t=1—?exp(—Bt) and [3.9]

B; = —0.4977 —In(1 — F) [3.10]
where F is the fraction of solute adsorbed at time t and B, is mathematical function of F.

If in B, Vs t curve, a straight line passing through origin is obtained then it is following
intraparticle diffusion mechanism. Otherwise there exists film diffusion (Ai et al., 2011; Dahri et
al., 2014). Various parameters of kinetic models were estimated utilizing linear regression by
using MS-Excel.
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3.2.2 Adsorption Isotherm Models

Adsorption isotherms provide crucial information regarding adsorption mechanisms and
adsorption system design. The adsorption data of DB-86 was analysed for different adsorption

models. The isotherm data g,vs. Ce was observed to be concave downward.

Langmuir isotherm model (Foo and Hameed, 2010; Moideen, et al., 2015; Noorimotlagh et al.,

2014; Reddy et al., 2014) is a two parameter model. Its equation is given by

__ qmbC,
Ge = Trrc [3.11]

where, b (L mg?) is Langmuir isotherm constant and g,, (mg g*) is maximum monolayer
coverage capacities. It has definite number of identical sites of equal affinity to adsorbing
molecules. There is no lateral interaction and no hindrance even on neighbouring adsorbed
molecules. According to Langmuir theory intermolecular force of attraction decreases with
increase of distance. The another important separation factor (R;) defined by

] 1
T 1+4bC,

R, [3.12]

where b (L mg™) is Langmuir constant and C, is adsorbate initial concentration (mg L1).

If (R,>1) then it is unfavourable, if (R =1) it is linear, If (0O< R;<1) it is favourable and

irreversible at (R, = 0). Langmuir isotherm equation [3.11] can be linearized as

Co_ 1 4G

= 3.13
de bgm dm [ ]

Freundlich isotherm model (Cao et al., 2018; Nasri et al., 2019) is a two parameter model. Its
equation is given by

£
qe = KpCem, [3.14]
where K [(mg g1)(L mgh)?(1/n)] and n represent adsorption capacity and intensity,

respectively.

This model can be applied to multilayer adsorption with non-uniform distribution of adsorption
heat and affinities over the heterogeneous surface. It is widely applied for organic compounds.
If the value of slope below unity implies chemisorption and if 1/n value is above one, it indicates

cooperative adsorption. Equation [3.14] can be linearized in logarithmic form
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logq, = logKr + %logCe [3.15]
Temkin isotherm model (Khaled et al., 2009) is a two parameter model. Its equation is given by

RxT
g = ; xIn(axC,) [3.16]

0

where T is the temperature in Kelvin (K), R is the universal gas constant whose value is 8.314 J

RxT
mol* K'and g, = bL The constant b, (J mole™) relates the heat of adsorption and a (L mg”

o]

1Y is Temkin isotherm equilibrium binding constant.

This model ignores extremely low as well as very large concentration. This model further
assumes that heat of adsorption of all molecules in layer decreases linearly. It is further assumed
that all the molecules have nearly uniform binding energies. If we are not having identical
orientation this model is very good in prediction of gas phase equilibrium. Temkin model is

simplified in linear form
d. =4, Ina+B,InC, [3.17]

Redlich—Peterson model is a combination of Freundlich and Langmuir adsorption models.
Redlich—Peterson isotherm follows the hybrid mechanism and does not assumes ideal monolayer

adsorption (Rodriguez et al., 2009).

k,C
—_— R~ | 3.18
%=1y a,C’/ [3.18]
The linear form of Equation [3.18] is
Ln{@ —1} =Lna; +pLnC, [3.19]
Qe

where Kk, (L g%) and a, (L mg™) are Redlich-Peterson isotherm constants. Redlich-Peterson
isotherm exponent is denoted by £ (ranging from 0 to 1). For g =1, Redlich—Peterson isotherm

model converts to Langmuir isotherm model. If a,C/>>1 Redlich-Peterson isotherm model

kRCe
a;C/

converts to Freundlich isotherm model and a,C/ <<I it follows Henry’s law. Ratio

represents adsorption capacity.
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Sips isotherm is another mathematical model that describe adsorption equilibrium and is given
by (Postai et al., 2016)

_ KLF qu:

= 3.20
° 1+K,C! [3.20]

where Kir and n are the Sips adsorption constant (L mg™) and exponent, respectively. g is
maximum adsorption capacity (mg g1).

The Toth isotherm mathematical model is used to describe adsorption on heterogeneous surfaces.
This isotherm explains systems with sub-monolayer coverage and it reduces to Langmuir model
when t = 1. The Toth isotherm equation can be given in the following form (Rodriguez et al.,
2009):

k,C,

(TS Lt [3.21]
[aT +C, ]1“
The linear form of eq. [3.21] is
Qe | _ 1 t
Ln T 1 LnC, q Ln(a; +C") [3.22]
il

Koble-Corrigan isotherm model (Khaled et al., 2009) is a three parameter model. Its equation is

given by
AC,"
r € 3.23
% 1+BC,." [3.23]

where A, B and n are isotherm constants. Koble-Corrigan isotherm incorporate Langmuir and
Freundlich isotherm model. The value of B is nearly zero so this model favours Freundlich model

over Langmuir model.
Radke-Prausnitz isotherm model (Singh et al., 2008) is a three parameter model. Its equation is
given by

arC,’"

=_ " 3.24
% a+rc "V [3.24]
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where n is model exponent and r and a are model constant. Radke-Prausnitz equation combines
the Henry equation and Freundlich equation. This equation reduces to Henry’s equation at lower

concentration of adsorbate (Lataye et al., 2008).

Fritz-Schlunder isotherm model is a four parameter model applied for heterogeneous system and
its equation is given by

a,C/
_ 3.25
% 1+a,Cl [3.25]

where f; and S are isotherm exponent and o; and a_ are model constant (Singh et al., 2008).
3.2.3 Optimization of feed conditions for adsorption of DB - 86

In the present study, RSM was used to obtain the optimal feed conditions of adsorption for
maximum removal efficiency of DB-86 dye. A three-factor and five level (—1.68, -1, 0, +1,
+1.68) full factorial central composite design was employed for design of experiments. The
adsorption conditions were optimized using three independent variables: PnsAC-alginate dose
(11.6-28.4 mg L1, X1), concentration of DB-86 dye (65.9 -234 mg L™, X2) and solution pH (1.82-
5.2, X3). The removal efficiency of DB-86 was considered as the response variable.
Determination of zero point charge revealed that the PnsAC-alginate adsorbent was positively
charged at pH less than 7.8. Several studies reported that the acidic condition (pH: 2-4) would
be better in order to obtain higher removal efficiency of anionic dye while using adsorbent having
positively charged surface (Maleki et al., 2016; Nemr et al., 2009; Temesgen et al., 2018). Thus
in the present study, adsorption experiments were designed under acidic condition although
typical textile effluent was generally alkaline (pH: 6.5-9.5) in nature (Khannous et al., 2015). A
total of 20 experiments were performed in triplicate including six replicates of the centre points.

Experimental data were fitted to the second order polynomial model (Montgomery, 2009):

3 3 2 3

Y=, +ZBiXi+ZBiiXi2 +Z Z Binin [3.26]
i=1 i=1 i=1 j=i+l

where, X and Y were independent variables and response variables, respectively. fo was the

offset or constant term. Bi, Bii and Bij were the regression coefficients for linear effect, squared

effect and interaction effect, respectively. The experimental results were expressed as means +

standard deviation (n = 3). Results were analysed using the software Design- Expert 8.0.7.1 for
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regression coefficients, regression equation and analysis of variance to determine any significant
differences (P < 0.05).

3.2.4 Thermodynamic Study

It is necessary to analyse the system thermodynamically. Thermodynamic studies indicate the
feasibility of the process. It was observed from the adsorption data, that there was no significant
change in the adsorption with time at 35 °C and 45 °C. Therefore further studies had been carried
out at maximum temp. of 35 °C.

Thermodynamic parameters like AS®, AH® and AG® were estimated by thermodynamic feasibility
study (Leah et al., 2018).

Change in Gibbs free energy (AG®) is given by,

AG° = -RTInK_.° and [3.27]
AG® = AH® - TAS?, [3.28]
where R = 8.314 J mol* K™

A curve was plotted between Gibbs free energy (AG®) and absolute temperature (T), by slope
and intercept we could find entropy (AS°) and enthalpy (AH®) respectively. Spontaneity of the
process was judged by the (-ve) value of AG® (Mouni et al., 2018). As the value of AG® decreases

with increase in temperature, rise in spontaneity was indicated.
3.2.5 Error analysis

The model that fits the data was judged by correlation coefficient (R?), nonlinear regression
coefficients like chi square test (y2) and Normalize standard deviation (Aqe%). The analysis

equation are given by

Chi square test (2) = . (ego) = Gecpre))

[3.29]
qe (exp)

Z [(q e(exp) qe(pred)) / qe(exp) ] ?
N

Normalized standard deviation (Aq, %) = 100\/ [3.30]

where Qe(exp) and Qepred) are the experimental ge and predicted qe, respectively. N is the number of

measurements.
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CHAPTER IV

ADSORPTION OF ACID YELLOW -36 DYE USING
PEANUT SHELL ACTIVATED CARBON

4.0 INTRODUCTION

In this chapter peanut shell activated carbon (PnsAC) was prepared using HzPOs by pyrolysis.
Isotherm, Kinetics and thermodynamic studies were also conducted to test its adsorption
efficiency. The effect of operating parameters such as the initial pH, initial adsorbate
concentration, adsorbent dose and contact time were also studied for dye removal using PnsAC

from synthetic aqueous solution.

4.1 REMOVAL OF AY -36 FROM AQUEOUS SOLUTION USING
PnsAC

4.1.1 Characterization of PnsAC

Thermogravimetric analysis (TGA) is a technique to characterise the adsorbent in different
environment. In this analysis mass of substance is observed as a function of temperature. In TGA

exhibited three different zones, representing

i.  Removal of water
ii.  Decomposition of hemicellulose and cellulose

iii.  Decomposition of lignin

Thermogravimetric analysis of Peanut shell as shown in Fig.4.1, was conducted at a ramp of 10
°C. It showed that after attaining temperature of 600 °C, the loss of mass was almost negligible.

Therefore, the pyrolysis temperature was considered as 650 °C.
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Fig.4.1 : Thermogravimetric analysis of Peanut shell at a heating rate of 10 °C min-!

As shown in Fig.4.2 upon coating the nonconductive sample with platinum, surface morphology
study showed the porous structure of PnsAC. Surface morphology of PnsAC was studied, before
adsorption at 2500X magnification as shown in Fig.4.2 (a) and at 10000X as shown in Fig.4.2
(b). After adsorption surface morphology at 2500X is shown in Fig.4.2 (c) and at 10000X
magnification is shown in Fig.4.2 (d).

Micropores and macropores were observed on the PnsAC surface. The pore structures of
activated carbons are classified into micropore ( <2 nm) and macropore (> 50 nm) (Groen et al.,
2003).

A high amount of cellulose in the Peanut shell was converted into porous carbon during the
activation process. This conversion increased the size of the opening of pores (Saha et al., 2009).
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Fig. 4.2 (a) : Micrograph of PnsAC at 2500X, before adsorption
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Fig. 4.2 (b) : Micrograph of PnsAC at 10000X, before adsorption
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Fig. 4.2 (c) : Micrograph of PnsAC at 2500X, after adsorption of AY-36
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Fig. 4.2 (d) : Micrograph of PnsAC at 10000X, after adsorption of AY-36

102



The EDX spectra of PnsAC are shown in Fig. 4.3 (a) and 4.3 (b). A semi-quantitative analysis
was carried out. Carbon, phosphorus, and oxygen were found before the adsorption of AY-36
dye, whereas after adsorption sulphur and nitrogen were found in addition to the aforementioned
components. Fig.4.3 showed that nitrogen and sulphur are chemically associated with the dye

molecule. Therefore, addition of nitrogen and sulphur indicates the adsorption of AY-36 dye on
PnsAC.

Intensity (a.u.)

0 2 4 8 8 10 12 14 16
Energy(KeV)

Fig. 4.3 (a) : EDX spectra of PnsAC before Adsorption

Intensity(a.u.)

0 2 4 6 8 10 12 14 18
Energy(KeV)

Fig. 4.3 (b) : EDX spectra of PnsAC after Adsorption of AY-36
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FTIR analysis was conducted to detect the functional groups in PnsAC. The infrared vibrational
spectrum is shown in Fig. 4.4 (a) and (b). The FTIR spectrum of PnsAC shows that the peak
positions are at (2773, 2297, 1723, 1625, 1121, and 963) cm™. The band at 2773 cm™ corresponds
to C - H stretching, characteristic of aromatics, aliphatic and olefins in the lignocellulosic
material. The band at 2297 cm for peanut hull based activated carbon was attributed to the C -
C stretching vibration while peak at 1723 attributed to (C = O) carbonyl compounds (Georgin
et al., 2016). The absorption peak at 1625 cm™ could be due to C = C present in structures such
as olefins and aromatic rings (Wu et al., 2013a). The band at 1121 cm™ indicated the presence of
C - O bond in carboxylic group. 963 cm™ is due to the presence of alcohol groups (R - OH). The
evidence of hydroxyl groups in the peanut shells was mainly due to cellulosic components.

FTIR spectrum of PnsAC shows that the presence of above mentioned functional groups are
ascribed to agricultural compounds of cellulose, hemicellulose and lignin (Zhong et al., 2012).
The calculated BET surface area, Langmuir surface area, micropore area, and micropore volume
of PnsAC were 965.678 m? g, 1487.048 m?g?, 376.815 m? gt and 0.204 cm3 g respectively.
The Langmuir isotherm based on assumption that the monolayer adsorption is the limit, whereas
the BET isotherm equation ascribes partial and multilayer adsorption in terms of the monolayer.
Therefore, the Langmuir surface area is always higher than the BET surface area (Gregg and
Sing, 1982).
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Fig. 4.4 (a) : FTIR image of PnsAC
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Fig. 4.4 (b) : FTIR image of Pns used as precursor
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The Transmittance peak as shown in Fig. 4.4 (b) at 3624 cm® corresponds to stretching vibration
of hydroxyl group (Zhong et al., 2012). The peak obtained at 1735 cm™ was due to stretching of
carbonyl group C = O, (Zhao et al., 2017) and this was shifted to 1723 cm™ in activated carbon
sample (PnsAC). The peak at 1654 cm™ could be ascribed to C = C stretching vibration of cyclic
aromatic group (Yue et al., 2013) which was shifted to 1625 cm™ in PnsAC. The band at 1561
cm?  showed the presence of aromatic ring (Zhang et al., 2016). The peak at 1438 cm™
corresponded to C - H and CH> bending (Zhang et al., 2016) and carboxyl group, which

originated from hemicellulose, lignin and cellulose existing in Pns (Zhao et al., 2017).

Peanut shells based activated carbon prepared in this study indicated relatively high surface area
than reported earlier (Ahmad et al., 2012; Georgin et al., 2016) due to the additional chemical

activation process of PnsAC. This showed that prepared PnsAC consists of porous structure.

4.1.2 Adsorption Studies

4.1.2.1 Effect of Initial pH

pH of adsorbate—adsorbent mixture affects the adsorption process. Adsorption of dye depends

upon zero point charge and solution pH.

Zero point charge (pHzrc) is defined as the pH below which the total surface of the adsorbent
particles is positively charged. Adsorption of anionic dye is favoured at pH < pHzpc due to the
net surface charge of the carbon material (Rodriguez et al., 2009). pHzpc of adsorbent developed

from peanut shell, activated with phosphoric acid was found to be 2.3 (Fig. 4.5).

AY-36 is a negatively charged dye and when came into contact with PnsAC in the solution, an
electrostatic force of attraction generated due to their opposite charges. The negative charge on
the sorbent surface increased at high pH and thus, no attraction was observed among sorbent and

dye molecules, resulting in decrease in adsorption.
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Fig. 4.5 : The zero point charge of PnsAC

The charge on the adsorbent surface, control the interaction of adsorbate ions on PnsAC surface.
Fig. 4.6 illustrates the percent dye removal using PnsAC with time at different pH. The maximum
adsorption was observed at a pH of 2. H* ion concentration on the adsorbent surface increased at

low pH, and thus the surface was positively charged (Mittal et al., 2008; Nemr et al., 2009).

120

100 A

80

<
3
£ 60 -
4
X
40 /. —®&— pH2
; © pH3
‘ — —v—— pH5
20 1 i v pH 7
¥ m pH 9
| — —8— — pH11
0® : : : : : : :
0 20 40 60 80 100 120 140 160
Time (min)

Fig. 4.6 : Effect of pH on dye removal using PnsAC at different time intervals (Temp:
35°C; Co: 200 mg L; PnsAC: 4g L%
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When the pH was increased from 2 to 11, as shown in Fig. 4.6, for AY-36 with a concentration
of 200 mg L with a PnsAC dose of 4 g L™, the equilibrium adsorption capacity decreased from
49.275 mg g* to 39.75 mg g%, and the removal percentage decreased from 98.55 % to 79.5 %.

Furthermore, it was observed that pH did not affect the adsorption equilibrium time.

4.1.2.2 Effect of Adsorbent Dose

The effect of adsorbent dose was studied by varying the dose from 2 to 6 g L™ at optimized pH
2 and initial dye concentration of 200 mg L. In the initial 30 minutes, 50 % removal was
observed with an adsorbent dose of 2 g L™, and 82 % and 96 % removal were observed with
adsorbent doses of 4 g Lt and 6 g L%, respectively, as shown in Fig. 4.7. The percentage removal
increased with an increase in the dose because more number of active sites were available. The
increase in adsorbent dose from 4 g L to 6 g L™ was not that effective in terms of dye adsorptive
removal in 150 minutes at constant initial dye concentration as most active sites of adsorbent
remained vacant or unutilized due to concentration limitation (Singh et al., 2008). It could be
interpreted from Fig.4.7 that, adsorbent dose of 4 g L™ and 6 g L™* resulted in almost same amount
of adsorptive removal of dye in 150 minutes. Therefore, an optimum dose of 4 g L™ PnsAC was

chosen for AY-36 removal with initial concentration of 200 mg L.
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Fig. 4.7 : Effect of adsorbent dose on dye removal using PnsAC at different time intervals

(Temp: 35 °C; Co: 200 mg L; pH: 2)
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4.1.2.3 Effect of contact time and Initial Concentration

The amount of AY-36 adsorbed on PnsAC was studied as a function of shaking time at four
different concentrations (100, 150, 200, and 250 mg L) of AY-36 at 35 °C, 4 g L* adsorbent
dose, and pH of 2. The equilibrium was achieved in 150 minutes. It is evident from Fig. 4.8 that
the dye sorption increased with increase in contact time in initial 20 minutes due to a strong
driving force, then became slow up to 60 minutes and the saturation almost reached in 150
minutes. The removal was observed to be dependent on initial dye concentration. Initially, the
sorption was fast and then, gradually it decreased and became constant after attaining
equilibrium. An increase in the initial concentration results in the increased adsorption of AY-
36. Higher initial concentrations resulted in increase in adsorptive removal because at higher
concentrations; sorbate molecules occupied more sorption sites (AL-Othman et al., 2012;
Georgin et al., 2016).
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Fig. 4.8 : Effect of initial dye concentration on dye removal using PnsAC at different time
intervals (Temp: 35 °C; PnsAC: 4 g L1; pH: 2)

4.1.3 Adsorption Equilibrium Isotherms

Calculated value of different parameters for various isotherm models were tabulated in Table
4.1.
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Table 4.1: Adsorption equilibrium isotherm parameters of AY-36 on PnsAC

Isotherm Models Parameters Value
Langmuir gm (Mg g 66.7
b (L mg?) 0.94
R? 0.988
AQe% 16.7
Freundlich Ke (L g?) 325
n 3.48
R? 0.954
AQe% 6.95
Redlich-Peterson kr (L g7) 364.08
ar (L mg?) 9.96
B 0.77
R? 0.947
AQe%h 7.23
Sip Kir (mg LY 0.35
dm (Mg g*) 128,07
n 0.43
R? 0.949
AQe% 7.21
Toth kr (mg g 600.0
ar (mg L) 0.43
t 0.12
R? 0.948
AQe% 7.07
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The dye uptake mechanism on adsorbent is therefore, likely to be complex due to wide range of
adsorption sites and their corresponding energy considerations. Lower value of Age % explained
well the fitness of experimental data. Freundlich isotherm showed the minimum value of Age %,
therefore this model fitted the experimental data well. Though it was found that the experimental
data are also in good agreement with Langmuir isotherm. The experimental data were in good
agreement with the Freundlich isotherm with minimum value of Age % showed that the surface
of the PnsAC was non-uniform and heterogeneous. Fig. 4.9 presents the comparative study of

experimental data with various isotherms model for the adsorption of AY-36 by PnsAC.

Furthermore, the data was found fit with the Langmuir isotherm (Rout et al., 2016). The
interactions appeared to be driven by chemical forces as subsequently found from the kinetic and
thermodynamic data. The Langmuir monolayer capacity of PnsAC for AY-36 dye adsorption

was compared with other adsorbents (Table 4.2).
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Fig. 4.9: Comparison of experimental and calculated equilibrium adsorption capacity
using several isotherm models for the adsorption of AY — 36 on PnsAC (Temp:

35°C; PnsAC: 4 g L*; pH: 2; Co: 200 mg L)
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Table 4.2 : Comparison of monolayer adsorption capacities of AY-36 dye on various

Adsorbents
Adsorbents Maximum monolayer References
capacities (mg g!)
Cross linked Chitosan beads 1334 (Chiou and Chuang,
2006)

Sawdust 1.310 (Pekkuz et al., 2008)
Cetyltrimethylammonium- 500 (Khenifi et al., 2007)
bentonite
Graphene oxide 71.62 (Guo et al., 2013)
Grape industrial processing 386 (Saygili et al., 2015)
activated carbon
PnsAC 66.7 Present study

4.1.4 Adsorption Kinetics

A linear plot between () versus t*2 was used to predict the values of kig and C. The value of
constant, C in intra-particle diffusion model given in Table 4.3 suggested that the adsorption
process was complex and involved more than one diffusional resistance (Rodriguez et al., 2009).

The values of correlation coefficient were found close to one and Age % was found minimum for
Pseudo second order kinetics, indicating that this model is more likely to predict the behaviour
of the experimental data. Pseudo second order model (Fig. 4.10) is more likely to predict the
Kinetics, which indicated chemisorption mechanism as rate controlling during adsorption of AY -
36 on PnsAC (Hameed et al., 2007; Zhong et al., 2012).
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Table 4.3 : Kinetic parameters for AY-36 adsorption onto PnsAC

Kinetic models Parameters Value

Ge,exp (Mg 9) 49.3

O, calc (Mg g™) 26.7

Pseudo first order ki (min) 0.035
R? 0.961

AGe % 22.9

O, calc (Mg g) 52.6

Pseudo second order Kz (g igyitpin) 0.003
R? 0.999

AQe % 341

C (mgg?) 28.46

Intra-particle diffusion Kis (Mg 97" min™") i
R? 0.888

AQe% 3.45

In addition, the calculated ge from Pseudo second order model as compared to the Pseudo first
order kinetic model was found to be very close to the experimental ge (Table 4.3) which further
ensured suitability of this model. Suitability of Pseudo second order model possibly explains
chemisorption mechanism as the rate controlling step for the sorption of AY-36 onto PnsAC
(Hameed et al., 2007; Ma et al., 2012).

The intra-particle diffusion model consists of two phenomena, initial surface sorption and
consequent intra-particle diffusion phenomena (Jo et al., 2016). The intra-particle diffusion
model will be only limiting when the constant is zero in the plot of g; versus t2, (straight line
pass through the origin). In the present study C is positive, which showed adsorption occurred
right at the beginning of the process (Dalai et al., 2018; Ghaedi et al., 2014; Wu et al., 2009).
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Fig. 4.10 : Pseudo second order kinetic plot (Temp: 35 °C; PnsAC : 4g L*; pH : 2; Co:
200 mg L)

Table 4.4 summarized the comparison of the Pseudo second order rate constants, using various

adsorbate on peanut shell based activated carbon adsorbents.

Table 4.4 : Comparison of the Pseudo second order rate constant with various adsorbate

on Peanut shell based activated carbon adsorbents

Adsorbates Adsorbent preparation ko References
process (g mg* min?t)
Direct Black 38 Microwave irradiation followed 0.0607 (Georgin et al.,
by pyrolysis 2016)
Cr(VI) Chemical activation with KOH 0.0069 (AL-Othman et
in N2 atmosphere — Oxidized al., 2012)

Chemical activation with KOH 0.0146
in N2 atmosphere then heated in

air — Unoxidized

Remazol Microwave induced phosphoric | 5.52 x 10* | (Zhong et al.,

Brilliant Blue R acid chemical activation 2012)
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Adsorbates Adsorbent preparation k2 References

process (g mg!t mint)
Methylene blue Activation by COz in a high| 5.15x10° |(Wu et al.,
temperature fluidised bed reactor 2013b)
AY-36 Activation by H3PO, followed by 0.0031 Present study

pyrolysis at 650 °C

4.1.5 Adsorption Thermodynamics

Thermodynamic parameters including Gibbs free energy change (AG®), enthalpy change (AH®)
and entropy change (AS°) were calculated for the adsorption process from the following
equations (Hong et al., 2009; Karagoz et al., 2008);

AG®=-RTInK, [4.1]
AG® = AH°—TAS® [4.2]

The intercept and slope of a curve between AG®° and T showed in Fig. 4.11 give AH® and AS°,
respectively. Thermodynamic coordinates, namely AG®, AH®, and AS° (Lee and Sherif, 2001)
are tabulated in Table 4.5. Negative values of AG® at all temperatures indicate that the process
was spontaneous (Sharma et al., 2017). Values of AH® confirmed that the process was
endothermic. Furthermore, AH® values in the range of 4 - 40 kJ mol™ possess physisorption
whereas chemical adsorption ranging from 40 to 800 kJ mol™. It can be inferred from AH® values
in Table 4.5 that the interaction between AY-36 and PnsAC surface was may be due to chemical
binding (Postai et al., 2016). Positive values of AS° indicated a natural attraction between the
adsorbate and adsorbent (Kan et al., 2015).

Table 4.5 : Thermodynamic parameters for adsorption of AY-36 on PnsAC

T (°C) AG® (kj mol?) AHP (kj mol?) [ AS° (kj mol'lK)
15 -3.42
25 -4.44
48.689 0.18
35 -7.26
45 -8.49
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Fig. 4.11: Plot of AG® versus temperature for estimation of thermodynamic parameters

(Temp: 35°C; PnsAC : 4g L% pH: 2; Co: 200 mg L)
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CHAPTER V

ADSORPTION OF DIRECT BLUE -86 DYE USING
PEANUT SHELL ACTIVATED CARBON

5.0 INTRODUCTION

In this chapter ability of Peanut shell Activated Carbon (PnsAC) for the removal of DB-86 from
aqueous solution is demonstrated. Batch experiments were performed to study the effect of initial
pH, initial dye concentration, adsorbent concentration and temperature. Different kinetic models
were utilized for fitting the experimental data. Isotherm models were applied to relate the dye
adsorbed per unit mass of adsorbent to the adsorbate concentration at equilibrium.

Thermodynamic analysis was done to assess the feasibility of the adsorption of DB-86 by PnsAC.

5.1 REMOVAL OF DB-86 FROM AQUEOUS SOLUTION USING
PnsAC

5.1.1 Characterization of PnsAC

PnsAC was analyzed by scanning electron microscope (SEM). Morphology and surface
characterization such as particle shape and porosity of an adsorbent can be investigated using
SEM. Higher the number of pores (size and shape), higher will be the adsorption. As presented
in Fig.5.1, upon layering the nonconductive sample with gold, a surface morphology study
presented the porous structure of PNnsAC. In SEM pictures of PnsAC as shown in Fig.5.1 (a) —
(d), significant mesopores were visualized. Fig.5.1 (a) — (b) presents the micrograph of PnsAC
before adsorption at 10KX and 5KX respectively. After adsorption of DB-86 dye the micrograph

images presented in Fig.5.1 (c) — (d) depicts, that the surface of adsorbent becomes smoother.
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Fig.5.1 (a) : Micrograph of PnsAC before adsorption at 10KX

Pm EHT = 20.00 kv Signal A = SE1 Date :18 Apr 2018
WD =10.0 mm Mag= 500KX  Time :12:18:50

GGSIPU DELHI

Fig.5.1 (b) : Micrograph of PnsAC before adsorption at 5KX
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Fig.5.1 (d) : Micrograph of PnsAC after adsorption of DB-86 at 5KX
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PnsAC samples were characterized by FTIR and EDX analysis, both before adsorption and after

adsorption of DB-86 dye.
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Fig. 5.2 (a) : EDX spectra before adsorption of DB-86

EDX spectrum as shownin Fig.5.2(a), revealed the presence of C, Na, O, P, K, Si, Al onto PnsAC

adsorbent.
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Fig. 5.2 (b) : EDX spectra after adsorption of DB-86

The presence of new elements S, Cu, N, Fe in the dye loaded PnsAC adsorbent indicated by EDX
spectrum as shown in Fig.5.2 (b), confirmed the adsorption of DB-86 dye on the surface of
PnsAC adsorbent.

120



FTIR spectra of PnsAC before and after adsorption of DB-86 dye are shown in Fig.5.2 (c). The
Transmittance peak of PnsAC before adsorption of DB-86 dye at 3624 cm™ corresponded to
hydroxyl stretching vibration (Zhong et al., 2012). The peaks at 1654 cm™ and 1561 cm™
indicated the existence of aromatic ring (Yue et al., 2013; Zhang et al., 2016). The peak at 1438
cmtcorresponded to C - H and CH: bending (Zhang et al., 2016) and carboxyl group, due to
presence of lignin, cellulose and hemicellulose in the precursor (Zhao et al., 2017).

The transmittance peaks at 1654 cm™ and 1438 cm™ were not traceable in the FTIR spectra, after
adsorption of DB-86 onto PnsAC. In addition to that, the new peaks found were at (2284, 2142,
911.1 and 596.7) cm™. The peak at 2284 cm™ was due to > NH,*, = NH*, = NH'— group and
2142 cm™® was showing — N = C = N — group. So these peaks at 2284 cm™ and 2142 cm™
confirmed the adsorption of DB-86 dye.

The peak at 911.1 cm™ showed — C = C — group and 596.7 cm™ showed alkyl-halide. The peaks

at 911.1 cm™?and 596.7 cm falls under the category of fingerprint region.
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Fig. 5.2 (c) : FTIR of PnsAC before adsorption and after adsorption of DB-86
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5.1.2 Effect of Initial pH

Effect of pH depends upon the charge present on the surface of adsorbent and is judged by zero
point charge (pHzrc) (Singh et al., 2008). Zero point charge pHzpc was found to be 2.3 (Fig.4.5).
If pH is less than pHzrc the surface of adsorbent is positively charged, so it will attract anionic
dye DB-86 as there are opposite charges on adsorbent surface and dye. Furthermore, if pH is
greater than pHzec then the surface of adsorbent will be negatively charged. So there will be no

electrostatic attraction between adsorbent and DB-86.

The effect of pH.on DB-86 adsorption is shown in Fig.5.3. There is an attraction between dye
molecules and PnsAC surface. For 100 mg L™ dye concentration and 10 g L™* PnsAC dose,
equilibrium adsorption capacity is found to decrease from 7.86 mg g to 2.29 mg g™, % removal
decreased from 78.6 % to 22.9 % while pH is increased from 2 to 11. It can be said that maximum
adsorption is at pH 2 and minimum adsorption is at pH 11. Maximum adsorption of anionic dye
Direct Blue-53 was reported at pH 2, using multi-walled carbon nanotubes and activated carbon
(Prolaetal., 2013).

—e— pH2
100 1 o pH 3

% Removal

0 20 40 60 80 100 120 140 160

Time (min)

Fig.5.3 : Effect of pH on dye removal using PnsAC at different time intervals (Temp:
35°C; Co: 100 mg L1; PnsAC: 10 g L™?)
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5.1.3 Effect of Adsorbent dose

Effects of adsorbent dose were studied by varying the PnsAC dose from 4 g L™ to 12 g L™ at pH
2,100 mg L initial dye concentration, and temperature of 35 °C. 40.6 % removal was found in
first 30 minutes with an adsorbent dose of 4 g L. As evinced from Fig.5.4, 78.6 % and 79.1 %
removal of DB-86 was observed at adsorbent dose of 10 g L and 12 g L, respectively.
Percentage removal increases with the increase in adsorbent dose due to increase in available
active sites (Othman et al., 2018).

It was observed from percentage removal versus time curve that 10 g L™ and 12 g L™ curves
nearly overlap. Further there was no significant change with the adsorbent dose beyond 10g L™,
Therefore, the optimum dose for 100 mg L solution of DB-86 was 10 g L. The adsorption
capacity of 100 mg L' DB-86 solution was found to decrease from 12.675 mg g* t0 6.59 mg g

! while the adsorbent dose was increased from 4 g L™ to 12 g L2, respectively.
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6gL™t
8gL*
10gL*?
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Fig.5.4 : Effect of adsorbent dose on dye removal using PnsAC at different time intervals
(Temp: 35 °C; Co: 100 mg L; pH: 2)
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5.1.4 Effect of Initial DB — 86 Concentration

Various initial concentration of DB-86 dye (250 mg L%, 200 mg L™*,150 mg L™ and 100 mg L)
were taken at 35 °C, PnsAC dose 10 g L, 120 rpm and pH of 2 as depicted in Fig.5.5. Initially
the driving force is maximum so maximum adsorption was obtained in first half hour. The driving
force is the difference in concentration between DB-86 solution and the concentration at
adsorbent surface. Up to 15 minutes the dye adsorption was observed to be fast which decreased
significantly and became almost constant as equilibrium was achieved. At higher initial dye
concentration, adsorptive removal was decreased due to reduction in available adsorption sites

for dye molecules (Singh et al., 2008).
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Fig.5.5 : Effect of initial dye concentration on dye removal using PnsAC at different time

intervals (Temp: 35 °C; PnsAC: 10 g L-1; pH: 2)
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5.1.5 Adsorption Equilibrium Isotherms

Adsorption isotherms provide crucial information regarding adsorption mechanisms and
adsorption system design. The adsorption data of DB-86 was analysed for different adsorption

models.
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Fig.5.6 : Comparison of experimental and calculated equilibrium adsorption capacity
using several isotherm models for the adsorption of DB-86 on PnsAC (Temp:

35°C; PnsAC: 10 g L; pH: 2)

Fig.5.6 shows plots between Ce versus ge for different isotherm models. To compare the
suitability isotherm, respective parameters, R? values, and normalized standard deviation (Aqe
%) of eight types of isotherm models are summarized in Table 5.1.

The minimum value of normalized standard deviation is found for Freundlich(Nasri et al., 2019),
Redlich—Peterson, Sip, Radke—Prausnitz, Koble-Corrigan, and Fritz—Schlunder isotherm models.
Contrarily, it is noteworthy that normalized standard deviation is comparatively high for
Langmuir and Toth isotherm models, which shows that multilayer adsorption of DB-86 is mainly

governing the adsorptive removal.
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Table 5.1 : Adsorption equilibrium isotherm parameters of Direct Blue-86 on PnsAC

(Temp: 35 °C; PnsAC: 10 g LL; pH: 2)

Isotherm model Parameters Value
am (Mg g?) 15.547
Langmuir B bC, b (Lmg? 0.045
B =7 bC, R2 0.956
AGe% 373
Kr (L g ) 3.039
Freundlich q. = KFCQ/” n 3.202
R? 0.983
AQe% 2.36
ke (L g9) 344.644
Redlich-Peterson k,C. ar (L mg?) 113.131
e T racy B 0.688
R? 0.983
AQe% 2.36
Kir (Mg L) 0.034
Sips K -0, Cl dm (Mg g}) 86.360
& ¥ e, N 0.355
R? 0.982
AQe%h 2.36
kr (mg g?) 614.013
Toth k;C, ar (mg L?) 0.554
Qe =1t
la, +c!] T 0.083
R? 0.982
AQe%h 3.16
Koble-Corrigan 2.862
B 0.044
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Isotherm model Parameters Value
ACen N 0.372
= 1rBC; R? 0.982
A% 2.37
319.895
Radke-Prausnitz _arC R 3.047
“=F r@ Y N 0.312
R? 0.983
AQe% 2.36
o1 1.708
Fritz-Schlunder N a,Ch a2 0.458
e a,CP B 1.299
B2 1.027
R? 0.982
AQe% 2.35

Freundlich, Redlich—Peterson, Sip, Radke—Prausnitz, Koble-Corrigan, and Fritz—Schlunder best
fitted the equilibrium of experimental data with R? ( > 0.982) and Age % values (2.35 - 2.37),
which shows that heterogeneous adsorption is dominating. Though, the aforementioned result of
regression correlation coefficients (> 0.956) and Age % values (< 4) shows good agreement in
the case of all isotherms at different dye concentration ranges. The applicability of all the
isotherm models to the DB-86 — PnsAC system implies that both monolayer adsorption and
heterogeneous surface conditions exist simultaneously under existing experimental conditions.
The adsorption of DB-86 on activated carbon is a complex process and involves more than one
mechanism. Similar interpretation is reported by researchers for methylene blue adsorption onto
silica adsorbent (Al-Qodah et al., 2007).

The value of Freundlich isotherm exponent n between 1 and 10 indicates favourability of
adsorption (Singh et al., 2008). In the present investigation, n value was found to be 3.202,
indicating that adsorption of DB-86 is favourable on PnsAC (Table 5.1). The Separation factor

RL of the Langmuir equation, indicates the nature of the adsorption process. This indicates the
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nature of adsorption as RL > 1 (unfavourable), 0 < R < 1 (favourable), R = 0 (irreversible), and
RL =1 (linear) (Sharma et al. 2017b). In the present study, the R values below 1.0 for adsorptive

removal of DB-86 dye at prevailing operating condition.
5.1.6 Adsorption Kinetics

Adsorption kinetics plays a significant role in adsorption. It provides the information about the
mechanism of the process. Kinetic data were predicted using Pseudo first order model (Prola et
al., 2013), Pseudo second order model (Mouni et al., 2018) and intra-particle diffusion model
(Khani et al., 2018) presented in Table 5.2 for the adsorption of DB-86 dye onto PnsAC.

In gt vs t°° plot, if the line passing through origin the diffusion is the rate controlling step and if
the line is not passing through origin, shows that diffusional resistance is not only controlling

mechanism and thickness of boundary layer is given by the constant C (Boukhalfa et al., 2019).

20

15 1

t/q,
(=Y
o

0 20 40 60 80 100 120 140 160
t (min)
Fig.5.7: Pseudo second order kinetic plot (Temp: 35 °C; PnsAC: 10 g L™; pH: 2;
Co: 100 mg L)

The correlation coefficient value of Pseudo second order kinetics model is maximum and (>
0.99), which shows that Pseudo second order model is best fit. Further it shows that

chemisorption is dominating and the rate controlling (Fabryanty et al., 2017).
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Table 5.2 : Kinetic parameters for DB-86 adsorption onto PnsAC at different initial dye concentration (Temp: 35 °C; PnsAC: 10 g L1; pH: 2)

Pseudo first order model

Pseudo second order model

Intra-particle Diffusion Model

Co Qe exp k1 gemggl| R? |ka(g mg'mint) | ge (mg g | R? | kia(mg g? min®®) C R?
(mg1?) | (mgg®) | (min)

100 7.86 0.083 3.721 0.870 0.029 8.065 0.998 0.198 5.654 | 0.952

150 10.34 0.037 4,572 0.790 0.012 10.417 0.991 0.311 6.303 | 0.965

200 11.67 0.032 5.703 0.797 0.009 11.628 0.987 0.418 6.167 | 0.957

250 13.57 0.041 6.038 0.824 0.010 13.699 0.995 0.464 7.961 | 0.937
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5.1.7 Thermodynamic Study

It is necessary to analyse the system thermodynamically to understand the feasibility of the
process. Percentage removal of DB-86 dye was studied at four different temperature (15 °C, 25
°C, 35 °C and 45 °C). The line of 45 °C nearly overlaps (Fig.5.8) the 35 °C curve. Since no
significant variation in the removal of dye has been observed between 35 °C and 45 °C therefore

further studies have been carried out at maximum temperature of 35 °C.

Thermodynamic parameters like AS°, AH® and AG® were estimated by thermodynamic study

(Al-Qodah et al., 2007; Han et al., 2005).

AS°  AH°
InK, = L=
1 RWRT [52]

where, R is'the gas constant (8.314 J mol. K1) and T is the absolute temperature. The values of
change in entropy (AS°) and change in enthalpy (AH®) were obtained from the intercept and
slope of plot In Kq versus 1/T (Fig.5.9).

100
80 A
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ﬁ v 45°C
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% Removal
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Fig.5.8 : Effect of temperature on dye removal using PnsAC at different time intervals

(Co: 100 mg L; PnsAC: 10 g LY pH: 2)
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Fig. 5.9 : A thermodynamic plot of In Kq against 1/T for adsorption of DB-86 onto PnsAC

(PnsAC: 10 g L%; pH: 2; Co: 100 mg L)

Table 5.3 : Thermodynamic parameters for adsorption of DB-86 on PnsAC

T (°C) | AG°® (kj mol?) | AHP (kj mol™) | AS° (kj mollK1)
15 -2.44
25 -3.02
11.05 0.05
Po -3.33
45 -3.90

AG® value for decreases as temperature is increased from 15 °C to 45 °C. Spontaneity of the
process is judged by the negative values of AG® (Mouni etal., 2018) . The value of AG® decreases
with increase in temperature which indicates rise in spontaneity. Values of different
thermodynamic parameters are tabulated in Table 5.3. AH® values show endothermic nature of
the process (Postai et al. 2016). Positive value of AS°® indicates that there exists natural attraction
(Tasar et al. 2014) between dye and PnsAC. 4 - 40 kJ mol™? AH® values indicates physisorption
whereas chemisorption range from 40 to 800 kJ mol™. AH® value from Table 5.3 inferred that

sorption of DB-86 onto PnsAC is mainly due to physical adsorption (Postai et al., 2016).
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CHAPTER VI

ADSORPTION OF DIRECT BLUE - 86 DYE USING
ALGINATE COATED PEANUT SHELL ACTIVATED
CARBON

6.0 INTRODUCTION

In this chapter alginate (Arya and Srivastava, 2006) encapsulated activated carbon (PnsAC-
alginate) prepared from waste peanut shell was utilized in adsorptive study of water soluble
Direct Blue-86. Adsorption parameters such as solution pH, concentration of dye and adsorbent
dose were optimized using RSM. Characterization of PnsAC-alginate adsorbent was carried out
using SEM, EDS, TEM, XRD, BET surface area, FTIR and zero point charge analysis. Various
adsorption isotherm models and kinetic models were examined to explain the adsorption process.

6.1 REMOVAL OF DB-86 FROM AQUEOUS SOLUTION USING
PnsAC - alginate

6.1.1 Characterization of PnsAC-alginate Adsorbent

Surface morphology of PnsAC-alginate adsorbent was observed from SEM analysis. Fig.6.1
show the SEM images of PnsAC-alginate adsorbent with and without adsorbed DB-86 dye. The
SEM images showed porous texture surface morphology with cavities. Before adsorption, the
cavities and pores on the surface of adsorbent were clearly visible, however, after adsorption,
dye molecules adhered to surface of adsorbent and surface became smoother as evident from
Fig.6.1(c). EDX spectrum as shown in Fig.6.1(e), revealed the presence of C, Na, Ca, Cl and O
onto PnsAC-alginate adsorbent.
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EHT = 20.00 kv Signal A = SE1 Date :15 Mar 2019
WD = 95 mm Mag= 1000 KX Time :11:40:53

Fig.6.1 (a) : Scanning Electron Micrographs (SEM) image of PnsAC-alginate adsorbent
at 10 KX before adsorption

Date :15 Mar 2019
Time :11:38:33

Fig.6.1 (b) : Scanning Electron Micrographs (SEM) image of PnsAC-alginate adsorbent
at 2 KX before adsorption
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EHT =20.00 kV Signal A = SE1 Date :15 Mar 2019
WD = 8.0mm Mag= 10.00 KX Time :11:35:56

Fig.6.1 (c) : Scanning Electron Micrographs (SEM) image of PnsAC-alginate adsorbent
at 10 KX after adsorption of DB-86

EHT = 20.00 kv Signal A = SE1 Date :15 Mar 2019
WD= 7.5mm Mag= 2.00KX Time :11:26:22

-

%

Fig.6.1 (d) : Scanning Electron Micrographs (SEM) image of PnsAC-alginate adsorbent
at 2 KX after adsorption of DB-86
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Fig.6.1 (e) : EDX spectra before adsorption of DB-86
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Fig.6.1 (f) : EDX spectra after adsorption of DB-86

136



The presence of two new elements S and Cu in the dye loaded PnsAC-alginate adsorbent was
indicated by EDX spectrum shown in Fig.6.1 (f), which confirmed the adsorption of DB-86 dye
on the surface of PnsAC-alginate adsorbent.

Fig.6.2 (a) showed the adsorption /desorption isotherms of PnsAC and PnsAC-alginate
adsorbent. The nature of the isotherms were type | (IUPAC classification), indicating that both
the adsorbents were mesoporous. The adsorption isotherms were used to calculate specific
surface area and total pore volume. In addition, the pore size distribution was determined using
BJH method for both types of PnsAC adsorbents. The pore size distribution were within the range
of 2 to 30 nm, .indicating the mesoporous region. Furthermore, similar type of pore size
distributions were observed in both the adsorbents (Liang et al., 2016).

A narrow peak at a pore diameter of approximately 4 nm was present in Fig.6.2 (b), confirming
that both the adsorbents had high mesoporosity. Various samples of PNnsAC has been prepared
several times and BET surface area was determined. It has been found that BET surface area
varies between 802.6 to 965.6 m?gt. Average BET surface area is the order of 884 m? g with a
variation of + 9.2 %. The BET surface area for PnsAC-alginate was 142.5 m? g*. Total pore
volume was found to be 0.040 mL g* for PnsAC adsorbent and 0.043 mL g* for PnsAC-alginate
adsorbent. The values of surface area and pore size were consistent with the values reported in
the literature (Benhouria et al., 2015; Kim et al., 2008; Nasrullah et al., 2018). Kim et al., (Kim
et al., 2008) obtained 193.8 m? g* surface area for mesoporous (2.65 nm) alginate-activated
carbon. Benhouria et. al., (Benhouria et al., 2015) observed similar pore size distribution with
surface area of 185.28 m2 g and average pore size of 5.97 nm for activated carbon-bentonite-
alginate bead. Nasrullah et al., (Nasrullah et al., 2018) also reported pore sizes of 4.43 nm and
3.43 nm for activated carbon and activated carbon-alginate beads, respectively. XRD patterns of
PnsAC and PnsAC-alginate adsorbents were presented in Fig.6.2 (c). The diffraction peaks at 26
= 26.3°, 44.36°, 77.18°, and 83.17° were attributed to the (00 2), (101), (1 10),and (112)
lattice planes of carbon hexagonal structure (JCPDS), respectively, for both adsorbents.
However, the intensity of the observed peaks in PnsAC-alginate adsorbent was decreased
compared to PnsAC, suggesting the decreased crystallinity of carbon. The XRD peaks at 20 =
45.5° and 56.5°; 20 = 33.8°, 36.0° and 37.5° for PnsAC-alginate indicated the presence of sodium
chloride and of calcium chloride, respectively. TEM analysis of modified and unmodified PnsAC
adsorbents shown in Fig. 6.2 (d), displayed the porous texture surface morphology, which was

consistent with the SEM results.
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The FTIR spectra of PnsAC-alginate adsorbent before adsorption and after adsorption of DB-86
were shown in Fig.6.3 (a). FTIR spectrum exhibited the characteristics of both dye as well as
PnsAC-alginate, which was the result of the adsorption of DB-86 on the surface of PnsAC-
alginate. In this spectrum, the appearance of the absorption band (3735 cm™) attributed to the
stretching vibration of O — H bond of the sulfonic acid groups of DB-86 dye molecule (Villalobos
etal., 2016).

The new peak appearing at 2109 cm™* mainly on dye loaded adsorbent was due to C = N stretching
vibration of dye molecule. A strong peak observed at 1592 cm™ could be ascribed to C = O
stretching vibration of carboxyl or carbonyl groups (Araujo et al., 2018; Saha et al., 2012) which
was shifted from 1592 em™ to 1581 cm™ after dye adsorption. The peak observed at 1006 cm™
was due to the C - O bond of carboxylic groups (Daemi and Barikani, 2012) which was shifted
to 1009 cm™ after dye adsorption. The peak at 2324 cm™ corresponded to C - C stretching
(Georgin et al., 2016b). The band possibly attributed to C = C and CH stretching vibrations,
shifted from 1418 cm™ to 1406 cm™ and from 2657 to 2658 cm™, respectively, after dye
adsorption (Mahmoodi et al., 2012). The peaks at 1981 cm™ and 2051 cm™ corresponded due to

presence of olefinic C = C bond.

These suggested that the physisorption of DB-86 occurred on the positively charged surface of
PnsAC-alginate. Thus, decolorization of the DB-86 dye was predominantly due to adsorption

onto the PnsAC-alginate adsorbent.

The knowledge about pHzec of adsorbent was very crucial in any adsorption process. It
represented the pH value at which the surface of adsorbent contained zero charge. As observed
in Fig.6.3 (b), the pHzec of PnsAC and PnsAC-alginate were found to be 2.3 and 7.8,
respectively. The pHzpec value of activated carbon prepared from peanut shell was reported as
10 (Villar da Gama et al., 2018). The surface of the adsorbent became negatively charged at the
solution pH greater than pHzrc. However, the surface became positively charged at the solution
pH less than pHzpc. Thus, the surface of PnsAC-alginate remained positively charged in the range

of pH under the present investigation.
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Fig 6.3 (b) : Zero point charge of PnsAC and PnsAC-alginate

6.1.2 Response Surface Methodology

ANOVA results revealed that the quadratic model equation derived by RSM could be
satisfactorily used to describe the adsorption of DB-86 under a wide range of feed conditions.
Central composite experimental design of five-levels and three-variables with their observed and
predicted responses are showed in Table 6.1.

The significance of the model was determined by Fisher test. The F-statistic for the regression
equation of all three responses showed that the calculated F values (Fmoder) Were greater than the
tabulated F values (Frab,) at the 95 % confidence level, supporting the adequacy of the model.
Also, the F-statistics for the lack-of-fit of all three responses showed that the calculated F values
(FLack of fit) Were greater than the tabulated F values at the 95 % confidence level, indicating the
adequacy of goodness-of-fit (Applied Mathematics in Chemical Engineering, n.d.). The
regression coefficients, the determination coefficient, the F-value, and the value of coefficient of
variance for the model are presented in Table 6.2. The regression model for removal efficiency
of DB-86 was found significant (p < 0.0001) with high R? values of 0.94, respectively.
Furthermore, the low value of coefficient of variance (1.6 %) supported the good fit of the model,
and thus, provided better precision and reliability of the experimental data. The coefficients of

the model were statistically analysed with p-values.
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Table 6.1 : Central composite experimental design of five-levels and three-variables with

their observed and predicted responses

Run pH Initial DB-86 dye | PnsAC-alginate Removal (%)
concentration (g (mg L?)
L) Experimental Predicted
1 2.5 0.1 15 81 82.67
2 4.5 0.1 15 90 90.67
3 2.5 0.2 15 92 92.17
4 4.5 0.2 15 87 90.17
5 2.5 0.1 25 98 96.79
6 4.5 0.1 25 97 98.79
7 2.5 0.2 25 96 97.29
8 4.5 0.2 25 89 89.29
9 1.82 0.15 20 87 87.86
10 5.18 0.15 20 87 87.86
11 35 0.065 20 94 94.62
12 3.5 0.234 20 89 94.62
13 3.5 0.15 11.6 87 89.05
14 35 0.15 28.4 96 100.18
15 3.5 0.15 20 95 94.75
16 3.5 0.15 20 95 94.55
17 3.5 0.15 20 94 94.85
18 3.5 0.15 20 95 94.12
19 3.5 0.15 20 94 94.46
20 3.5 0.15 20 95 94.62

The statistical analysis of the coefficients of the regression model of dye removal efficiency
revealed that interaction terms and quadratic terms of all the independent variables were
significant (p < 0.05) as shown in Table 6.2. Linear terms of PnsAC-alginate concentration had
highly significant influence (p < 0.0001) on dye removal efficiency while linear terms of initial
dye concentration and solution pH were insignificant (p > 0.05). The insignificant terms (p >

0.05) were identified and eliminated from the initial model equation. The quadratic reduced
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regression equation in terms of coded factors with only significant terms (p < 0.05) of three

response variables was given expressed as follows.
Y,=94.62 + 3.31X, - 2.5X,X,- L.5X,X,- 2.25X,X,- 2.39X? [6.1]

Table 6.2 : Estimated regression coefficients for the polynomial model and the analysis

of variance (ANOVA)

Coefficient Estimate | Sum of squares DF Fvalue p-value
Model 357.24 9 14.95 0.0001
Bo 94.62
Linear
By -0.293 =17 1 0.44 0.5216
Ba -0.762 7.93 - 2.99 0.1146
B3 3.31 149.18 1 56.17 < 0.0001
Interaction
B12 -25 50.0 1 18.83 0.0015
Bis -1.5 18.0 - 6.78 0.0263
B 23 ~2.25 405 ! 15.25 0.0029
Quadratic
B11 -2.39 82.12 1 30.92 0.0002
Baz -0.8 9.13 - 3.44 0.0934
B33 -0.8 9.13 1 3.44 0.0934
Residual error 26.56 10
Lack of fit 25.23 5 18.92 0.0029
Pure error 1.33 5
Total
R2 0.94
RZ 0.87
CV% 1.77
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6.1.2.1 Effects of Independent Variables on DB - 86 Dye Removal
Efficiency

The effects of PnsAC-alginate dosage, initial dye concentration and solution pH on removal
efficiency of DB-86 were demonstrated using a response surface plot Fig.6.4 (a) — (b). A linear
effect of adsorbent dose and quadratic effects of solution pH and initial dye concentration on the
dye removal efficiency were observed. Fig.6.4 (a) showed the effect of adsorbent dose and initial
dye concentration; while Fig.6.4 (b) depicted the influence of adsorbent dose and solution initial
pH. As observed in Fig.6.4 (a) that the removal efficiency of DB-86 was strongly dependent on
the initial dose of PnsAC-alginate. The increase in dye removal percent with increase in
adsorbent doses might be due to the increase in the total available surface area of the PnsAC-
alginate particles (Saeed et al., 2010), increasing the number of adsorption sites available for dye
adsorption. The removal for DB-86 dye increased from 87 to 96 %, when the PnsAC-alginate
dosage increased from 11.6 to 28.4 g L™ for fixed initial concentration of DB-86 dye (150 mg L
1y and solution pH (3.5). This observation could also be described by the linear positive effect of
PnsAC-alginate dose (p < 0.0001) on dye removal efficiency. The initial DB-86 dye
concentration showed significant influence on its removal percent. It was observed that the
percent removal of DB-86 dye increased with increase in dye concentration, however, at higher
dye concentration the percent removal of dye declined. The initial increase in dye removal with
increase in dye concentration is attributed to increase in the probability of contact between dye
molecules and PnsAC-alginate (Khataee et al., 2011). At higher DB-86 dye initial concentration,
the decline in dye removal might be due to nearly complete saturation of the binding sites of
PnsAC-alginate. The effect of solution pH onto DB-86 dye adsorption was studied in the range
of pH 1.8-5.2. As shown in Fig.6.3 (b), the pHzpc of the PnsAC-alginate adsorbent was found to
be 7.8, indicating the presence of positive surface charges in the range of pH under investigation,
thus favouring the adsorption of anionic DB-86 dye. The hydrophobic nature of the developed
PnsAC-alginate adsorbent led to absorb hydrogen ions (H*) onto the surface when immersed in
water and made it positively charged (Malik, 2004; Nemr et al., 2009; Senthil Kumar et al.,
2010). Low pH led to an increase in H* ion concentration in the system and the adsorbent surface
acquired more positive charge by absorbing more H* ions, which favoured the adsorption of
anionic DB-86 dye molecules due to the strong electrostatic attraction resulting in an increase in
dye removal efficiency. Lower dye removal efficiency at higher solution pH might be due to
weak electrostatic attraction between anionic DB-86 dye molecules and comparatively less

positively charged adsorbent surface.
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The combination of high adsorbent dose and high initial dye concentration resulted to decrease
in dye removal efficiency.

Similarly the combined effect of high adsorbent dose and high solution pH also resulted to
decrease in dye removal efficiency. This observation was in agreement with the results of
ANOVA. The interactive effects of (i) PnsAC-alginate dose and initial dye concentration (f23)
and (ii) PnsAC-alginate dose and solution pH (B13) were both found to be negative and
statistically significant (p < 0.05). Maximum removal of the DB-86 dye (98.8 %) was observed
at about 125 mg L initial DB-86 dye concentration; pH of 3.1 and PnsAC-alginate dose of 25 g
Lt

6.1.2.2 Optimization of Feed Conditions and Validation of the Model

In this study, desirability function approach (Myers et al., 2016) was used for obtaining the
optimal feed conditions of DB-86 adsorption by maximizing the removal efficiency of DB-86.
The optimum values of the independent variables in actual terms were X1 : 3.1, X2: 1255 mg L
1 and X3: 24.65 mg L1, Under the optimal feed conditions, the developed models predicted the
DB-86 removal efficiency of 98.1 % with overall desirability function of 1.0. Validation
experiments were performed in triplicate at predicted optimal feed conditions and resulted the
DB-86 removal efficiency of (98.4 + 0.1) %. Experimental results were matched well with the
predicted results, which were validated by the RSM model with good correlation. Thus, it can be
seen that the second-order model was adequate to explain the effect of selected variables of feed
composition on the removal efficiency of DB-86. The maximum removal efficiency of 92 % was
reported (Nemr et al., 2009) during adsorption of DB-86 at pH 2 with initial concentration of 100
mg L™ using activated carbon prepared from orange peel. In another study (Maleki et al., 2016),
90 % removal of DB-71 was reported using potato peel based adsorbent at pH 3.0 with initial
dye concentration of 100 mg L and adsorbent dose of 20 g L. Also, it appeared that unmodified
PnsAC and Alginate adsorbents showed about 7 % and 12 %, respectively, less DB-86 dye
removal efficiency as compared to PnsAC-alginate under the optimal conditions. This clearly
indicated the superiority of PnsAC-alginate adsorbent in comparison to unmodified PnsAC

adsorbent.
6.1.3 Kinetic Studies

Adsorption kinetic provided a valuable insight into controlling the adsorption mechanisms that
was important for evaluating the efficiency of the process and further designing the adsorption

system. The effect of the contact time on the adsorption of DB-86 by PnsAC-alginate beads was
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illustrated in Fig.6.5 (a) — (d). The time dependence of the adsorption of DB-86 was observed by
taking UV-visible absorbance spectra of DB-86 in the residual solution at different time intervals.
The intensities of the absorption peaks decreased with time as shown in Fig.6.5 (d), thus
confirming removal of DB-86 by adsorption, although the absorption spectrum appeared the
same. As observed in Fig.6.5 (a) — (d), the adsorption capacity increased sharply at the initial
stage of adsorption followed by gradual increase until reaching the equilibrium. Similar trends
were observed at all experimental conditions. The rapid uptake of DB-86 on PnsAC-alginate
beads was due to availability of large amount of surface area and readily accessible binding sites
for interaction with DB-86, while the slow increase of adsorption capacity was mainly by the
diffusion of DB-86 within the PnsAC-alginate particles. The equilibrium time for maximum
adsorption capacity was found to be about 120 minutes for all the experimental conditions
studied. After this equilibrium period, the adsorption capacity did not show any time dependent
change. Thus, an optimum contact time of 120 minutes was considered for further equilibrium
isotherms studies.

6.1.3.1 Effect of Adsorbent Dose on Adsorption

Adsorbent dose showed significant influences on the adsorption process by affecting adsorption
capacity of the adsorbent. As seen in Fig.6.5 (a), the adsorption capacity decreased with
increasing PnsAC-alginate dose. The decrease in adsorption capacity with increasing adsorbent
dose at constant DB-86 dye concentration and volume might be attributed to the increasing
number of binding sites available for adsorption. Also, overlapping or aggregation of adsorption
sites led to decrease in total adsorbent surface area available for adsorption of dye molecule and
an increase in diffusion path length. For instance, the equilibrium adsorption capacity decreased

from 11.33 to 5.12 mg g with increase in adsorbent dose from 11.6 - 28.4 g L.
6.1.3.2 Effect of Temperature on Adsorption

The effect of temperature on adsorption capacity was shown in Fig.6.5 (c). Increasing
temperature led to increase the rate of diffusion of the DB-86 molecules across the external
boundary layer and in the internal pores of the PnsAC-alginate particle, due to increase of kinetic
energy of dye molecules. Thus, more number of dye molecules would undergo an interaction
with binding sites of the adsorbent. Also, the increasing temperature might produce a swelling
effect within the internal structure of the PnsAC-alginate, resulting in greater penetration of dye
molecules and consequently increasing adsorption capacity. For instance, equilibrium adsorption
capacity increased from 7.18 to 7.28 mg g-1 with increase in temperature from 288 to 308 K,
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indicating the process to be endothermic. The pH of the solution played an important role in the
adsorption of DB-86 dye.
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Fig.6.5 (d) : UV-visible absorbance spectra of DB-86 in the residual solution at different
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6.1.3.3 Effect of Solution pH on Adsorption

As observed in Fig. 6.5(b), the equilibrium adsorption capacity increased with decrease in
solution pH. This could be explained by the fact that decrease in solution pH led to increase in
electrostatic attraction between the positively charged surface of the PnsAC-alginate, due to the
positively charged functional groups and negatively charged anionic DB-86 dye molecules.
Lower adsorption capacity at higher solution pH might be due to decrease in number of positively
charged sites on PnsAC-alginate surface which might reduce the adsorption of anionic DB-86
dye molecules due to weak electrostatic attraction. In order to evaluate the performance of
adsorbent under alkaline conditions, an adsorption experiment was also performed at solution
pH of 8 + 0.1 with optimal concentration of PnsAC-alginate and DB-86 dye, resulting in dye
removal efficiency of (82 £ 0.5) %. This indicated that PnsAC-alginate adsorbent was not
effective under alkaline conditions. The maximum equilibrium adsorption capacity was observed
at pH 3.5. No further enhancement in equilibrium adsorption capacity was noticed on further

decrease in solution pH.
6.1.3.4 Modelling of Adsorption Kinetics

The most widely used kinetic models such as the Lagergren first order (Lagergren, 1898) and
Pseudo second order (Ho and Mckay, 2002) were used in the present study to reveal the rate
constants and equilibrium adsorption capacities. For Pseudo first order model, shown in Fig.6.6
(a), the values of K1 and ge were calculated from the slope and intercept, respectively, of plots of
In (ge- qt) versus t. For Pseudo second order model, shown in Fig.6.6 (b), the values of Kz and ge
were determined from intercept and slope, respectively, from the plot between t/g: and t. The
results are summarized in Table 6.3. The values of the coefficient of determination (R?) for the
Pseudo first order model were relatively low, (0.05 - 0.35) and the calculated values of adsorption
capacity were far from the corresponding experimental values, indicating that Pseudo first order
model was not suitable to explain the adsorption kinetics of DB-86 onto the PnsAC-alginate

beads.

On the other hand, high values of R? (0.999), low values of y?, SD and the adequate fitting of
predicted and experimental values of adsorption capacity for all experimental conditions
suggested that Pseudo second order kinetic model was perfectly fit to explain the adsorption
kinetics of DB-86. The Pseudo second order adsorption rate constant was used to estimate the

initial adsorption rate (B, mg mL™ min) which was expressed:

151



o S [6.2]
t 2>e
t—>0

As observed in Table 6.3 that adsorption rate constant was strong increasing function of
temperature and adsorbent dose, and weak function of solution pH. The relation between the rate
constants and these variables could be described by an extended Arrhenius equation as (Zhao et
al., 2014).

K, = K,e™"(SL)" (pH)" [6.3]

where, Ko, Ea, R and SL were pre-exponential factor, activation energy, molar gas constant, and
PnsAC-alginate dose (mg L™), respectively. The m and n were parameters with respect to
PnsAC-alginate dose and solution pH, respectively. By taking logarithm, Eq. [9] could be
expressed as Eq. [6.4] :

InK,=InK,-E,/RT+mIn SL+ n In pH [6.4]

Therefore, the corresponding parameters could be fitted by plotting In Kz versus 1/T, SL and pH
with multivariable regression. Thus, the Eq. [6.3] could be expressed in terms of fitted parameter:

K, = K™ (SL)" (pH)" [6.5]

The high values of R? also suggested that this equation was significant and reliable to describe
the relationship between adsorption rate constants and process parameters. Furthermore, it was
worth mentioning that the above correlation was mainly valid in the studied experimental range.
The proposed empirical correlations provided a simple and effective approach for estimation of
rate constant which could be used for scaling-up and designing the adsorption equipment. The
activation energy of DB-86 was estimated as 16.81 kJ mol under the optimal conditions. . Low
activation energy (< 40 kJ mol™) was characteristics for physisorption, while higher activation
energy ( > 40 kJ mol™?) suggested chemisorption (Chakraborty et al., 2011). The activation
energy obtained for the adsorption of DB-86 onto PnsAC-alginate indicated physical adsorption
involving weak interactions. The obtained value of activation energy was of the same order of
magnitude as that obtained for adsorption of BG 4 onto sea shell powder (Chowdhury and Saha,
2010). The obtained value of activation energy was of the same order of magnitude as that
obtained for adsorption of BG 4 onto sea shell powder (Chowdhury and Saha, 2010). In any
adsorption study, it was very important to examine the controlling mechanism of sorption

process. The rate of adsorption of DB-86 onto PnsAC-alginate beads could be controlled by film
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diffusion or intra-particle diffusion or both. Pseudo first order and Pseudo second order models
(Srivastava and Srivastava, 2006) could not be used for identifying the steps controlled during

adsorption process.

Thus, the Intra-particle diffusion model, Boyd kinetic model and Liquid film diffusion model
were used to test the experimental data for determining the rate controlling step. Intra-particle

diffusion model was given by:
G = kigt™* +C [6.6]

where, kis(mg g*min®%) was the intra-particle diffusion rate and intercept (C ) gave the idea
about the boundary layer thickness, i.e. the higher the intercept value, the greater was the
boundary layer effect on adsorption (Oubagaranadin et al., 2007). The values of kig and C were
determined experimentally from slope and intercept, respectively, of the plot of g;versus t*°, The

Boyd model was expressed:

£ 42 1- %exp (-B,) [6.7]
T

Q.
where, F is the fraction of DB-86 adsorbed at time t and the parameter B: could be expressed as
a function of F:

B,=-0.4977 - In (1- F) [6.8]

It was suggested that if the plot of g, versus t®° or plot of B versus t yielded a straight line
passing through the origin, the adsorption kinetics of DB-86 was controlled by intra-particle

diffusion. Liquid film diffusion model was expressed:
In(1-F)=-K; t [6.9]

where Kr was the film diffusion coefficient. A linear plot of In (1 — F) versus t passing through
origin suggests that adsorption kinetics is controlled film diffusion. As shown in Fig.6.6 (c) &
(e), both the plots showed linearity with R? values of 0.96 and 0.86 respectively, but did not pass
through the origin, indicating that intra-particle diffusion was not the rate determining step for
adsorption of DB-86. Furthermore, the linear plot of In (1 — F) versus t with non-zero intercept
(Fig.6.6) suggested that adsorption of DB-86 was not controlled by only film diffusion. Thus, it
was concluded that both film diffusion as well as intra-particle diffusion were important during

adsorption of DB-86 onto the PnsAC-alginate beads.
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Fig.6.6 (e) : Liquid film diffusion model under optimal conditions
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Table 6.3 : Kinetic data of DB-86 adsorption by PnsAC-alginate

Pseudo first order kinetics

Pseudo second order Kinetics

Intra-particle
diffusion model

PnsAC- |pH | T e ki x 107 el R? SD ¥2 B (mg | kax 5l R? SD 12 Kiax | Ci(mg | R?
alginate (°C) — min™?) e (%) gt 10% (g mdg (%) 10* gl
1 g min*) | mg* 1 (mg g
min?) L min
0.5)
116 |35| 35 | 11.33 | 1.32 | 1.17 | 0.353 | 60.08 | 20.11 | 1259 | 9.79 | 11.34 | 0.999 | 10.82 | 1.59 4.02 7.36 | 0.317
200 (35| 35 7.28 094 | 0.38 | 0.071 | 60.37 | 25.94 | 9.13 | 17.01 | 7.33 1 4.84 0.20 2.64 477 | 0.321
284 |35| 35 | 512 1.09 | 041 {0.200 | 62.99 | 10.71 | 6.99 | 26.67 | 5.12 | 0.999 | 9.25 0.52 1.77 3.38 | 0.300
200 |1.8] 35 | 6.80 0.63 | 041 {0.051| 67.73 | 1341 | 749 | 16.08 | 6.83 | 0.999 | 5.36 0.23 2.29 459 | 0.282
200 [52] 35 6.73 053 | 053 | 0.265 | 51.25 | 6.44 7.36 | 16.14 | 6.75 | 0.999 | 5.39 0.97 2.27 454 | 0.281
200 (35| 15 7.18 182 | 0.88 | 0.333 | 48.09 | 8.45 5.60 | 10.75 | 7.21 | 0999 | 7.21 0.45 2.63 461 | 0.334
200 |[35] 25 | 7.20 0.82 | 0.54 | 0.084 | 62.93 | 20.05 | 6.60 | 12.60 | 7.24 | 0.999 | 6.29 0.34 2.63 4.66 | 0.330
20.0° |3.1| 35 | 4.95 048 | 0.73 | 0.081 | 72.38 | 13.12 | 1.46 5.84 5.00 | 0.999 | 1524 | 1.38 0.87 3.92 | 0.963

*Under optimum conditions
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6.1.4 Isotherm Studies

The equilibrium adsorption isotherm is fundamental in evaluating the adsorption mechanism,
(Mohanty et al., 2008)explaining the interaction between adsorbates and adsorbent and also
important in the design and scale up purposes. (Rout et al., 2016) Adsorption studies were
performed using various concentrations of DB-86 ranging from 100 to 250 mg L™ under the
optimized dose of PnsAC-alginate (24.65 g L), solution pH (3.1) and temperature (35 °C). The
Langmuir (Foo and Hameed, 2010; Noorimotlagh et al., 2014), Freundlich (Cao et al., 2018) and
Temkin (Nemr et al., 2009) isotherm models were used to describe the equilibrium adsorption
behavior of DB-86 on PnsAC-alginate beads as shown in Fig.6.7(a) — (d). Langmuir model
assumed that:

I. active sites were homogeneously distributed over the adsorbent surface which is

energetically uniform,

ii.  all the sorbate molecules in solution competed for the same surface sites,

iii.  each active site adsorbed one sorbate molecules only and

iv.  there was no interaction between adsorbed molecules.

The linear form of the Langmuir isotherms was expressed:

Ce 1 Ce

= 6.10
de bqm dm [ ]

where, ge (Mg g) was concentration of adsorbed DB-86 per gram of PnsAC-alginate, Ce (Mg L
1) was concentration of DB-86 in aqueous solution at equilibrium, gm was maximum capacity of
PnsAC-alginate (mg g) to form a complete monolayer on the surface, and b was the Langmuir
constant (L g%) related to binding energy, the affinity between the adsorbent and adsorbate. Both
b and gm were characteristics of adsorbate-adsorbent system. The Freundlich isotherm assumed
that the amount adsorbed at equilibrium followed power law dependence on the concentration of
sorbate. This represented the adsorption on an energetically non-uniform surface and can be used
for heterogeneous systems with interactions between the adsorbed molecules. The linear form of

the Freundlich isotherms was as follows:
logq. = logKy + %logCe [6.11]

where, Kr ((mg g-1)(L mg-1)&M) and n (dimensionless) were the Freundlich constants that
measured the adsorption capacity and adsorption intensity, respectively. Furthermore, the term
(1/n) was the heterogeneity factors related to binding strength. The values of 1/n < 1.0 implied
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the favourable adsorption conditions. Temkin isotherm model was used to determine the heat of
the adsorption and the adsorbent-adsorbate interaction (Abbasi and Habibi, 2016).

Temkin model assumed that
I.  heat of adsorption of all molecules in layer decreased linearly with coverage of adsorbent
surface (Gupta et al., 2014),
ii.  all the molecules have nearly uniform binding energies.
This model ignored extremely low as well as very large concentration. Temkin model was
expressed:
_ RxT

J, xIn(axC,) [6.12]

(]
where T was the absolute temperature (K), R was the gas constant (8.314 J mol? K1), The
constant bo (J mol™) related the heat of adsorption and « (L mg?) was Temkin isotherm
equilibrium binding constant, related to the maximum binding energy. The model was simplified

in linear form:

g. =4, Ina+4,InC, [6.13]

RxT : . ik .
where, B = bL The parameters of Langmuir, Freundlich and Temkin isotherms were obtained

)
according to the intercept and slope from the plots between Ce/ge versus Ce, log ge versus log Ce,
and ge versus In Ce, respectively, as shown in Fig.6.7. The estimated isotherm parameters for all
the isotherms were presented in Table 6.4. The concordance between experimental data and
calculated values was established by the coefficient of determination (R?); normalize standard

deviation (SD) and chi square test (y?).

As observed in Table 6.4, Temkin isotherm model represented a worse fit of experimental data
with low R? values and high x? and SD values to compare with the other two isotherm models.
Both Langmuir and Freundlich isotherm models fitted equilibrium DB-86 adsorption data well.
However, the Langmuir model with the highest value of R?, lowest values of 2 and SD exhibited
better fit compared to Freundlich isotherm model at all experimental temperatures implying
monolayer coverage of DB-86 molecules onto the PnsAC-alginate surface. Temperature was
found to have significant effect on adsorption capacity. With increase in temperature from 288
to 318 K, the maximum monolayer adsorption capacity (gm) decreased from 22.03 to 20.7 mg g

! and Langmuir constant (b) values increased from 2.79x107 to 5.79x102 L mg™.
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Table 6.4 : Isotherm parameters for DB-86 adsorption at 35 °C

Statistical Langmuir isotherm Freundlich isotherm Temkin isotherm
Parameter
gm(mg gb) b (L mg?) RL Kr (mg g?) 1/n A (L mg?h) B b (J mol?)
(L mg-l)(l/n)
21.60 £0.92 | 0.041 +0.004 | 0.039-0.270 | 1.83+0.31 | 1.96+0.11 | 052+0.04 | 433+0.38 591.91
R? 0.982 0.967 0.930
SD (%) 13.74 11.93 30.62
¥ 1.20 2.67 4.16
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The maximum dye sorption capacity of various agricultural-based biosorbent materials reported
in the literature including PnsAC-alginate were presented in Table 6.5. Under optimal conditions,
the maximum adsorption capacity obtained from Langmuir isotherm model was found to be 21.6,
mg g* for DB-86 dyes. As evident from the Table 6.5 that the adsorption capacity of PnsAC-
alginate was found to be comparable and in some cases the capacity was higher than that of many
corresponding agricultural-based biosorbents. Differences in dye adsorption capacity were due
to the differences in morphology, functional groups, surface area and porosity of each adsorbent
material. The easy availability and cost effectiveness of PnsAC-alginate are main advantages,

which made it better biosorbent for removal of DB-86 from aqueous solutions.

Table 6.5 : Adsorption capacity of different adsorbents

Adsorbent Adsorption capacity Reference
(mg g™)
Chitin 6.9 (Cao et al., 2018)
Caulerpa racemosa var. cylindracea 5.23 (Cao et al., 2018)
BTST(base treated shorea dasyphylla 24.4 (Hanafiah et al., 2012)
sawdust
Raw KT3B kaolin (Algeria) 52.76 (Mouni et al., 2018)
Mixture almond shells 22.42 (Doulati Ardejani et al.,
2008)

Orange peel activated carbon 33.78 (Nemr et al., 2009)
Pine cone activated carbon rice 27.53 (Tasar et al., 2014)
Almond shell activated carbon 1.33 (Katheresan et al., 2018)
Walnut shell activated carbon 3.53 (Katheresan et al., 2018)
Apricot shell activated carbon 411 (Katheresan et al., 2018)
Peanut shell activated carbon 21.60 Present study
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Fig.6.7 (b) : The linearized plot of Langmuir isotherm (Adsorption isotherm of DB-86 at
24.65 g L adsorbent, 3.1 pH and 308 K)
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Fig.6.7 (d) : The linearized plot of Temkin isotherm (Adsorption isotherm of DB-86 at

4.65 g L adsorbent, 3.1 pH and 308 K)
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6.1.5 Activation Energy and Thermodynamic Study

The activation energy was calculated by Arrhenius equation for the adsorption of DB-86 on
PnsAC-alginate beads as:

Ink, = InA — =2 [6.14]

where E, is activation energy in J mol, A is Arrhenius constant, R is universal gas constant

8.314 J mol*K™2. Slope of the plot of Ink, with %gives activation energy.

In order to evaluate the thermodynamic feasibility and the nature of the adsorption process,
thermodynamic parameters such as standard free energy change (AG®), enthalpy change (AH®)

and entropy change (AS°) were estimated using the following equations:

AG® = -RT In K [6.15]
AG® = AH? - TAS? [6.16]
where KL= Db (L mg™*) x1000 ( mg g ') x Mpg-ss (g mol™t) x C° (mol LY) [6.17]

KL in Eq.[6.15] was the (dimensionless) ‘thermodynamic’ Langmuir constant for the adsorption
process. The value of K. was obtained from the value of b (in L mg™), calculated from isotherm
data using Eq.[6.10] with changing all concentration terms into molar form and taking into
account the standard state C° = 1 mol L (Mouni et al., 2018). The values of AH® and AS° were
obtained from the intercept and slope, respectively, of the linear plot of AG® vs T (Fig.6.8).
Negative values of AG® (-23.9 to -28.3 kJ mol™) estimated from Langmuir constant indicated the
feasibility and spontaneity of adsorption of DB-86 on the PnsAC-alginate beads. Positive value
of AHC (17 kJ mol™) indicated that the adsorption was endothermic in nature and increased with
increase in temperature. Also, it indicated that the physical adsorption process played the
significant role in the adsorption of DB-86 onto PnsAC-alginate. It was important to note that in
several previous studies, the Pseudo second order kinetics with physical adsorption was reported
such as adsorption of DB-86 on activated carbon prepared from orange peel (Nemr et al., 2009),
adsorption of methylene blue onto natural clay (Bentahar et al., 2017) and kaolin (Mouni et al.,
2018). The positive value of AS® (14.23x1072 kJ mol* K1) implied that the adsorption of DB-86
on the PnsAC-alginate beads was accompanied by increase in randomness at the solid/solution
interface during the adsorption of DB-86 onto PnsAC-alginate adsorbent. Similar results were

observed in the adsorption of methylene blue (Angela et al., 2018; Han et al., 2009; Mouni et al.,
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2018). To check the favourability of the adsorption process, a dimensionless equilibrium

parameter R, known as separation factor was calculated using the following equation:

1
L™ 1+bc,

[6.18]

For favourable adsorption process, the value of R varied in the range 0 — 1. The calculated R
values for the adsorption of DB-86 onto PnsAC-alginate beads were 0.039 - 0.27 at temperatures
293 - 308 K, indicating favourable adsorption of DB-86 onto PnsAC-alginate. According to the
experimental results and characterization of adsorbents in the present study, the adsorption
mechanism of DB-86 onto PnsAC-alginate beads could be described by following steps in

sequential:

i. ~ Transport of DB-86 from bulk solution to the exterior surface of PnsAC-alginate beads
through a boundary layer (liquid film diffusion).

ii.  Adsorption of dye on the adsorbent surface, which might be due to the formation of weak
hydrogen bonds between the positively charged PnsAC-alginate surface and the oxygen

atoms of DB-86 molecules as shown in Fig.6.9

The following reactions possibly occurred at the solid / liquid interface:
PnsAC-alginate + H* — (PnsAC-alginate )H"
(PnsAC-alginate )H" + DB-86 ~ — (PnsAC-alginate )H".... DB-86 ~
(Formation of weak hydrogen bond due to electrostatic interaction)
iii.  Transport of DB-86 from the exterior surface to the pores of PnsAC-alginate beads
(intraparticle diffusion).
iv.  Adsorption of DB-86 onto the active site in inner and outer surface of PnsAC-alginate

beads.

Table 6.6 : Thermodynamic parameters for Adsorption of DB-86 dye

T (K) KL x 10% (L mg™) AG® (kJ mol?) AHC® (kJ AS°x10? (kJ
mol?) mol?! K1)
288 2.79 -23.91
298 3.96 -25.61
308 411 -26.56 17.01 14.23
318 5.79 -28.33
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

7.0 INTRODUCTION

The present study concerns with the removal of Acid Yellow-36 and Direct Blue-86 dyes, from
synthetic wastewater using Peanut shell Activated Carbon (PnsAC) and alginate coated Peanut
shell Activated Carbon (PnsAC-alginate). The results of adsorption studies of AY-36 and DB-
86 dye on PnsAC and PnsAC-alginate have been presented separately. Conclusions are
summarised (7.1) and compiled (7.2) according to the objectives given in the section 1.4 of
Chapter 1.

7.1 SUMMARY OF PRESENT WORK

7.1.1 REMOVAL OF AY -36 FROM AQUEOUS SOLUTION USING
PnsAC

i.  The low cost AC was prepared by acid treatment followed by pyrolysis at 650 °C of peanut
shells, which is an agricultural waste.

ii. Peanut shell based activated carbon was used to remove acidic dye Acid Yellow -36 (AY-
36) from the aqueous solution.

iii.  Characterisation was done using TGA, FESEM with EDX, FTIR, BET surface area and
Zero point charge, which confirmed that PnsAC was good adsorbent.

iv. To test the efficacy of adsorbent, batch adsorption study was conducted at different
operating conditions.

v. The estimated optimum conditions were 4g L of PnsAC, 200 mg L AY-36 at 35 °C
temperature. Adsorption was observed to be pH dependent and maximum dye removal was
obtained at pH 2.

vi.  Among several isotherm models, Freundlich isotherm model explained well the adsorption

equilibrium with minimum normalized standard deviation (Age %) value.
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Vil.

viii.

Freundlich isotherm model:

(e =32.5 Cg"** (AQe% =6.95) [7.1]

Toth isotherm model:
600C,

Qe = [0.43+C 0.43]1/.043 (Age% =7.07) [7.2]
) e
Sips isotherm model:
0.35x128.07C %
- X C (AGe% =7.21) [7.3]

®  1+0.35C "

Redlich Peterson isotherm model:

364.08C,

= o) AQe% =7.23 7.4
% =3 996C,7 \AGeH el 3) L74]
Langmuir isotherm model:

0.94C

=66.7 —— AQe% =16.7 7.5

e 1+0.94C, Ea¥=10] 73]

Kinetic data were analysed using Pseudo first order, Pseudo second order, and intra-
particle diffusion models.

Pseudo second order fitted the kinetic data. Moreover, the interactions between dye and
PnsAC were likely to be driven by chemical forces.

Negative value of AG° confirms the process to be feasible and spontaneous. Positive
values of AH® indicates that the adsorption process is endothermic. Positive values of AS®
increased disorderness in the adsorption of AY-36.

These results indicate that the PnsAC is a potential adsorbent that can be successfully

used commercially for the treatment of wastewater containing AY-36.

7.1.2 REMOVAL OF DB -86 FROM AQUEOUS SOLUTION USING
PnsAC

The activated carbon was made from agricultural waste peanut shells using HzPOa.
The BET surface area was found to be 965.67 m?g™. Other characterization study reveals
that PnsAC can be used as an efficient adsorbent to remove Direct Blue-86 (DB-86).

Adsorption depends on pH and maximum adsorption was found at pH 2.
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Equilibrium time was observed at 150 minutes. Kinetic data was very well described by

Pseudo second order model.

Various isotherm model equations with their normal standard deviation are given below.

Freundlich isotherm model:

Qe =3.039 /2% (AQe% =2.36)

Redlich Peterson isotherm model:

g - 344.:644C,
¢ 1+113.131C %%

(AQ:% =2.36)

Sips isotherm model:

0 0.034x86.36C,"**
© 8 Bl + @034C "%

(AQe% =2.36)

Fritz-Schlunder isotherm model:

1.708C %

T 1+0.458C 17 (AQe% =2.35)

Ce

Radke-Prausnitz isotherm model:

_319.895x3.047C,***
°  319.895+3.047C (32

(AQe% =2.36)

Koble-Corrigan isotherm model:

2.862C,°%"

" 1+0.044C°% (AQ:% =2.37)

G

Toth isotherm model:

614.013C,
= [0.554+ Ceo.oss]l/.oss

o (AQe% =3.16)

Langmuir isotherm model:

0.045C,

e AGe% =3.73
1+0.045C, (Age¥6 =3.73)

0, =15.547
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Vi.

The value of AG® and AH® indicates that process is spontaneous and endothermic. The
positive value of AS° indicates the interaction between adsorbate and adsorbent.

From the present study we can say that Peanut shell Activated Carbon (PnsAC) can be
utilized commercially in the removal of Direct Blue 86 dye, but its removal efficiency is

not as good as it is for AY-36 dye.

7.1.3 REMOVAL OF DB -86 FROM AQUEOUS SOLUTION USING
PnsAC-ALGINATE

Vi.

Vil.

The alginate encapsulated Activated Carbon (PnsAC-alginate), prepared from waste
Peanut shell was used as an adsorbent for the removal of Direct Blue-86 (DB-86) from
aqueous solutions.

Characterization of PnsAC-alginate was done by using SEM, EDX, XRD, TEM; Sger,
pHzrc and FTIR analysis. SEM — EDX study confirmed the adsorption of DB-86 dye
onto PnsAC-alginate. XRD results suggested the decrease crystallinity of carbon in
PnsAC-alginate. TEM analysis confirmed the porous texture surface morphology, which
was consistent with the SEM. BET surface area of PnsAC-alginate was 142.5 m? g*. The
average pore size was 5.97 nm. The estimated value of pHzpc for PnsAC-alginate was
7.8.

FTIR analysis confirmed the adsorption of DB-86 onto PnsAC-alginate. The
experimental results also showed that the dye removal efficiency was increased by 7 %
as compared with Peanut shell Activated Carbon (PnsAC) as an adsorbent.

The effects of temperature, extraction time, adsorbent dose, dye concentration and
solution pH on the adsorption of DB-86 onto PnsAC-alginate were studied.

Central composite design coupled with response surface methodology (RSM) was used
to optimize the adsorption feed conditions in order to achieve maximum dye removal
efficiency.

The statistical analysis revealed that for maximum dye removal efficiency, the optimal
conditions were adsorbent dose of 24.65 g L, DB-86 dye concentration of 125.5 mg L
and pH of 3.1. Under the optimized conditions, experimental dye removal efficiency
(98.4 + 0.1%) agreed closely with the predicted results, thus indicating the suitability of
RSM in optimizing the feed conditions.

The adsorption kinetics of DB-86 was well described by Pseudo second order kinetic

model with intra-particle and film diffusion mechanisms.
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viii.

Freundlich isotherm model provided the best fit to the adsorption equilibrium data. By
Langmuir adsorption isotherm study, maximum monolayer adsorption capacity was
found to be 21.6 £ 0.9 mg g*.

Freundlich isotherm model:

q, =183 C," (AGe% =11.93) [7.14]

Langmuir isotherm model:

0.041C
=21.6——— AQe% =13.74 7.15
% 1+ 0.041C, ! ) [7.13]
Estimation of thermodynamic parameters revealed that the adsorption process was
feasible, spontaneous and endothermic in nature.
The present study demonstrated that PnsAC-alginate effectively removed anionic DB-86

dye from aqueous solution.

7.2 CONCLUSIONS

Present work has been taken with the objective of removing two dyes (AY-36 & DB-86) from

wastewater. Following conclusions have been drawn from the present work:

Vi.

Vii.

Adsorptive removal of dyes were carried out with indigenously made Activated Carbon
from the agricultural waste, Peanut shell using HsPOa.

98 % removal of dye AY-36 was obtained at 200 mg L dye concentration with PnsAC
dose of 4 g Lt at pH 2.

78.6 % removal of dye DB-86 was attained at the concentration of 100 mg L™ dye for 10
g L't of PnsAC.dose at pH 2.

A novel adsorbent of PnsAC was made successfully by surface modification with
alginate.

98.4 % removal of dye DB-86 was achieved by surface modified PnsAC (PnsAC-
alginate).

RSM technique was utilized for optimization of dye concentration, PnsAC-alginate dose
and pH of the process.

The optimum value of independent variables were 3.1 pH, 125.5 mg L™* dye concentration
and 24.65 mg L PnsAC-alginate.
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viii.  Various kinetic models and equilibrium isotherm models were studied.

iIX.  Thermodynamic parameters revealed that the process was spontaneous and endothermic.

7.3 RECOMMENDATIONS FOR FUTURE WORK

On the basis of present studies, the following recommendations have been made for further

studies:

i.  Since present investigations revealed the feasibility of PnsAC and PnsAC-alginate for the
removal of AY-36 and DB-86, adsorption studies can be done with some other dyes eg
Direct Violet-35.

ii.  The present work pertains to the batch adsorption study, so it would be desirable that the
continuous adsorption study in fixed bed or fluidized bed systems may be conducted for
their application on large industrial scale.

iii.  The adsorption capacity of adsorbents using various surface modification agent, can be
examined.

iv. In the present study we have conducted experiment only on synthetic wastewater
containing the specified % of dye. The effect of inorganic and organic constituent present
in wastewater of textile industry have not been planned in this research and so have not
been studied. However these studies are interesting and highly desirable for the practical
application of present research work. The industrial wastewater from textile industry
contains many organic and inorganic compounds other than the dyes. These other

constituents include (Pérez et al., 2016)

Acid NazS0s, H2SO4, CH202, C2H402, CH3COONHa4, (NH4)2SO04
Basic CH202, C2H402, C2H204, C76Hs52046
Direct NaCl, Na2S04, NaNO2, HCI

Reactive NaCl, CON2H4, Na,COs3, P20s, NazP20~

In the present work their effect on adsorption process has not been studied. It is suggested
that these aspects related to industrial wastewater may be studied in future for its practical

implementation in the industry.
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