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PREFACE

Adsorption is one of the most efficient methods for removal of dyes and heavy metals from
aqueous solutions. Since last few years, adsorption technique has drawn greater attention
of the scientists due to its cost effective nature, highly efficient and simple operation. The
present work is an attempt in the direction of using low cost solid waste byproduct of
mentha oil distillation units. The Mentha plant after distillation is air dried and used as
source of cheap fuel. The ash generated after burning is simply a useless byproduct. In the
present investigation, the powdered dry ash of Mentha plant has been used as an adsorbent
for removal of dyes and chromium metal. The present investigation entitled “Application
of Mentha Plant Ash derived from distilled Mentha piperita plant waste as adsorbent in

removal of dyes and heavy metals from aqueous solutions’’ includes VIII chapters:

Chapter-1: It describes general introduction about water pollution, role of dyes in water
pollution, classification of dyes based on composition and application, heavy metal
chromium and its occurrence in the environment.

Chapter-11: This chapter relates to review of literature concerning the research topic. It
includes the work done by earlier workers carried out in relation to dyes/metals using
various sorbents.

Chapter-111: It describes detailed methodology including chemicals and solutions,
collection of Mentha Plant Ash (MPA), use of various instrumental techniques required for
removal of dyes and Cr(VI). It also incorporates details of kinetic and thermodynamic

studies related to adsorption of dyes and Cr(\V1) metal.



Chapter-1V: This chapter describes general characterization of Mentha Plant Ash (MPA)
as an adsorbent. The results of MPA characterization are based on SEM, EDX, BET, TGA,

XRD and FTIR analysis of the sample.

Chapter-V: It includes removal of cationic dyes by Mentha Plant Ash (MPA). In this
chapter, the results in section A pertains to removal of malachite green (MG) dye by
Mentha Plant Ash (MPA), whereas in section B, removal of methylene blue (MB) dye by
Mentha Plant Ash (MPA) has been described. The data on optimization of dye removal are
also discussed with reference to temperature, pH, dose of dye/adsorbent etc. Further, data

were analyzed for adsorption isotherms, kinetics and thermodynamic parameters.

Chapter-VI: It describes the removal of Cr(VI) by Mentha Plant Ash (MPA). The
adsorption mechanisms involved in Cr(VI) adsorption by MPA has been worked out using
different analytical tools such as FTIR, XPS, XRD, cyclic voltammetry etc. The Kkinetic

and thermodynamic parameters were analyzed to explain the nature of adsorption.

Chapter-VII: This chapter describes the general discussions regarding characterization of
Mentha Plant Ash (MPA) before and after adsorption of cationic dyes (MG and MB) and

Cr (VI), factors affecting the adsorption of cationic dyes/Cr(VI).

Chapter-VII11: It mentions summary of the thesis work and important conclusions as

evident from the findings of present investigation.

Finally, the most important outcome of the present investigation is that the Mentha Plant
Ash (MPA) can be cheap, ecofriendly and excellent adsorbent for removal of cationic dyes
and chromium metal due to it electronegative surface active ligands involving

chemisorption process. At the same time, finding revealed that MPA also worked as



chemical catalyst catalyzing the reductive chemical transformation of dyes/metals as

evident from the results of redox reaction.
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CHAPTER-I
General Introduction




1.1. Introduction

Nature does not produce anything that is harmful and cannot be decomposed and
returned to the fresh pool resources present on earth. Nature returns organic and
inorganic wastes to the soil in the form of manure and fertilizers. People often dump
such wastes in the rivers and oceans, and thus treat the nature as a commodity. The
detrimental effect of pollutants caused to water, air, land and other natural resources are
referred as environmental pollution. Rivers and lakes nurture early civilization and
human life without disturbing the ecosystems and nature. However, modernization has
altered the trend of the environment and damaged its original state. The cities and
villages developed along the rivers and lakes are discharging large quantities of
different type of sewage into natural water bodies, virtually changing them into an open
sewers. The industries established in urban and sub-urban areas discharge large quantity
of industrial wastewater into natural water streams and oceans. Environmental
pollutants coming from industrial effluents are of major concern because of their high
toxicity potential and threat to human beings and environment. The discharge of
untreated industrial effluents to the natural water bodies has raised high risk of health
hazards associated with the entry of toxic pollutants into the food chains of animals and
humans. Probably, the overpopulation is the main cause of environmental deterioration.
The total land area available for cultivation is shrinking day by day due to
desertification, soil erosion, changes in the weather conditions, fast growth of road
systems and reduction in irrigation water. It is necessary for all of us to be aware of all
such dimensions of the biosphere that are fixed and has limited ability to absorb
pollutants. Socio-economic development is the main key to secure water availability in
an increasing water-stressed conditions where huge quantity of wastes are being

produced as an inseparable part of many human activities. Administrative, technical



processes and effective management are important parameters to gain water security,
but it is not possible to produce them without support of economic resources.

1.2. Water Pollution

Water is a most precious natural resources available on the earth. It covers about 70%
of the earth’s surface, but only 0.7% of the fresh water is used for human consumption.
Due to gradual increase in the global population by 2020, the water demand may also
increase by about 50% in developing countries and approximately 18% in developed
countries by 2020 (UN-Water, 2013). Saving water to save the earth and to make the
future of mankind safe is a primary concern of environmentalists. The growth of
mankind, society, science and technology is reaching to new horizons, but the
environmental cost which we are going to pay in near future will surely be too high.
Water scarcity is going to affect every society and it is estimated that about 1.8 billion
people world over will be living with absolute water scarcity by the end of 2020. The
water requirement by agriculture, industry, domestic purposes and energy sector would
be very high (UN-Water, 2013). The United Nations World Water Development
Report, UNESCO reported that industrial, agricultural and domestic sectors are
consuming about 70, 22 and 8% of the available fresh water, respectively, which has
resulted in the generation of large quantity of wastewater (Krishnan et al., 2011). Water
pollution is the major global environmental problem at present day. Ever increasing
contamination of natural water reserves such as rivers, lakes, oceans and ground water
is adding to India’s water woes. About 70% of the surface water and an increasing
percentage of groundwater is being contaminated by organic and inorganic toxic
pollutants. The sources of such pollution include point and nonpoint sources such as
industrial waste water, domestic waste water and agriculture. The health implications

of poor quality of water are enormous and water related diseases are responsible for



more than 60% of the health burden in India (UNICEF, FAO and SaciWATERs, 2013).
Among all the toxic pollutants, the most important classes of the pollutants are dyes
and heavy metals present in various industrial effluent. It is important to note that water
pollution by dyes and heavy metals is considered as a serious environmental problem
because these pollutants tends to modify the physico-chemical properties of water and
are very toxic to aquatic life, animals and human beings (Sciban et al., 2011).

1.3. Dyes and their role in water pollution

Different dyes present in the industrial wastewaters are considered one of the major
class of water pollutants. Many textile processing industries discharge a large amount
of textile effluents into natural water bodies as shown in Fig. 1.1. Dyes cause severe
environmental disposal problems due to their persistent and non-biodegradable nature

(Chen et al., 2013).
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Fig. 1.1. Discharge of textile effluents into natural water bodies by textile processing industry.

Synthetic dyes are types of toxic organic pollutants mainly used in paper industry, dye
houses, textile and printing industries (Mittal et al., 2010). Synthetic dyes can cause

serious environmental pollution due to their extensive application and large scale



production (Forgacsa et al., 2004). Food industries, printing, textiles, dyeing and dye
manufacturing units are the main sources of dye release into natural water bodies
(Mittal et al., 2010). Among various industries, the textile industry stands as frontline
user of coloring dyes. It has been estimated that approximately 15% of the total dye
stuff is lost to industrial effluents during manufacturing processes (Chakraborty et al.,
2011). It has been reported that more than 1, 00,000 commercial dyes producing
industrial units are available with an annual production of over 7 x 10° tons (Khandegar
and Saroha, 2013). The synthetic organic dyes are known to cause serious health
problems as number of dyes produced in industrial processes are found to be quite
stable against photobleaching and are also persistent against aerobic digestion because
of their structural complexity and large molecular size (Dincer et al., 2007). Depending
on the ionic charges of the dye molecules, dyes can be categorized as cationic, anionic
and non-ionic forms, and the cationic dyes have more toxicity potential as compared
with anionic dyes (El-Sayed, 2011). Among various synthetic dyes, basic cationic dyes
(crystal violet, methylene blue and malachite green) have drawn much more attention
of researchers towards its complex structure, toxicity potential and its removal from
their aqueous solutions.

1.4. Classification of dyes based on composition and application

The organic compounds which absorb electromagnetic/light energy with the
wavelengths in the visible range (350-700 nm) are referred as colored compounds.
Generally, the dyes contain two basic components which include chromophores and
auxochromes. The chromophores may be defined as the delocalized electron systems
with conjugated double bonds whereas auxochromes are electron donating or electron
withdrawing groups that enhance the color of the chromophore by varying the total

energy of the electron system. The common chromophores include —-C=N-, -C=C—, —



N=N-, —-NO2, —C=0, and quinoid rings whereas common auxochromes are -COOH, —
NHz, —OH, and —SOzH (van der Zee et al., 2003). Various chromophore groups present
in synthetic dyes are listed in Table 1.1. Further, all the synthetic dyes can be classified
either according to their mode of application or its composition.

The chemical structures of dyes decide the properties, colors and its uses, and provide
only the rational basis for the classification of synthetic dyes (Kiernan, 2001). A number
of dyes groups based on the availability of different chemical structure/structural
units/chromophores are reported currently. A very important dyes groups includes azo
(monoazo, diazo, triazo, polyazo), arylmethane (diarylmethane, triarylmethane),
anthraquinone, naphthoquinone, phthalocyanine and polymethine dyes. Other
important dye groups are indigoid, thiazine, xanthene, azine, oxazine, nitro, nitroso,
lactone, thiazole, indamine, indophenol, aminoketone and hydrxyketone dyes and dyes
with undetermined chemical structures such as sulphur and stilbene dyes (Kiernan,
2001).

Dyes and colorants are classified depending on its mode of applications. They include
basic dyes, acid dyes, direct dyes, reactive dyes, disperse dyes, azo dyes, mordant dyes
and vat dyes (Hao et al., 2000).

Generally, the reactive dyes contain some reactive groups which are actively participate
in the formation of covalent bonds with hydroxyl (OH™), amine (NH2") and thiol groups
(=SH) in the fibers. Reactive dyes are widely used in the textile industry due to their
wide range of color shades, easy application and low energy consumption (Singh et al.,
2011). The hydrolysis of the reactive groups is an unwanted side reaction and it
minimizes the extent of fixation onto fibers. Thus, it has been estimated that about 10—

50% of reactive dyes do not react with fibers and it is hydrolyzed in the agueous phase.



The problem of colored wastewater is therefore identified mainly with application of
reactive dyes.

According to the color index, the acid dyes group is the largest class of dyes and it has
been estimated that about 2300 different acid dyes are currently listed and currently
about 40% of them are in production. The acid dyes are commonly referred as anionic
organic compounds and mainly used for dyeing basic groups containing wool and silk
fibres. Application of these dyes is usually favoured under acidic conditions due to
protonation of basic groups present in the fibers. The dyeing process of acid dyes is
reversible in nature and they are usually removed from fabrics by washing. The
presence of different chromophore groups such as azo, anthraguinone and
triarylmethane in acid dyes exhibit varying nature and behavior in aqueous media.
Direct dyes are referred as large and linear organic molecules which have high binding
affinity towards cellulosic fibers. The dyes bind with the cellulosic fibers through weak
Van der Waals forces of attraction. It has been suggested that the common salt is often
used with the direct dye to promote dyeing, because the presence of excess sodium ions
favours establishment of equilibrium stage with the minimum concentration of direct
dye. The dyeing process of the direct dyes is reversible in nature and exhibit poor wash
fastness. A typical example of direct dye is Congo red dye.

Mordant dyes are the compounds which attach to the fiber and then bind with the dye
molecules to form an insoluble complex. It has been estimated that about 600 different
mordant dyes are listed in the color index. Nowadays the usage of mordant dyes is
gradually decreased to about 23%, but still they are used for dyeing silk, paper, wool,
leather and modified cellulosic fibers. These dyes have poor affinity for the fibers.

However, these dyes need a pretreatment of the fiber with the mordants (usually metal



salts such as chromium and iron salts). Azo, oxazine and triarylmethane compounds are
generally referred as mordant dyes.

Table 1.1. Different chromophore groups present in synthetic organic dyes.
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The disperse dyes are less soluble and specifically used to color synthetic fibers like
cellulose acetate, polyester, polyamide, acryl and etc. The diffusion of dye molecules
requires swelling of the fiber and it is achieved either by high temperature (>120°C) or
with the help of chemical softener. Disperse dyes form the third largest group of dyes
in the color index. It has been estimated that about 1400 disperse dyes are listed
currently and out of which about 40% are currently manufactured by the
industries. These dyes are commonly azo or nitro compounds (yellow to red),
anthraquinones (blue and green) or metal complex azo compounds (all colors).

Vat dyes are insoluble in water but their reduced forms are more soluble in water. These
dyes are basically applied on fibers in their reduced forms and this form can be obtained
by treating the compound with reducing agent (alkaline sodium dithionite). When the
reduced form of dye is adsorbed on the fiber; the original insoluble dye is reformed
upon oxidation with air or chemicals. Vat dyes offer excellent fastness but these dyes
are quiet expensive and need some extra care during application. The vat dyes contain
indigo and anthraquinone type of chromophore groups.

The sulphur dyes are heterocyclic polymeric aromatic compounds. Dyeing process of
sulfur dyes involves reduction and oxidation process. Sulfur dyes become water soluble
after reduction with sodium sulfide and exhibit great affinity towards cellulosic fibers.
After exposure to air, the dyes are oxidized to insoluble dye inside the fibers. Sulfur
dyes are basically used in textile industry to color cellulose fibers.

Solvent dyes (lysochromes) are nonionic dyes which are used for dyeing substrates in
which they can easily dissolve, e.g. plastics, varnish, ink, waxes and fats. Most solvent
dyes are diazo compounds and have found very less application in textile industry.

1.5. Basic cationic dyes



The cationic dyes are mainly employed in dyeing of wool, acrylic, nylon and silk fibres.
Based on different substituted aromatic groups, cationic dyes have different molecular
structures (Eren and Afsin, 2007). These dyes are commonly known as basic dyes and
mainly depend on a positive ions like hydrochloride or zinc chloride complexes (Tyagi
etal., 2002). Generally, cationic dyes have a positive charge in their chemical structure,
furthermore these are soluble in water and produce colored cations in aqueous solution.
Cationic functionality is found in number of dyes, especially in cationic azo dyes and
methane dyes. Various other dyes such as anthraquinone, phthalocyanine dyes, di- and
tri-arylcarbenium, various polycarbocyclic and solvent dyes also show cationic
functionality. The anthraquinone dyes are expensive and weak as compared to low cost,
strong cationic azo dyes (Hunger, 2003). Basic cationic dyes are highly visible even in
very low concentration and have high color intensity and brightness (Mishra and
Tripathi, 1993). Cationic dyes such as Crystal violet, Malachite green, Methylene blue,
Basic blue 41 and Basic red 46 have been used intensely as model in dye adsorption
studies. Among thsese dyes, Methylene blue is an important basic cationic dye which
is widely used in the textile industry. It has been estimated that the basic dyes represent
about 5% of all the dyes listed in the color index. These dyes give intense and brilliant
shades to fibers but have poor light fastness. Further, basic dyes can be applied for
dyeing silk and wool fibres directly.

The crystal Violet (CV), malachite green (MG) and methylene blue (MB) dyes are basic
cationic dyes mostly used in the textile industry, manufacturing of paints, printing inks,
leather, wool, jute and silk due to its low cost, easy availability, efficacy and lack of a
proper alternatives (Zhang et al., 2008; Chakraborty et al., 2011). The chemical
structures of CV, MG and MB dye have been shown in Fig. 1.2. The CV, MG and MB

dye have been considered as a persistent recalcitrant organic molecule in the



environment as it is poorly metabolized by the microbes (Chakraborty et al., 2011;
Shayesteh et al., 2015). In addition to it, the CV, MG and MB dye are found to be
relatively more carcinogenic, genotoxic, mutagenic, and teratogenic as compared to
anionic dyes due to its aromatic ring with delocalized electrons (Shayesteh et al., 2015;
Suwandi et al., 2012). If these dyes are absorbed in higher amounts through the skin, it
can cause skin irritation, digestive tract irritation, respiratory and kidney failures (Mittal

et al., 2010; Ahmad, 2009; Shayesteh et al., 2015).
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Fig. 1.2. Chemical structures of cationic dyes (crystal violet, malachite green and methylene blue).

1.6. Heavy metals

Heavy metals include copper (Cu), chromium (Cr), cobalt (Co), iron (Fe), manganese
(Mn), molybdenum (Mo), magnesium (Mg), nickel (Ni), zinc (Zn), selenium (Se),
mercury (Hg), arsenic (As) and lead (Pb). Among them, some are required as essential
mineral nutrients for healthy physiological and biochemical functions of living beings
while the other heavy metals such as cadmium, chromium, lead, mercury, arsenic,
copper and cobalt are found to be extremely toxic for living beings even when ingested

in very little amounts and are considered as major environmental pollutants because of

10


https://www.hydroviv.com/blogs/water-smarts/5-things-to-know-about-chromium-6-in-drinking-water
https://www.hydroviv.com/blogs/water-smarts/four-things-to-know-about-arsenic-in-drinking-water
https://www.hydroviv.com/blogs/water-smarts/four-things-to-know-about-arsenic-in-drinking-water
https://www.hydroviv.com/blogs/water-smarts/mercury-contamination-in-water-supplies-what-you-need-to-know
https://www.hydroviv.com/blogs/water-smarts/lead-in-drinking-water-chemistry-policy-new-york-city-case-study

their high toxicity potential, non-biodegradable nature and accumulative behaviors
(Anjum et al., 2011). A number of industries such as mining ore processing, metal
processing, metal polishing, paint and battery manufacturing industries discharge large
amount of industrial wastes and contribute to increase metal loads in the natural water
bodies. A large amount of metal-loaded industrial effluent from various industries are
discharge into natural water bodies and disturb the functioning of aquatic systems by
causing metal toxicity in aquatic life and human beings (Babarinde et al., 2006). The
main sources of heavy metals into the environment are listed in Table 1.2. The United
States Environmental Protection Agency has estimated that 4,65,237 kg year? of
chromium, 5500 kg year* of arsenic, 78,382 kg year of lead and 3,67,278 kg/year of
nickel are released into the environment in the form of wastewater (USEPA, 1995).
Industrial wastewater containing different metal pollutants (chromium, lead, mercury,
nickel, copper and cadmium) causing direct toxicity to human and animals due to their
concentration beyond the specified permissible limits (Xuejiang et al., 2006). Even at
very low concentrations, these heavy metals are known to cause developmental
abnormalities, cardiovascular diseases, neurologic disorders, hematologic and
immunologic disorders. These heavy metals are also considered as potential
carcinogens for living beings according to the U.S. Environmental Protection Agency.
The presence of toxic heavy metals in natural water bodies due to discharge of untreated
metal containing effluent from the associated industries, is considered to be as one of
the most serious environmental problems (Hawari and Mulligan, 2006). Among various
toxic heavy metals, Cr(\V1) has drawn much more attention of environmentalists and
many research groups are involved in the study of sources, application and toxicity

potential of Cr(\V1). In order to minimize the concentration of toxic metals in water and
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wastewater, it is very necessary to treat industrial effluents to permissible levels before
their discharge and cycling into the environment.

Table 1.2. Presence of heavy metals in industrial wastewater of different industries.

Industry Heavy metals present
Electroplating Cu, Cr, Zn, Ni

Batteries Pb, Hg, Cd

Leather Cr

Fertilizers As, Cd, Cr, Mn, Hg, Cu, Zn, Pb
Paints, dyes and pigments Cr, Cd, Pb, Cu, Ti, Se

Mining and metallurgy Cd, Cr, As, Hg, Cu, Pb, Zn, Ni

1.7. Chromium and its occurance in the environment

Chromium is the most abundant element present on the earth crust in different valance
states (-2 to +6), but among these the Cr(111) and Cr(\V1) are commonly present in the
natural environment. The two different oxidation states of chromium have different
biological, chemical and environmental characteristics (WHO, Geneva, 1988). The
Cr(11) compounds are very unstable and readily change to Cr(I11) compounds whereas
Cr(111) compounds are most stable. Most of the Cr(111) compounds are sparingly soluble
in water, whereas the majority of Cr(\VI) compounds are highly soluble in water and
their presence in the environment has associated with the industrial activities. A list of
water soluble Cr(VI) compounds are given in Table 1.3. The Cr(lll) is present in
vegetables, fruits, meat, grains and is often added to vitamins as a dietary supplement,
whereas Cr(VI) produce by various industrial processes is considered as major
environmental pollutants. The most stable state of chromium is Cr(Ill) which is
comparatively less toxic than Cr(VI) (Wang et al., 2009). The trivalent state Cr(ll) is

comparatively insoluble in aqueous systems and required by microorganisms in very
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small amounts as an essential trace metal nutrient (Saner, 1980), while hexavalent form
of Cr(VI) is a major concern because of its high toxicity potential. Cr(\VI) has been
considered as a primary contaminant to animals, plants, humans and microorganisms
and it is known to be carcinogenic for all living beings (Golonka, 1995).

Table 1.3. Different Cr(V1) compounds and their solubility in water.

Chromium compounds Colour crystalline forms Water solubility
Na2CrOq Yellow Soluble
CaCrOq Yellow Slightly soluble
Na2Cr207 Orange red Soluble
K2CrOg4 Yellow Soluble

CrOs Dark red brown Soluble
K2Cr207 Orange red Soluble
SrCrO4 Yellow Slightly soluble

Generally, the Cr(VI) occurs in combination with other elements in the form of
chromium salts which are soluble in water. It has been estimated that about 80% of the
Cr(VI) is used in stainless steel industry and various metallurgical applications. It is
used to produce ferrous and non-ferrous alloys in chemical industry for the production
of pigments, tanning of leather, electroplating and as a catalyst in the synthesis of many
chemicals (Opperman and Van Heerden, 2007). The general physical characteristics of
chromium are listed in Table 1.4.

A large amount of chromium is discharged into the environment by the textile dyeing,
leather tanning, electroplating, steel fab-rication, mining, aluminium conversion
coating operations, wood treatment units, paints and pigments leading to serious water
pollution (Nriagu and Nieboer, 1988). Most of the industrialized countries have
instituted the discharge limits for both Cr(I1l) and Cr(\V1) due to their environmental

concerns. The permissible limits for chromium in drinking water and industrial
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wastewater are listed in Table 1.5 (BIS, 2012; EPA, 2010; USEPA, 2012; WHO, 2011).
In order to meet the standard limit, it is important that the industries treat their effluents
to reduce the concentration of Cr(VI) in wastewater to permissible levels before its
disposal and cycling into the environment. Therefore, the concentration of Cr(VI) in
industrial effluent can be minimized by the application of suitable methods.

Table 1.4. General physical characteristics of chromium.

General properties Physical properties
Symbol, Atomic Cr, 24 Density 7.19 g/cm?®
number
Elemental category Transition  Melting point 2180 K
metal
Group, Period, Block VI, 4,d Boiling point 2944 K
Standard atomic weight 51.9961 Heat of 339.5 KJ mol*?

vaporization

Table 1.5. Permissible limits for chromium in drinking water and industrial wastewater.

Permissible limits in drinking water (mg/L) Permissible limits for
industrial wastewater

discharge (mg/L)

BIS EPA USEPA WHO BIS

0.05 0.05 0.1 0.05 0.1-2.0

1.8. Removal of dyes and heavy metals

Growing environmental concern and strict government policies have drawn an
increasing attention of many research groups towards removal of dyes and heavy metals

from the industrial wastewater. A number of methods are utilized to remove organic
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and inorganic contaminants from the industrial wastewater. These methods include ion
exchange (Tiravanti et al., 1997), electrochemical precipitation (Kongsricharoern and
Polprasert, 1996), reduction (Seaman et al., 1999), adsorption (Calace et al., 2002),
solvent extraction (K. Pagilla and Canter, 1999), membrane separation (Chakravarti et
al., 1995, reverse osmosis and bio-sorption (Aksu and Kutsal, 1990; Aksu et al., 1996)
and reduction followed by chemical precipitation (Zhou et al., 1993) and etc. All the
treatment methods for the removal contaminants from aqueous systems can be divided
into three categories viz. biological, chemical and physical methods. All of these
methods have some advantages as well as drawbacks due to uneconomical high cost

and disposal problems.

1.8.1. Biological treatment

Biological treatment is often used as an economical alternative method when compared
with other physical and chemical processes of wastewater treatment. Biodegradation
methods such as fungal decolorization, microbial degradation and adsorption by using
both living and dead biomass are commonly employed methods of treatment of
industrial wastewater. Many microorganisms such as bacteria, yeasts, algae and fungi
are known to accumulate and degrade different toxic pollutants (Chakraborty et al.,
2011). However, the application of microbes is often restricted because of technical
constraints. Biological treatment requires a large land area and is constrained by
sensitivity of microorganisms toward toxicants and growth limiting factors. Less
operational flexibility in design and operation of biological treatment do not provide
satisfactory results with biological treatment processes. Though many organic
molecules are degraded, but many other compounds/chemicals are recalcitrant due to
their complex chemical structure and highly toxic nature such as azo dyes which are

never completely degraded (Shayesteh et al., 2015).
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1.8.2. Chemical treatment

Chemical methods include coagulation or flocculation combined with floatation and
filtration, precipitation, electrofloatation, electrokinetic coagulation, conventional
oxidation by oxidizing agents and electrochemical processes. These chemical
techniques are often expensive in treatment of industrial wastewater and create disposal
problems due to accumulation of concentrated sludge. There is often a possibility of
causing secondary pollution problem due to the excessive use of chemicals. Recently,
other emerging techniques, known as advanced oxidation processes, which are based
on the generation of powerful oxidizing agents such as hydroxyl radicals, have been
successfully applied in degradation of various pollutants (Krishnan et al., 2017).
Although chemical method is an efficient treatment process for industrial wastewaters
but they are not cost effective and ecofriendly. The demand of high electrical energy
and the consumption of many chemical reagents are most common problems of these
method which make them commercially unattractive (Krishnan et al., 2017).

1.8.3. Physical methods

A number of physical methods such as membrane-filtration processes (nano-filtration,
reverse osmosis, electro-dialysis) and adsorption techniques are commonly employed
for removal of dyes and heavy metals from industrial wastewater (Dermont et al.,
2008). Limited time, membrane fouling and the cost of periodic replacement of
membranes are some of the major disadvantages of the membrane processes. So, among
all the physical methods, adsorption method has been found to be superior to other
techniques of wastewater treatment in terms of initial cost, flexibility and simplicity of
design, easy operation and insensitivity to toxic pollutants (Babel and Kurniawan,
2003).

1.9. Adsorption and adsorbents

16



Adsorption is a well-known equilibrium separation process and is found to be an
effective method for water decontamination applications. In accordance with literature,
the liquid-phase adsorption is one of the most popular methods for the removal of
pollutants from wastewater as the adsorption process results into a high-quality treated
effluent (Gisi et al., 2016). The adsorption process provides an attractive alternative for
the treatment of contaminated waters, especially if the sorbent is inexpensive and does
not require an additional pre-treatment step before its application. Adsorption is the
process of accumulating the dissolved substances in solution on a suitable solid-liquid
interface. It is a mass transfer operation wherein the constituents of liquid phase get
transferred to the solid phase. The substance which is being separated from liquid phase
is called ‘adsorbate’ and the substance which accumulates the substance is called
‘adsorbent’ (Metcalf and Eddy, 2004). Adsorption is one of the simple and cost
effective techniques for removal of dyes and heavy metals from their aqueous solutions.
High efficiency, easy handling, high selectivity, low operating cost, minimum use of
chemicals and regeneration of adsorbent are the main advantages of this method.
However, initial dye/metal ion concentration, adsorbent dose, contact time, pH and
temperature are the few process optimizing factors that influence the rate of adsorption.
Applicability of different adsorbents is often limited as they are usually prepared from
non-renewable materials and they are still found to be expensive. In recent years,
different waste biomass have been applied for removal of dyes and heavy metals from
wastewater and that is considered as good step in the direction of reducing the cost of
adsorbent (Zhang et al., 2014). Activated carbon is one of the most commonly used
adsorbent for the removal of dyes/heavy metals because of its large surface area, micro-
porous nature, high adsorption capacity and surface reactivity. However, commercially

available activated carbon is still found to be very expensive and has high cost of
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regeneration (Waranusantigul et al., 2003). This has led many researchers to find some
cheap and efficient alternative materials for this purpose. Researchers are always in
search for developing more efficient, cheap and easily available types of adsorbents,
particularly from the waste materials. A range of biological materials such as
agricultural by-products, biomass and activated sludge have been utilized as sorbents
in wastewater treatment. These adsorbents exhibit varying degree of efficiency in the
removal of dyes and heavy metals from wastewater (Shi et al., 2015).

1.9.1. Agricultural wastes as adsorbents

Among several bio-materials, agricultural waste materials have shown significant
dye/metal removal efficiency at minimum cost as they are readily and abundantly
present in nature. Agricultural waste materials have little or no economic value and
often pose a disposal problem. Agricultural waste materials always contain certain
biomolecules like hemicellulose, polysaccharides, lignin, lipids, proteins, sugars, water,
hydrocarbons and starch which are actively involved in the process of ionic adsorption
(Bhatnagar and Sillanpaa, 2010). The utilization of agricultural waste is of great
significance in removal of toxicants. Agricultural wastes used as an adsorbent for the
removal of pollutants are mainly applied in the form of raw materials (Guiza, 2017),
biochar (Wang et al., 2016) and chemically activated or modified biosorbent materials
(Chen et al., 2013). In the form of raw materials, the product is washed, ground and
sieved until the desired particle size of adsorbents are obtained, which can be
subsequently used in batch adsorption experiments. But in the case of activated or
modified form, the product is pre-treated by using suitable modification techniques
(Bhatnagar and Sillanpaa, 2010). The main aim of the pretreatments is to modify the
surface functional group and, consequently, increase the number of active sites on the

surface of adsorbents. Application of agricultural waste materials and optimization of
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adsorption efficiency are being studied for removal of different dyes and heavy metals
from aqueous solutions. The common agricultural wastes used as adsorbents in the
removal of dyes and heavy metals are listed in Table 1.6.

Table 1.6. Agro-waste based adsorbents used in the removal of dyes and heavy metals.

Adsorbents References Adsorbents References

Coir pith Parab et al. (2006) Bagasse fly ash Memon et al. (2009)
Orange peel Feng et al. (2011) Hemp fibres Gupta and Ali (2000)
Rice husk Rajeswari et al. (2001) Corn cob Buasri et al. (2012)
Sugarcane bagasse Malik (2003) White ash Chou et al. (2001)
Wheat straw Soliman et al. (2011) Wood derived biochar Kizito et al. (2015)
Banana peel Farooq et al. (2011) Barley straw Pehlivan et al. (2012)

1.9.2. Industrial wastes as adsorbents

Nowadays, many industrial activities produces a large amount of solid waste materials
as by-products. Some parts of solid waste materials are reused while remaining portion
is dumped in the landfills. Therefore, the possibility of reuse of industrial waste by-
products in the sorption process represent an interesting alternate choice for wastewater
treatment mainly because of the excess availability of industrial waste materials without
any cost. During last few years, a number of industrial wastes have been employed as
potential adsorbents for removal of the toxicants from industrial wastewaters

(Bhatnagar and Sillanpaa, 2010). Generally, industrial waste materials can be divided
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into five sub-groups: (i) Steel industry waste (ii) Fly ash (iii) Fertilizer industry waste
(iv) Aluminium industry waste and (v) Paper industry and leather industry. Fly ash is a
type of waste material generated during combustion processes in thermal power plants.
Fly ash is commonly used in the construction of roads, cement, bricks etc. It has been
estimated that the high percentage of alumina and silica in fly ash make it suitable for
the utilization as a low cost adsorbent for wastewater treatment (Bhatnagar and
Sillanpaa, 2010). The steel industry wastes such as sludge, blast furnace slag and dust
are the most investigated adsorbents with reference to their high adsorption potential
and easy recovery processes. Red mud, an aluminium industry wastes, has drawn more
attention of environmentalists in removal of contaminants from wastewater. Red mud
is a type of waste material generated during the production of alumina. The toxicity
potential and colloidal nature of red mud particles create a serious environmental
problems. Red mud is widely used in the manufacture of red mud bricks, as filler in
asphalt road construction and as a source of various minerals (Ali et al., 2012). It has
been reported that red mud after pre-treatment is found suitable for the treatment of
Congo red dye from aqueous solutions (Bhatnagar et al., 2011). Fertilizer industry also
generates a number of waste by-products in large amounts which deteriorate the quality
of nearby environment and create serious disposal problems. So, their utilization as
adsorbents for the removal of toxicants offer a good alternatives in wastewater
treatment.

1.9.3. Soil and ore minerals as adsorbents

Soil, clays, zeolites, sediment and ore materials fall in this group of adsorbent materials.
The adsorption potential of clay depend on the negative charges on the surface of fine
powder silicate minerals. The negative charges present on clays particles can be

neutralized by the binding of positively charged cationic dyes. The clays has large
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specific surface area ranging up to 800 m? g'* which contributes to its high adsorption
potential (Ali et al., 2012). Among many types of clays, only montmorillonite clays are
considered as an efficient adsorbent and expected to have the highest adsorption
capacity in comparison to other. Further, the clay particles can be modified by using
suitable chemicals to enhance its adsorption efficiency for the removal of contaminants
from aqueous solutions. Zeolites are naturally occurring silicate minerals and it can also
be synthesized at commercial level. The adsorption characteristics of zeolites mainly
depend on their ion-exchange behavior. Soil, sand and sediment can also be utilized for
the removal of organic contaminants from industrial wastewater. Soils have been
applied as an adsorbents to remove the organic and inorganic pollutants from aqueous
solutions. The high adsorption efficiencies of soils for the removal of glyphosate,
pesticides and phenolic compounds have been reported by earlier workers (Morillo et
al., 2000; Kibe et al., 2000; Gao et al., 2011). It has been reported that ore minerals are
more suitable for the removal of organic contaminants from wastewater. Ali et al.
(2012) and Bouyarmane et al. (2010) have investigated the adsorption potential of
natural phosphate rock and synthetic mesoporous hydroxyapatites for the removal of
pyridine and phenol from aqueous solutions. Both, natural and synthetic apatites
showed similar phenomenon in the sorption of pyridine whereas the adsorption of
phenol was directly proportional to their respective specific surface area of adsorbents.
In order to reduce the material cost of adsorbents, plant waste is used as low cost
adsorbents. Undoubtedly the agro-waste can offer low cost adsorbents for the removal
of toxic substances from aqueous medium. But the disposal of plant waste and toxic
adsorbate after the wastewater treatment is still big question. Can we find an adsorbent
which not only adsorb/separates the toxicants from aqueous phase, but also convert the

toxic waste into less toxic form which may easily be disposed off or recycled in
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ecofriendly manner. The researchers will have to make multifaceted approach with

main focus on cost reduction and ecofriendly technology, so that water treatment is

commercially acceptable and environmentally sustainable.

The present work is an attempt in the direction of using low cost solid waste byproduct

of mentha oil production i.e. Mentha Plant Ash (MPA) and harnessing the adsorption

efficiency of biomaterial (MPA) derived from distilled mentha plant waste by studying

the optimization of process. Further attempts are made in the present study to exploit

the physicochemical characteristics of MPA for catalytic transformation of toxic dyes

and metals into less toxic forms.

1.10. Objectives of the study

To investigate the adsorption and reduction potential of ash derived from
Mentha piperita plant waste in removal of cationic dyes (malachite green,
methylene blue) and Cr(VI) from their aqueous solutions.

To determine the various physicochemical characteristics of Mentha Plant Ash
(MPA) as an adsorbent using Zeta Potential Analyzer, Scanning Electron
Microscope (SEM), Energy Dispersive Spectroscopy (EDS), X-Ray
Photoelectron Spectroscopy (XPS), Brunauer-Emmett-Teller (BET), Fourier
Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), Thermo
gravimetric Analyzer (TGA) and Cyclic Voltammetry (CV).

To study the effect of various physicochemical factors affecting the efficiency
and nature of adsorption including such as initial dye/metal ion concentration,
contact time, pH, temperature, adsorbent dose and other desorption
characteristics to evaluate the applicability and efficiency of MPA as low cost
adsorbent for the removal of cationic dyes and Cr(VI).

To carry out studies on equilibrium, kinetic and thermodynamic parameters for
explaining the nature of adsorption process and to define the applicability of

various isotherms and kinetic models for the sorption of cationic dyes and

Cr(VI).
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2.1. Environmental occurence and toxicity potential of synthetic dyes

The manufacturing of synthetic organic compounds and their application for different
purposes is need of the industries but unwanted discharge of non-biodegradable organic
wastes from different manufacturing processes such as petroleum refining, coal
conversion, dyes and other synthetic organic compounds manufacturing, textile and
dyeing, paper and pulp are harmful to the environment (Husain and Jan, 2000). A
number of synthetic dyes are widely used as coloring agents by paper, textiles, hair,
leather, plastics, cosmetics bases and various foodstuffs industries (O’ Neill et al.,
1999). A number of dyes used for dyeing operations in textile industry are listed in
Table 2.1. However, inefficient conditions in various dyeing processes results into
discharge of huge quantity of dyestuffs to industrial effluent, which causes serious
harms to the environment (Robinson et al., 2001). Approximately 10,000 commercial
dyes are available and about 7 x 10° tons/year of dye stuff produced by the coloring
industries. It is estimated that about 2% of dyes produced annually is directly
discharged in industrial effluents from the associated industries (Allen and Koumanova,
2003). Textile and dyestuff industries discharge a large amount of wastewater which
contains various synthetic and complex organic compounds, which make them more
resistant and difficult to degrade into simpler ones (Padmesh et al., 2005). Among many
industries, textile industry stands at first position in usage of dyes for coloration of fiber
and other products. The total dye consumption by the textile industry is about 107
kgl/year in all over the world and it is estimated that about 90% of this ends up on
coloration of fabrics. Consequently, 1,000 tons/year or more of synthetic dyes are
released into waste streams by the textile industry in all over the world (Marc, 1996).

Moreover, textile effluents commonly contains different chemicals that may be very
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toxic, mutagenic and carcinogenic to human beings, aquatic animals and various
microbes (Verma et al., 2010).

Keen interest in the dye remediation has been primarily encouraged by the concern over
their possible toxicity potential and carcinogenicity (Novotny et al., 2006). It has been
estimated that about 60—70% of the dyes used in textile industrial operations are mainly
azo compounds (molecules with one or more azo —N=N- bridges) (Stolz, 2001).
According to their solubility in water, the azo dyes are divided into two sub-groups.
Water soluble azo dyes are referred as anionic (acidic dyes) or cationic (basic dyes),
while the dyes insoluble in water are non-ionic dyes or neutral dyes.

Table 2.1. Dyes used in dyeing operations in textile industry (Demirbas, 2009).

Dye class Description

Acid Soluble in water, anionic organic compounds

Basic Water-soluble, used in slightly acidic dyebaths, high brightness
Direct Anionic compounds, water-soluble, applied directly to cellulosic

fibres without any mordants or metals like chromium and copper

Disperse Insoluble in water

Reactive Largest dye class, soluble in water, anionic organic compounds
Sulfur Sulfur or sodium sulfide containing organic compounds

Vat Insoluble in water, chemically complex oldest dyes

Dyes are highly visible even at very low concentration, some dyes can be detected in
concentration below 1.0 mg L and are produced to be photolytically and chemically
stable, thus persist in environments (Nigam et al., 2000). However, many of the azo
dyes are not toxic in nature by themselves but after their discharge into natural water
bodies, these organic compounds can be transformed into carcinogenic amines and
other aromatic compounds (Lima et al.,, 2007). Consequently, the discharge of
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potentially toxic dyes in the aquatic environment can create an ecotoxic risk and affect
all the human beings and animals through food chain (Mondal, 2008). The ecotoxic
risk, which the dyes exhibit in wastewater, mainly depends on their concentration,
exposure time, chemical and physical properties (Robinson et al., 2001). Fish mortality
and algal growth is not severely affected by the dye concentration less than 1 mg L.
The most extremely toxic dyes for fish, algae and other aquatic organisms are basic and
acid dyes, especially those which have a triphenylmethane structure (Greene and
Baughman, 1996). Dyes have ability to absorb and reflect sunlight entering the water
and so it can interfere with the growth of aquatic plants and disturb the process of
photosynthesis in aquatic plants. Dyes can have acute and chronic effects on the living
beings depending on the exposure to dye concentration and duration of exposure. Dyes
can cause serious allergic dermatitis, cancer, mutation, and etc. in human beings. The
problems of dye pollution become serious and degradation of dyes remains ineffective
due to complex aromatic structures of the dyes (Pearce et al., 2003). A highly colored
textile effluents contain mixture of different dyes discharged by textile and dye
manufacturing industries. The textile and dyestuff manufacturing industries are the
main sources which release dye-loaded wastewater into natural water bodies. Textile
effluent contains high ionic strength, salt concentrations and high pH values (Nigam et
al., 1995). Toxic, non-biodegradable and complex structure of dyes pose serious threat
to aquatic life and human beings. Textile dyes have been considered as major pollutants
of aquatic systems due to their toxicity potential, carcinogenic and mutagenic nature.
Most of the synthetic dyes are made from carcinogens such as benzidine and other
aromatic compounds which contribute to carcinogenicity of dyes (Clarke and Anliker,
1980). Basic dyes and anthraquinone based dyes are the most resistant to degradation

due to their complex aromatic structures and remain in coloured form in aqueous
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systems for longer durations. Metal-based complex dyes release toxic metal ions like
chromium into the environment which poses serious threat to aquatic bodies and human
beings. Some of the disperse dyes have the tendency to accumulate in living
components of the environment (Banat et al., 1996). A huge amount of azo dyes present
in the textile industrial effluent are the major concern for the environmentalists due to
their toxic, mutagenic and carcinogenic behavior. The nitro group present in azo dyes
make it mutagenic and produce many toxic degradation products like 1,4-
phenylenediamine and ortho-tolidine, etc. (Chung and Cerniglia, 1992). It has been
reported that sulphonated azo dyes show no mutagenic effect in comparison to the
unsulphonated azo dyes (Jung et al., 1992). Due to the various ill effects of azo dyes on
the living beings, the entry of these toxic dyes into the environment can be minimized
using an efficient method such as bio-sorption to minimize or remove the dyes from the
industrial wastewaters. In biosorption, the nature and type of dye molecules (anionic
and cationic) may effect the sorption of dye onto the surface of adsorbent. The
negatively charged surface of adsorbents favours adsorption of the basic cationic dyes,
whereas the positively charged surface of adsorbents enhances adsorption of anionic
dyes. The Van der Waals interaction and ion exchange processes are commonly
involved in the sorption of cationic and anionic dyes (Zhu and Ma, 2008).

2.2. Environmental occurence and toxicity potential of chromium

Generally, the hexavalent chromium exists in monomeric form (HCrOs~ and CrO4>)
and bimeric form (Cr.07%). Presence of monomeric and dimeric forms of chromium
impart yellow and orange colors to aqueous systems, respectively (Palmer and Puls,
1994). The concentration of Cr(VI) mainly depends on the pH of the solution. The

fractions of Cr(V1) species in aqueous solution as a function of different pH and total
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Cr(VI) concentration has been shown in Fig. 2.1(a) and 2.1(b), respectively, (Palmer

and Puls, 1994).
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Fig. 2.1. Fractions of HCrO4~ and Cr207%" species as a function of (a) different pH and (b) total Cr(VI) concentration
[Cr(VD)wt =5 m mol/L] (Palmer and Puls, 1994).

Chromium is commonly present in hexavalent form [Cr(VI)] under oxidizing
conditions. At concentrations below 10 mM or at pH 7.0, the Cr(VI) exists as
monomeric (H2CrOs, HCrO4~, CrO4*) and dimeric species (Cr07%). It has been
reported that CrO42~ predominates above pH 6.5 and HCrO4~ dominates in the pH range
(1.0-6.5) as shown in Fig. 2.1 (a). The Cr(VI) concentration in different industrial
effluents are given in Table 2.2.

Table 2.2. The concentration of Cr(V1) in different industrial effluents.

Industrial effluents  Cr(VI) conc. (mg/L) References
Leather industry 10.3-345 Dhungana and Yadav (2009)
Metal finishing 20.0 Sarin and pant (2006)
Electroplating 3.0 Ganguli and Tripathi (2002)
Chrome plating 28.2 Selvaraj et al. (2003)
Electropolishing 42.8 Davis et al. (1995)
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The adsorption of Cr(VI1) is mainly affected by pH of the aqueous solution, which
dominates the rate control steps of sorption process, ionization and reduction of Cr(V1)
to Cr(lll) form (Zhou et al., 2016). A high pH value reduces sorption efficiency of
Cr(V1), since the abundant OH™ ions led to generation of Cr(OH)?, which inhibits the
transfer of Cr(V1) ions and interact with surface functional groups (Chen et al., 2015).
A low pH condition increases protonation of Cr(\VI1) during adsorption (Zhou et al.,
2016). The sorption of Cr(V1) increases with increase in temperature due to favorable
endothermic reactions (Yang et al., 2017). Zhou et al. (2016) reported that the sorption
mechanisms of Cr(V1) include adsorption and reduction processes in which the Cr(VI)
ions are adsorbed onto the surface of adsorbent via electrostatic attractions, further the
adsorbed Cr(V1) is partially reduced to Cr(111) form and discharge into the solution. The
Cr(VI) shows various types of pH dependent equilibrium sorption in aqueous solutions.
A high adsorption at low pH and low adsorption at high pH exhibits by Cr(VI) in
aqueous solution. The Cr(VI) is present in different stable states such as HCr,O7,
HCrO4 and CrO4*" in aqueous solution and the relative availability of a particular metal
complex depends on the the pH of the solution and concentration of the chromium ions.
At acidic pH, the sorbent has positively charged surface due to the protonation of amino
groups, whereas the sorbate (dichromate ion) is available mostly as an anion enhancing
electrostatic attraction between sorbent particles and sorbate molecules. Subsequently,
biosorption of Cr(V1) increases at low pH, but increase in the pH favours deprotonation
of the sorbent and reduces adsorption capacity.

Since last few years, most of the Indian tanneries adopt the chromium tanning process
due to its low cost, processing speed, light color and high stability of the leather. In the
chromium tanning process, the leather uses about 60-80% of applied chromium, and

the rest part of chromium is usually discharged into the sewage water causing serious
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negative impacts on evironment. Generally, chromium metal ions in liquid tanning
wastes occurs in the form of Cr(lI11), which gets further oxidized to Cr(VI) form due to
the presence of organic molecules (Sarin and Pant, 2006). The hexavalent form of
chromium is considered as strong oxidizing agent in acidic media and tends to associate
with oxygen during the formation of chromate and dichromate (Lai and Lo, 2008). The
Cr(VI) is rarely present in the environment in the form of crocoite (PbCrO4) and only a
small fractions of hexavalent chromium is formed in the soil due to the oxidation of
Cr(11), the rest parts of Cr(VI) is introduced into the environment by the human
activities as a result of many industrial processes (Barceloux, 1999). The Cr(VI) is a
potential toxicant in soil, sediments and water. It is well known mutagenic and
carcinogenic toxicant as well as strong oxidizing agent which harms animal and plant
tissues even in very low concentrations. The Cr(lll) form can not penetrate the
biological membranes while the Cr(VI) form penetrates through it and reduced to
Cr(I11) form in the cell organelles (mitochondria, nuclei and cytoplasm) which forms
insoluble hydroxides of chromium at pH 7.5. The Cr(I11) form may be generated inside
the living cell, binds to protein molecules and interacts with nucleic acids (Petrilli and
Deflora, 1977).

The toxic effects of Cr(VI) in human beings and animals are caused by direct skin
contact and inhalation of fumes and mist release during welding and hot-cutting of
stainless steel or other chromium-containing metal alloys. The drinking water from
chromium contaminated sites cause severe health problems in human beings. It has
been estimated that the permissible limit for Cr(VI) into inland surface waters and
potable water is 0.1 and 0.05 mg/L, respectively (EPA, 1990). The short term exposure
to Cr(VI) on human beings cause acute toxicity, irritation, ulceration of the nasal

septum and respiratory sensitization (asthma), but exposure to Cr(VI) for longer
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durations cause severe perforation of the nasal septum and structural damage to DNA,
leading to genotoxicity. It has been reported that Cr(V1) induces DNA damage, altered
gene expression and inhibition of DNA replication and transcription in humans and
animals (Cohen et al., 1993). Cr(VI) is known to be very toxic to plants and animals in
the form of dichromate and chromate anions in aqueous medium (Demirbas et al.,
2004). The surface and ground water contamination depends on the mobility of Cr(V1)
ions in different medium (Cohen et al., 1993). It has been reported that the soluble
Cr(VI) form cause serious toxic effect to human and animals due to its oxidizing
potential and easy permeability to biological membranes (Outridge and Scheuhammer,
1993). The Cr(VI) has been considered as more toxic metal having high toxicity
potential and therefore it has drawn greater attention of environmentalists towards its
removal using suitable method like bio-sorption. Keeping the essentiality of dyes and
metal ions removal, concerned industries are required to treat the industrial effluents
before dumping them into the natural water bodies. Thus, the scientific community
should have the responsibility of wastewater treatment by developing cost effective

technologies.

2.3. Techniques for removal of dyes and heavy metals from aqueous

solution

During last years, a number of technologies have been employed for the removal of
dyes and heavy metals from industrial wastewater. These techniques include chemical
precipitation (Ku and Jung, 2001), ion exchange (Alyuz and Veli, 2009), adsorption
(Guo et al., 2010), ultrafiltration (Sampera et al., 2009), reverse osmosis (Shahalam et
al., 2002), coagulation (Chang and Wang, 2007), flocculation (Chang et al., 2009),
floatation (Lundh et al., 2000) and electrochemical process etc. (Heidmann and

Calmano, 2008). Among all the removal methods, adsorption seems to be a significant
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promising technique in removal of dyes and heavy metals due to its wide applications,
easy operation, economical feasibility, wide availability of adsorbent materials and
simplicity of design (Faust and Aly, 1987).

2.3.1. Chemical precipitation

It is a very simple and common method used to remove dyes and heavy metals due to
inexpensive and easy operation (Ku and Jung, 2001). This technique is commonly
employed for the treatment of metal-laden wastewater by forming an insoluble
precipitate through the addition of some chemicals (Karthikeyan et al., 1996). Many
other chemical precipitation techniques such as hydroxide precipitation, sulfide
precipitation and heavy metal chelating precipitation are also used in treatment of
industrial wastewater. Lime and limestone are commonly used as precipitating agents
in chemical precipitation due to effective, convenience and simple process in removal
of inorganic contaminants from industrial effluents at higher concentrations (Aziz et
al., 2008). Generally, the heavy metal hydroxides are not soluble in aqueous media, so
lime is widely employed for precipitating metal hydoxides. The valence states of heavy
metals in aqueous media play a vital role in the precipitation of heavy metal. The
chromate (CrO4%), a hexavalent form of chromium is considerably more soluble in
water than Cr(1ll) form of chromium. In this event, the chromate, in which Cr is
available in the form of Cr(VI), which must be reduced with SO, of sodium
metabisulphite at acidic pH for removal of chromium as Cr(I11) form by precipitation
(Sarin and Pant, 2006). Disadvantages of this method include the requirement of an
excess amount of chemicals, generation of excessive sludge and the problem of sludge
disposal into the environment.

2.3.2. lon exchange
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An ion exchange method has been widely applied for the removal of toxic metal ions
and dyes from their aqueous medium (AWWA and ASCE, 2012). It is a reversible
chemical reaction in which an ion is exchanged from their solution in the leiu of similar
charged ion attached on an immobile solid phase. Natural materials (alumina, carbon,
silicates) and synthetic materials (zeolites and resins) have been used as ion exchangers.
Among them, zeolites are the most commonly employed ion exchange material
(Fernandez et al., 2005). Generally, an ion exchange process takes place by the transfer
of anions and cations in an aqueous medium. The Dowex 50x4, Dowex 50x2 and
Dowex M-4195 have been used for removal of Ni(ll) ions from synthetic wastewater
(Dave et al., 2011). It was observed that Ni(ll) was completely removed at pH 5.0 with
Dowex 50x4 and Dowex M-4195. Removal of dyes (acid orange 7 and direct blue 71)
from wastewater using amberlite IRA 478RF have been studied by the earlier workers
(Wawrzkiewicz, 2012). The maximum removal efficiencies were found to be about 97
and 69.5% at 20°C in 72 and 96 hours for acid orange 7 and direct blue 71, respectively.
The easy handling of concentrated metal ion solutions cannot be possible in this method
because the matrix gets fouled by organics chemicals and other solid particles in
wastewater. Further, an ion exchange method is non-selective and highly sensitive to

pH of the aqueous medium (Barakat, 2011).

2.3.3. Reverse osmosis

Reverse osmosis is basically used for the separation and fractionation of organic and
inorganic toxicants from aqueous and non-aqueous medium. This method has been used
to treat different types of industrial effluents discharge from chemical, textile,
electrochemical, petrochemical, food, paper and tannery industries (Mohsen-Nia et al.,
2007). In combination with the membrane reactor, this technique has been found to be

more efficient in removal of heavy metals (Dialynas and Diamadopoulos, 2009). In this
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process, water tends to move from higher saline solution to weaker solution through the
semipermeable membrane. Since the salt molecules are comparatively larger than water
molecules and thus membrane inhibits the entry of salt particles. The end result
corresponds to the presence of desalinated water on one side of membrane and
concentrated saline solution on the other side of membrane (Parmar and Thakur, 2013).
The process of reverse osmosis has been employed for the treatment of chromium-
loaded wastewater from electroplating industry (Mohammadi et al., 2009). The removal
efficiency of Cr(VI) has been reported to be about 99% at pH 6.0 and 25°C. Removal
of dyes (acid red, reactive black and reactive blue) from industrial wastewater has been
performed using both reverse osmosis and nanofiltration techniques by earlier workers
(Abid et al., 2012). They have reported removal efficiencies of 97.20, 99.58 and 99.9
% for acid red, reactive black and reactive blue, respectively. The reverse osmosis
process was found to be more efficient as compared to nanofiltration. The
disadvantages of this process include frequent cleaning due to fouling of membrane,
consumes high power and involves high cost in replacement of membrane (Al-Jlil and
Alharbi, 2010).

2.3.4. Coagulation/flocculation

Coagulation is a most common method used to separate contaminants from wastewater.
The mixing and addition of some chemicals are involved in this process for the removal
of toxicants. During this process, the particles destabilization and charge neutralization
occurs by the addition of differently charged ions which allows the particles to
agglomerate. Generally, flocculation is used in combination with coagulation which
links the stabilized particles to each other and form bigger aggregates of particles. In
this process, the slow mixing allows the particles to collide and stick with each other

until heavy enough to get settle down (Sharma and Sanghi, 2012). Aluminum sulphate,
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polyaluminium chloride and magnesium chloride along with coagulant (Koaret PA
3230) have been used for the removal of Pb(Il) from aqueous solution (Pang et al.,
2009). The removal of dyes (Blue bezaktiv S-GLD 150 and Black novacron R) from
synthetic wastewater has been investigated using coagulation/flocculation and
nanofiltration techniques (Khouni et al., 2011). The consumption of large quantity of
chemicals and generation of large quantity of toxic sludge are the main disadvantages

of the method (Verma et al., 2012).

2.3.5. Adsorption

The accumulation of large number of molecular species at the surface of solid phase
occurs in the process of adsorption. The attachment of the adsorbate molecules to the
available binding sites on the surface of adsorbent occurs due to the presence of
unbalanced residual forces at the surface of liquid or solid phase (Markandeya et al.,
2017). The unbalanced residual forces have tendency to attract the molecular species
with which it comes in contact with the solid surface. Adsorption is a surface
phenomenon in which two components (adsorbent and adsorbate) are involved in the
process. The term adsorbent can be defined as the substance on which adsorption occurs
whereas the substance which is being adsorbed on the surface of adsorbent called as
adsorbate. Forces of attraction involves in the surface process occurs between adsorbate
and adsorbent. The weak forces of attraction (Vander Waal forces of attraction) and
strong forces of attraction (chemical bond) involves in the adsorption. Surface
adsorption can be divided into two sub-types (physical and chemical adsorption) on the
basis of type of forces of attraction involve between adsorbent and adsorbate molecules
(Bajpai and Rajpoot, 1999)

In physical adsorption, the intermolecular attractions between adsorbate molecules and
binding sites of adsorbent take place and therefore this process is independent on
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electronic behaviour of the adsorbate and adsorbent particles. Adsorption occurs due to
weak Van der Waals forces of interaction between the adsorbate molecules and
adsorbent particles. Physical adsorption takes place with formation of multilayer of
adsorbate molecules on the surface of adsorbent (Kapoor, 2009). The energy released
in this process is of the same order of magnitude as the enthalpy of condensation. The
enthalpy of physical adsorption can be determined by monitoring the rise in temperature
of a sample of known heat capacity. It has low enthalpy of adsorption i.e. AH adsorption
IS 20—40 KJ/mol. The process is reversible in nature and attains equilibrium rapidly at
low temperature below boiling point of adsorbate. The process of physisorption
decreases with increase in temperature (Atkins and Paula, 2006).

Chemical adsorption or chemisorption involves an exchange of electrons between
specific surface sites of adsorbent and adsorbate molecules, and as a result the
formation of chemical bond takes place between active sites of adsorbent and adsorbate
molecules. In chemisorption, the adsorbate molecules bind to the active sites of
adsorbent by forming a chemical bond. The enthalpy of chemisorption is much greater
than that of physisorption. The process occurs at high temperature with attainment of
equilibrium stage and it is an irreversible nature of monolayer adsorption with
involvement of high activation energy (Kapoor, 2009). It has high enthalpy of
adsorption i.e. AH adsorption is 200-400 KJ/mol. Chemisorption increases with
increases in temperature (Kapoor, 2009).

2.4. Factors affecting adsorption

2.4.1. Effect of pH

The pH of a solution has been found to be an important parameter in adsorption of dyes
and metal ions from aqueous solution, as the surface charge of the adsorbent and

adsorbate molecules both depend on the pH of solution. The pH of solution controls the
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magnitude of electrostatic charges which are imparted by the ionized adsorbate
molecules (Onal et al., 2006). The pH of an aqueous solution can be adjusted by using
dilute acid (0.1 N HCI) and base (0.1 N NaOH) or by appropriate phosphate buffers.
Generally, a low pH solution, the dye removal capacity decreases for cationic dye while
increases in case of anionic dyes adsorption. In contrast, at a high pH condition, the
removal efficiency increases for cationic dye and decreases for anionic dyes due to
adsorption (Salleh et al., 2011). In case of metal ions adsorption, pH dependent removal
of metals may occur due to changes in the ionic state of the various oxygen containing
functional groups present on the surface of adsorbent, as well as metal ion speciation
(Djouider, 2012). It has been investigated that the removal of Cr(V1) is favoured at low
pH conditions (3-5) because the functional groups of adsorbents become positively
charged and form complex with Cr(V1) ions that mainly exist in solution as species of
HCrO4 and Cr,07% through electrostatic attraction and an ion exchange process (Guo
etal., 2017). Osma et al. (2007) studied the effect of pH ranging from 2.0 to 4.0 on the
sorption of Reactive black 5 dye by using sunflower seed shells as adsorbent and they
found that the rate of dye removal was minimum at pH 4.0. Hameed et al. (2008a)
investigated the sorption of cationic methylene blue (MB) dye by banana stalk and they
observed that the adsorption of MB dye onto banana stalk was minimum at pH 2.0 and
maximum at pH 4.0.

2.4.2. Effect of adsorbent dose

The effect of adsorbent dosage on the adsorption can be assessed by preparing
adsorbent—adsorbate solution containing varying doses of adsorbent and fix dose of
adsorbate at equilibrium (Salleh et al., 2011). It has been investigated that the
percentage removal of dyes and metal ions increases with increase in the dose of

adsorbent. Initially the rate of removal has been found to be rapid followed by slowing
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down of adsorption with increasing dose of adsorbent. But after a certain dose of
adsorbent, increase in the rate of removal is insignificant because the rate of adsorption
becomes limiting factor at higher doses of adsorbent (Salleh et al., 2011). A sluggish
increase in the removal capacity at higher doses of adsorbent may be due to less
availability of adsorbate molecules per unit concentration of adsorbent. Otherwise it
may state that the clustering of adsorbent particles per unit volume might be hindering
the free mobility of the adsorbate molecules approaching to the binding sites on the
surface of adsorbent (Garg et al., 2003). The possible clustering effect may not be the
sole reason for decrease in the adsorption capacity at higher doses of adsorbent. It has
been investigated that the percentage removal of Cr(VI) increases from 45.34% to
99.97%, with further increase in adsorbent dose, a reduction in the adsorption capacity
of Cr(VI) is observed with further increase in the dosage of biochar (Guo et al., 2017).
The effect of adsorbent concentration on the removal of malachite green (MG) dye by
maize cob has been studied by Sonawane and Shrivastava (2009). They observed that
the % dye removal increased from 90% to 98.5% with increase in the concentration of
adsorbent from 0.5 to 12 g/L at dye concentration of 20 mg/L and 25 min of contact
time.

2.4.3. Effect of contact time

The effect of contact time on adsorption has been carried out by preparing adsorbent—
adsorbate solution with fixed dose of adsorbent and dyes/metal ions concentration for
various time durations and shaken until equilibrium is reached. It has been investigated
that the adsorption capacity increases with an increase in contact time to a certain
extent, but further increase in the contact time does not increase the adsorption capacity
due to saturation of all the active sites on the surface of adsorbent (Ansari and

Mosayebzadeh, 2010). The time needed to reach the equilibrium stage is termed as
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equilibrium time and the amount of dye/metal ion adsorbed at the equilibrium time
reflects the maximum adsorption capacity of the adsorbent (Bello et al., 2010). The
adsorption of both Cr(VI) metal ions and methylene blue (MB) dye are found to
increase with increase in contact time, until the equilibrium stage of adsorption is
reached. A biphasic pattern in the adsorption of Cr(VI) and methylene blue dye onto
biochar includes a rapid step, attributes to the surface adsorption of contaminants onto
the adsorbent surface; while the later step is slow and relates to adsorption of
contaminants onto the inner surfaces of the adsorbent (Thirumavalavan et al., 2011).
2.4.4. Effect of initial dye/metal ions concentration

The initial dye/metal ion concentration in the solution is an important parameter in the
sorption process. Since a given mass of adsorbent material can be adsorbed to a fixed
amount of adsorbate molecules (Benaissa, 2005). The effect of initial dye/metal ion
concentration has been carried out by preparing adsorbent—adsorbate solution with
fixed adsorbent dose and different initial dye/metal ion concentrations for varying time
intervals and shaken until the stage of equilibrium (Salleh et al., 2011). The percentage
dye removal is mainly dependent on the initial adsorbate concentration in solution. The
effect of the initial concentration on adsorption mainly depends on the immediate
contact between the adsorbate molecules and active sites of adsorbent (Salleh et al.,
2011). The availability of increased vacant sites on the surface of adsorbent particles
would be possible at low concentration of adsorbate molecules per unit mass of the
adsorbent but less availability of active sites for the binding of the adsorbate molecules
may be due to increase in dye/metal ion concentration (Kannan and Sundaram, 2001).
Low and Lee (1990) have reported that the time taken to attain equilibrium stage is
increased with increasing adsorbate concentration, but the actual amount of dye/metal

ion adsorbed per unit mass of adsorbent increases with increase in concentration. This
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may be attributed to the higher driving force required for mass transfer at a high initial
dye/metal ion concentration (Bulut and Aydin, 2006). Garg et al. (2004) investigated
the sorption of methylene blue dye onto sulphuric acid treated sawdust at a fixed dose
of adsorbent (0.4 g/100 mL), neutral pH (7.0) and temperature (261 °C). They
observed that the amount of dye adsorbed increased from 12.49 mg/g to 51.4 mg/g with
increase in initial dye concentration from 50 mg/L to 250 mg/L, while the percentage
of dye removal decreased from 99.9% to 82.2% in the selected range of dye
concentration. Original textile wastewaters having high concentration of synthetic dyes,
which is comparatively higher than the dye concentrations used in previous reported
work, therefore many research groups used an empirical design procedures based on
equilibrium adsorption conditions in order to evaluate the size of adsorbent particles as
well as sorption efficiency. Vadivelan and Kumar (2005) studied the sorption design in
removal of methylene blue (MB) dye by using rice husk as an adsorbent. They observed
that the doses of adsorbent (rice husk) needed to remove 90% of MB dye from solution
(100 mg L) were found to be 3.828, 7.655, 11.482 and 15.309 g for dye solution of
volumes 1, 2, 3 and 4 L, respectively.

2.4.5. Effect of temperature

A study about the effect of temperature on adsorption provides important information
about the enthalpy and entropy changes during adsorption. Temperature indicates the
nature of adsorption whether it is an endothermic or exothermic process (Salleh et al.,
2011). An increase in the adsorption capacity with increase in temperature indicates an
endothermic process. The kinetic mobility of the adsorbent particles and adsorbate
molecules increases with increase in temperature (Senthilkumaar et al., 2006). It has
been reported that the increase in adsorption capacity of the adsorbent (activated

carbon) at higher temperatures is attributed to the expansion of pore size of the particles
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and surface activation of the adsorbent. Various structural changes occur in the
adsorbate molecules and adsorbent particles during the sorption process (Hema and
Arivoli, 2007). The adsorbed water molecules displaced by the adsorbate molecules
and gain more translational entropy than it lost by the adsorbate molecules, thus
allowing the predominance of randomness in the system. An increase in temperature
may decrease the adsorptive forces between the active sites of adsorbent and adsorbate
molecules as a result of decreasing adsorption capacity of adsorbent (Ofomaja and Ho,
2007). It has been reported that the adsorption of cationic dyes (methylene blue,
malachite green and crystal violet) onto carbon derived from waste apricot increases
with an increase in temperature (Onal, 2006). Hameed and Ahmad (2009) investigated
the sorption behavior of garlic peel in the removal of methylene blue (MB) dye and
they reported that the sorption capacity of garlic peel was increased from 82.64 to
142.86 mg g with increase in temperature from 30°C to 50°C, indicating an
endothermic adsorption process.

2.5. Adsorption mechanisms

The identification of the underlying mechanisms of the adsorption is needed to evaluate
the adsorption potential of adsorbents in the removal of organic and inorganic
contaminants from aqueous solutions. The sorption behavior of adsorbents for different
contaminants are different and it is well correlated with the physico-chemical properties
of the contaminants. Different physico-chemical properties of adsorbents such as
surface functional groups, specific surface area, porous structure and mineral
compositions affect the adsorption mechanisms of dyes and heavy metals as reported
earlier workers (Kumar and Ahmad, 2011). Generally, the processes like particle
diffusion and exchange of mass-action controlled mechanisms are commonly involved

in sorption and ion-exchange process of contaminants (Singh et al., 2003). Generally,
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the external transport process is the rate-limiting step in the systems with low
concentration of adsorbate molecules, poor mixing, small particle size and high affinity
of the adsorbate molecules towards adsorbent. In contrast, the intra-particle diffusion
step limits the overall mass transfer in the systems which have high concentration of
adsorbate molecules, good mixing, large particle size and low binding affinity of the
adsorbate molecules for the adsorbent (Singh et al., 2003). Three main successive steps
such as film diffusion (transport of the adsorbate molecules to the external surface of
the adsorbent), particle diffusion (transport of the adsorbate molecules within the pores
and external surface of adsorbent) and transport of the adsorbate molecules into the
interior surface of the adsorbent take place during adsorption of adsorbate molecules
onto a porous adsorbent (Gupta et al., 2004). Kumar and Ahmad, (2011) investigated
the removal mechanisms of crystal violet dye onto treated ginger waste. They found
that various factors such as chemical structure of dye, surface properties of bio-sorbent,
steric effect, hydrogen bonding and Van der Waals forces of attraction influence the
sorption process. The chemical structure of the crystal violet dye was found to be a
prominent factor for its sorption process. The binding between dye molecules and
adsorbent particles might occurr due to weak and strong forces of attraction. The weak
interactions between adsorbate molecules and adsorbent particles may be attributed to
the Van der Waals forces, while the strong interactions among them occur due to
hydrogen bonding and electrostatic interaction between the cationic dye and negatively
charged surface of adsorbent in alkaline medium. A four-stage sorption mechanism
(Fig. 2.2) is involved in the removal of dyes (Acid Blue 92, Basic Red 29, Reactive Red
4 and Direct Blue 53) by using precursor wood as an adsorbent has been reported by

earlier workers (Sivakumar and Palanisamy, 2010).
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Stage Il: Pore Diffusion

Stage IV: Multilayer adsorption of Stage III: Monolayer adsorption of
dve molecules dve molecules

Fig. 2.2. A four-stage sorption mechanism involved in dye removal (Sivakumar and Palanisamy, 2010).

Different types of interactions (Fig. 2.3) are involved in the binding of dye molecules
and adsorbent particles. A number of factors such as hydrophobic effect, electrostatic
interaction, hydrogen bonds and pore-filling may be involved in the sorption
mechanisms of dyes onto biochar particles (Cao et al., 2009). Generally, the surface
properties of adsorbents play a crucial role in the adsorption of dyes from aqueous
solutions. The biochars have heterogeneous surface due to the presence of carbonized
and non-carbonized fractions and these fractions exhibit different sorption mechanisms
in dye removal. The adsorption of dyes can occurr due to both the non-carbonized and
carbonized organic matter present in biochar (Cao et al., 2009). A number of previous
studies suggested that an electrostatic attraction is the dominant mechanism involved
in the sorption of dyes onto the biochars (Inyang et al., 2014). The mechanism of dye
adsorption onto a straw-based biochar has been investigated by Qiu et al. (2009). They

observed that the mechanisms of dye adsorption involved various interactions such as
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n— 7 interactions between graphene layers of biochar particles and dye molecules, the

electrostatic attraction and the intermolecular hydrogen bonding.
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Fig. 2.3. Sorption mechanisms involved in the adsorption of dyes (Tan et al., 2015).

The removal of heavy metals by biochars commonly involved integrative effects of
various types of interactions including ion-exchange, physical adsorption, electrostatic
attraction, precipitation and surface complexation. The various sorption mechanisms
(Fig. 2.4) have been proposed for the chemical interaction of biochar particles and
heavy metals. The nature of specific sorption mechanisms for different heavy metals is
different and the appropriate surface characteristics of biochars make it suitable for the
adsorption of heavy metals. A large number of surface functional groups such as
carboxylate (-COOH) and hydroxyl group (—OH) are available on the surface of
biochar and are involved in various strong interactions such as electrostatic attraction,

ion-exchange and surface complexation with heavy metal ions. The binding of metal
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ions with surface binding ligands of biochar particles is known to occur due to changes
in surface functional groups of biochar after metal ion adsorption (Khare et al., 2013).
The process of electrostatic attraction of Cr(VI) with biochar has been the main factor
in the removal of Cr(V1) using sugar beet tailing biochar as reported earlier (Dong et

al., 2011).
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Fig. 2.4. Sorption mechanisms for adsorption of heavy metals (Tan et al., 2015).

2.6. Agricultural solid wastes as low-cost adsorbents

During the last few years, many research groups have used various adsorbents to
remove toxic pollutants from industrial wastewaters, especially those that remain
unaffected by conventional biological wastewater treatment. However, among all the
reported sorbent materials, activated charcoal has been considered as most effective
adsorbents for the removal of dyes and metal ions from industrial wastewater. As the

world's most powerful adsorbent, it can cope with a wide range of contaminants. A high
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adsorption potential of activated carbon is mainly due to their structural characteristics
and porous nature which offers a large surface area for the adsorption of toxic pollutants
(Bangash and Alam, 2009). The surface of activated carbon can be easily modified by
chemical treatment in order to increase their surface properties. However, activated
carbon exhibits several disadvantages in the field of adsorption because it is quite
expensive, higher cost for good quality, non-selective and ineffective against some
toxic dyes (disperse and vat dyes). The regeneration of activated carbon after treatment
results in loss of the adsorbent characteristics and it is considered as an expensive
process to recover the activated carbon in its original form. The use of carbons based
adsorbents derived from relatively expensive materials is also uneconomical for the
wastewater treatment applications. This has led many researchers to find some best
alternatives of expensive adsorbents which have low cost and high adsorption potential
for the removal of toxicants from aqueous solutions.

The solid agricultural wastes include almond shell (Aygun et al., 2003), barley straw
(Pehlivan et al., 2012), cashew nut shell (Kumar et al., 2011), corncob (Juang et al.,
2002), fruit juice residue (Yadav et al., 2015), garden grass (Hossain et al., 2012), garlic
peel (Liu et al., 2014), grapefruit peel (Zou et al., 2012), hazelnut shell (Aygun et al.,
2003), mango peel waste (Igbal et al., 2009), Mosambi (Citrus limetta) peel (Saha et
al., 2013), groundnut shell (Malik et al., 2007), olive stone (Fiol et al., 2006), plum
kernel (Juang et al., 2002), pomegranate peel (Moghadam et al., 2013), pomelo peel
(Tasaso, 2014), potato peel (Aman et al., 2008), rice shell (Aydin et al., 2008), rice
straw (Ding et al., 2012), sugarcane bagasse (Tsai et al., 2001), banana peel (Annadurai
et al., 2002), orange peel (Li et al., 2007), rice husk (Yadav et al., 2015), white rice
husk ash (Tavlieva et al., 2013), wood derived biochar (Kizito et al., 2015) etc. These

agrowaste have been investigated for removal of dyes and heavy metals from aqueous
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solutions. The main structural components of agricultural waste materials include
lignin, lipids, hemicelluloses, simple sugars, proteins, hydrocarbons, water and starch,
which contain different functional groups with high sorption potential for various
contaminants (Bhatnagar and Sillanpaa, 2010). The natural and modified form of
agricultural wastes are commonly used in removal of toxicants from industrial
wastewater. In the natural form of adsorbent, the agro-waste material is washed with
distilled water, grounded and sieved until it reaches to the uniform particle size. Finally,
they are used for batch adsorption experiments. But in the case of modified form of
adsorbent, the resource material is pre-treated by means of well-known surface
modifying agents (Bhatnagar and Sillanpaa, 2010), which increases the surface
functional group and, consequently, enhances the number of active binding sites on the
surface of activated adsorbents. Application of agricultural waste products as an
adsorbents have been extensively studied in removal of contaminants from aqueous
solutions.

Further, the application of biochar derived from agricultural wastes as an adsorbent has
drawn more attention of many research groups towards toxicants removal from
industrial wastewater. The use of biochar offer a low-cost efficient technology for the
removal of dyes and heavy metals from aqueous solutions. Biochar is a by-product of
slow pyrolysis of lignocellulosic biomass containing large number of oxygen-carrying
functional groups (—OH and —CO groups), which are active functional groups in the
binding of metal ions and dye molecules (Manya, 2012). Biochar exhibits differing
physical and chemical properties depending on the feedstock and the temperature for
pyrolysis. The feedstock for the preparation of biochar are mainly obtained from
agricultural biomass, which is widely available in plenty as a renewable resources on

the earth. A number of feedstock materials including crop residues, wood biomass,
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animal litters and solid wastes are commonly used to produce biochar via various
thermochemical processes ( slow pyrolysis, fast pyrolysis, hydrothermal carbonization
(HTC), flash carbonization and gasification) (Meyer et al., 2011). However, biochar
has some notable drawbacks as an adsorbent, due to its low specific surface area and
loss of porosity after repeated use, resulting in an inadequate removal of toxicants and
decreased stability, making biochar inefficient in long term for large scale wastewater
treatment. The structural stability and adsorption capacity of these agro-waste
adsorbents can be significantly improved by activation or chemical modification. It has
been reported that the adsorption capacity of adsorbents can be greatly enhanced by the
activation or modification of raw materials or biochar with acidic or basic compounds,
or polymers with specific functional groups such as an amine group (Chen et al., 2013).
The benefits and application of biochar as an efficient adsorbent in wastewater

treatment has been shown in Fig. 2.5.
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Fig. 2.5. The application of biochar as an effective adsorbent in wastewater treatment (Tan et al., 2015).
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2.7. Physico-chemical characteristics of sorbents and specificity for sorbates
Kadirvelu et al. (2005) studied the sorption process of Rhodamine B using activated
carbon derived from industrial solid sago waste. The physico-chemical characteristics
of activated carbon contributed to effectiveness of the adsorbent in the sorption process.
A high concentration of lactonic group followed by phenolic, carboxyl and carbonyl
groups were observed in activated carbon. They reported a considerable increase in
sorption capacity of Rhodamine-B dye at pH range (pH 3.0 — 7.0) due to dissociation
of carboxyl groups. A maximum dye removal of 91% and 100% was reported at pH 5.7
and 7.0, respectively. An ion exchange sorption mechanisms was predominantly
involved in the removal of RB dye from aqueous solution.

Bello et al. (2013) investigated the removal of Eosin dye from agqueous solution using
powdered activated carbon and raw coal fly ash. The maximum time to attain the
equilibrium stage was found to be about 120 min for both the adsorbents. The maximum
monolayer adsorption capacities of activated carbon and raw coal fly ash were found to
be 62.28 and 43.48 mg g, respectively. They reported that the hydroxyl (-OH),
carboxyl, amine and methyl groups were particularly were involved in adsorption of
Eosin dye. They found that activated carbon was more efficient than fly ash as
adsorbent for Eosin dye adsorption. The oxygen donor sites such as hydroxyl and
carbonyl groups were present on the surface of raw coal fly ash adsorbent. The
adsorption of Eosin dye onto raw coal fly ash was found to increase with decrease in
pH due to nucleophilic nature of functional groups.

Nasuha et al. (2010) studied the sorption of methylene blue onto rejected tea (RT) as a
low cost adsorbent from aqueous solution. They reported lower adsorption of MB dye
at acidic pH condition was due to the presence of excess H* ions competing with the

cation groups of MB dye for binding sites of adsorbent. But at higher pH, they found
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that negatively charged surface of RT adsorbent enhanced the cationic dye adorption
through electrostatic forces of attraction. Further, they observed that the three
significant bands were detected at wavenumbers 3430, 1630 and 608 cm™, which
indicated the C=0 stretching, bonded —OH groups, —C—C— group and aromatic nitro
compound. These three surface functional groups on the surface of RT were mainly
involved in MB dye adsorption. In their studies, the monolayer sorption capacity of RT
adsorbent was found to increase from 147 to 156 mg g™ with increase in temperature
from 30 to 50°C due to increase in kinetic mobility of dye molecules at higher
temperature.

Babu et al. (2010) studied the adsorption of malachite green dye using activated carbon
prepared from dried Borassus flabellofer male flower. The optimum pH and activation
temperatures were found to be 7.5 and 45 °C, respectively. The percent adsorption of
MG dye at pH 7.5 and 9.0 was found to be 94.67% and 93.39%, respectively. Further,
they reported maximum dye removal at adsorbent dose of 0.05 mg/100 mL and its
equilibrium time. They suggested that the decrease in dose-dependent percent dye
removal can be attributed to decrease in the surface area of adsorbent and availability
of active binding sites. The overlapping or aggregation of adsorbent particles at higher
dose of adsorbent resulting in decrease in the total surface area available to MG dye
and an increase in diffusion path length.

Ahmad and Alrozi, (2011) investigated the removal of malachite green dye from
aqueous solution by using rambutan peel based activated carbon (RPAC) as an
adsorbent. The mechanism of dye adsorption onto adsorbent was well explained by the
intra-particle diffusion model. The average pore diameter (nm) of RPAC adsorbent was
found to be 2.56 nm, which indicated mesoporous naure of adsorbent. They reported a

high specific surface area and average pore volume of adsorbent due to the activation
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of RPAC by using CO2 and KOH. The content of volatile organic matter was found to
decrease whereas the content of fixed carbon increased after activation and
carbonization of RPAC adsorbent. This was due to the pyrolytic effect where most of
the biomolecules have been degraded and discharged as liquid tars and gas molecules,
leaving a material with high carbon purity. During activation of RPAC, the KOH-
carbon and COz—carbon reactions was occurred, which enhanced the pores size of
adsorbent particles thus increase the specific surface area and sorption capacity of the
adsorbent. Further, they observed that the heterogeneous pores structures were
distributed on the surface of RPAC adsorbent.

Zhang et al. (2008) used carbon derived from Arundo donax root (ADRC) in removal
of malachite green dye from aqueous solutions. The BET specific surface area of the
adsorbent was found to be 158 m? g as determined by N adsorption/desorption
isotherm. They reported that the color of MG dye was more stable over the pH range
(pH 3.3-7.0) and minimum dye removal (28.4%) by ADRC was recorded at pH 3.3,
which found to increase about 41.8% at the pH 7.0. A lower percent removal of dye
was due to the small dose of adsorbent (0.2 g/100 mL). They suggested that the surface
of ADRC adsorbent may contain large number of surface binding sites and the binding
of MG dye could be related to the active sites of adsorbent particles. The optimum pH
range and optimum adsorbent dose for dye removal was found to be 5-7 and 0.69/100
mL, respectively. Further, they observed that ADRC showed negative values of zeta-
potential at the selected pH range (i.e., pH > 3.3). As the solution pH increased, the
number of positively charged binding sites decreased and negatively charged binding
sites increased. The positive value of enthalpy change indicated spontaneous and

endothermic nature of the adsorption.
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Yagub et al. (2013) studied the removal of methylene blue from agqueous solution using
pine cone powder treated with NaOH. Surface characteristics of raw and NaOH
modified pine cone powder were investigated using IR-spectroscopy and scanning
electron microscope (SEM). They observed several IR peaks in the FTIR spectra,
exhibited several functional groups (hydroxyl, amino and carbonyl) on the surface of
pine cone powder and these functional groups played a crucial role in the binding of
cationic MB dye. The point of zero charge, pHpzc, of pine cone powder in aqueous
media was found to be 4.4, as determined by Dawood and Sen (2012), and negative
surface charge was found to increase with increase in pH of solution. The maximum
monolayer adsorption capacity (gmax) Of raw pine cone powder was found to be 129.87
mg g* at pH 9.0. But the NaOH modified pine cone powder showed the higher max
value (142.25 mg g*) as compared with raw pine cone powder.

Crini et al. (2007) studied the removal of cationic malachite green dye from its aqueous
solution using cyclodextrin based powder material as an adsorbent. The equilibrium
stage in the sorption of dye was attained in about 120 min. They observed that the
sorption of MG dye was strongly pH-dependent and the maximum adsorption capacity
was reported at pH 8.0, but above pH 8.0, the sorbent material attained the same value
of sorption capacity. The sorption capacity was increased from 3.1 to 8.2 mg g* with
increase in pH from 5.0 to 8.0. The amount of dye adsorption was lower at lower pH
alues (pH 5.0 — 6.0). They reported that the sorption mechanism of cyclodextrin based
sorbent was quite different from other adsorbent materials due to its specific
characteristics (presence of cyclodextrin molecules, small surface area and complexing
chemical groups). The sorption mechanism involved both hydrogen bonding and

surface adsorption due to the complex formation between the cyclodextrin molecules
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and the dye molecules through host—guest interactions including hydrogen bonding and
hydrophobic interactions.

Baccar et al. (2013) studied the adsorption potential of activated carbon prepared
derived from agricultural byproduct for the removal of a tannery dye from simulated
waste water. The gmax Value of adsorbent was found to be 146.31 mg g at 25°C.

Li et al. (2013) investigated the adsorption of methylene blue from aqueous solution
using graphene oxide (GO)/calcium alginate (CA) as an adsorbents. The maximum
monolayer adsorption capacity calculated from Langmuir isotherm equation was found
to be 181.81 mg g. The kinetic models and thermodynamic parameters indicated that
the adsorption of methylene blue dye onto calcium alginate immobilized graphene
oxide composites was spontaneous and exothermic in nature. They observed a strong
IR peak at 3426 cm™ was assigned to stretching vibration of hydroxyl groups (—OH).
The IR peak at wavenumber 1625 and 1400 cm ™! indicated the presence of symmetrical
and asymmetrical stretching of C=0 groups. Further, the IR peak was observed at
wavenumber 1110 cm™ assigned to C-O groups. A higher sorption capacity of
adsorbent (GO/CA) was reported due to that the addition of GO enhanced the specific
surface area of adsorbent particles and thus allowed more surface functional groups for
binding of MB dye molecules, which increased the sorption efficiency of the
composites. They found higher percent desorption at acidic condition because more H*
ions competed the active binding sites present on GO/CA adsorbent with the cationic
dye molecules and replaced the adsorbed MB dye molecules through an ion exchange
process resulting in more percent desorption of MB dye.

Hameed et al. (2009) studied the adsorption of basic methylene blue dye from aqueous
solution using pine apple stem (PS) as an adsorbent. The maximum dye removal

occurred in alkaline medium and maximum adsorption capacity of pine apple stem was
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about 119.05 mg g. They reported a considerable numbers of heterogeneous layer of
pores on the surface of PS adsorbent which facilitated dye adsorption onto the surface
of adsorbent. The amount of dye adsorption was found to increase from 13.29 to 104.50
mg g* with increase in pH from 2.0 to 10.0. A negatively charged surface of PS at
higher pH enhanced the adsorption of positively charged dye molecules through
electrostatic attraction process. The adsorption capacity of the PS adsorbent was found
to increase with an increase initial dye concentration, but the percent (%) removal of
MB dye showed the reverse trend. The sorption capacity of PS increased from 18.33 to
116.95 mg g with increase in initial dye concentration from 25 to 300 mg L™, where
the percent removal was found to decrease from 96.70 to 54.50%.

Hameed and EI-Khaiary (2008a) investigated adsorption potential of pumpkin seed hull
(PSH) in the removal of basic cationic dye malachite green from aqueous solution,
thereby making an attempt to overcome the economic disadvantages of activated
carbon. The maximum monolayer adsorption capacity of PSH was found to be 149.35
mg gt at 30 °C. They found that the rate of adsorption was almost controlled by film
diffusion for a short time durations. However, for long duration, only pore-diffusion
controlled the rate of adsorption. Pore diffusion occured in two particular regimes,
corresponds to diffusion in macropores and mesopores. The adsorbent displayed a
number of IR absorption peaks in the IR-spectra, reflecting the complex nature of the
adsorbent. The FTIR spectrum of PSH exhibited a number of surface functional groups
such as hydroxyl, methyl, amino, phenyl, carbonyl and carboxyl groups on the surface
of adsorbent and these were actively participated in the removal of cationic malachite
green dye. The sorption capacity was found to increase from 9.67 to 15.33 mg g* with
increase in pH from from 6.0 to 11.0. At low pH condition, the surface of adsorbent

become positively charged, thus making H* ions competed with cationic dye molecules
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causing decreased in adsorption capacity. The amount of MG dye adsorption increased
with increase in pH of solution due to electrostatic interaction between MG dye
molecules and negatively charged surface of PSH adsorbent.

Mall et al. (2006) utilized bagasse fly ash for the removal of Orange-G (OG) and Methyl
violet (MV) from aqueous solution. Results indicated that the maximum removal of OG
occurred at acidic pH 4.0 whereas MV dye adsorption was maximum at alkaline pH
9.0. The percentage of dye removal was found to be higher at low initial dye
concentration and high dose of adsorbent. The Effective pH for OG and MV dye
removal were found to be pH 4.0 and 9.0, respectively. A high percentage of dye
adsorption was observed with decrease in the initial dye concentration, and increasing
dose of adsorbent. The percent removal of OG dye (anionic) was maximum at acidic
pH (pH 3.0 —4.0) and minimum at higher pH (above 5.0). Firstly, the acid dye dissolved
in the aqueous solution and its sulphonate groups (D—-SOsNa) changed to dye anions
after dissociation. A number of oxides (alumina, calcium, silica etc.) in the BFA
adsorbent developed positive charges in contact with H2O. Except silica, all the oxides
present in BFA had positive charge for the selected pH range because zero point charge
(ZPC) of SiO2, Al,0O3 and CaO were found to be 2.2, 8.3 and 11.0, respectively. The
negatively charged sites of silica in BFA adsorbent neutralized by H* ions thereby
minimizing hindrance to diffusion of anionic dye molecules. At pH below 4.0, a high
electrostatic attraction between the positively charged surface of the BFA and anionic
dye molecules enhanced the adsorption capacity.

Han et al. (2007) investigated adsorption potential of Phoenix tree leaf as an adsorbent
in removal of methylene blue dye from aqueous solution. They suggested that the
adsorption process was found to be more efficient due to the presence of various active

functional groups such as carboxyl, hydroxyl and amide in Phoenix tree leaves powder,
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which might be actively involved in the binding of dye molecules with the adsorbent
particles. Various other agro-waste materials such as de-oiled soya, coir pith, sawdust,
banana pith, corncob and orange peel have been successfully employed for the removal
of dyes from their aqueous solutions (Mittal et al., 2005; Parab et al., 2009).

Sciban et al. (2011) investigated the removal of metal ions such as copper, zinc,
cadmium and chromium from aqueous solution using kraft lignin as an adsorbent. The
BET Specific surface area and average pore diameter were found to be 0.75 m? g* and
4.3 nm, respectively, indicated mesoporous adsorbent. They reported that the surface
area and porosity of kraft lignin adsorbent was comparatively lower than commercial
activated carbon, but textural characteristics of kraft lignin was almost comparable to a
number of lignocellulosic adsorbents such as palm shell and wood sawdust. The
adsorption of cations (Cu, Zn and Cd) onto the surface of kraft lignin was better
explained by the Freundlich sorption isotherm whereas the adsorption of Cr(VI) by
Langmuir sorption isotherm. They reported heterogenous and homogeneous surface of
lignin with equal adsorption sites which involved in adsorption of metal cations and
chromium anions. The impact of examined interfering ions on decreasing sorption
efficiency of Cu(ll) followed the trend Ni(Il) > Cd(I1l) > Pb(ll).

Wang et al. (2012) investigated the adsorption potential of bamboo based charcoal
(MBC) and cobalt-coated bamboo based charcoal (Co-MBC) adsorbent impregnated
with Co(NOs). and HNO3z by microwave irradiation. Both the bamboo charcoals were
characterized by using XRD, SEM, EDX, FTIR, BET and point of zero charge (PZC)
measurements. The results exhibited the higher surface area of 263 m? g* of Co-
modified bamboo charcoal. The adsorption of Cr(VI) ions onto Co-modified bamboo
charcoal was a spontaneous process and an ion exchange mechanism played a vital role

in the removal of metal ions from aqueous solution. The surface physical parameters
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suggested that the BET specific surface area and total pore volume improved
significantly due to the addition of HNO3z and Co(NOs3). during pyrolysis. The BET
specific surface area and total pore volume of Co-MBC adsorbent increased from 15 to
263 m2g? and 0.14t0 0.27 cm® g2, respectively, as compared to MBC adsorbent. They
suggested that HNOs and Co(NOz)2 could improved the porosity of the bamboo based
charcoal under microwave heating for short time duration.

Gupta et al. (2013) investigated the adsorption potential of activated carbon derived
from Ficus carica fiber (FCF) as an adsorbent for the removal of Cr(VI) from aqueous
system. The adsorbent was prepared by the process of carbonization of F. carica fiber,
followed by H3POj4 activation under microwave radiations. The maximum adsorption
capacity of Ficus caria activated carbon for the removal of Cr(VI) was found to be
44.84 mg g*. The IR peak at wavenumber 3435 cm™ indicated free and hydrogen-
bonded hydroxyl (—OH) groups on the surface of FCF biosorbent. The presence of
several functional groups such as amine, carboxyl, hydroxyl groups, etc., were mainly
responsible for the binding of Cr(VI) metal ions onto the surface of FCF biosorbent.
The amount of Cr(VI) adsorption was found to increase from 12.98 to 13.41 mg g*
with increase in pH from 1.0 to 3.0. The percent adsorption decreased to 10.52 mg g
with increase in pH from 3.0 to 5.0 and further decreased to 6.99 mg g* at pH 8.0.
Below pH 6.0, the Cr(V1) exists in agueous media mainly in the form of dichromate
(Cro07%). The concentration of Cr,O7* increased with decrease in pH from 6.0 to 2.0
and thus, FCF biosorbent became more positively charged; as a result, the amount of
adsorption increased. Above pH 6.0, the Cr(VI) was present in agueous solution in the
form of CrO4*~ and the concentration of CrO4* increased with increase in pH.
Moreover, at high pH, negatively charged surface of FCF biosorbent did not favor the

adsorption of metal ions due to electrostatic repulsions.
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Sobhanardakani et al. (2013) applied an untreated rice husk as an adsorbent for the
removal of Cr(111) and Cu(ll) from simulated wastewater. The gmax Value of rice husk
for the removal of Cr(l11) and Cu(ll) were found to be 22.5 and 30 mg g%, respectively.
They reported high adsorption rate of Cr(I11) and Cu(ll) metal ions onto the surface of
adsorbent (rice husk) in the pH range from pH 2.0 to 5.0. They observed that the percent
removal of Cr(Ill) or Cu(ll) was found to increase with increase in pH and recorded
maximum 55% of Cr(I11) and 65% of Cu(ll) removal at pH 6.0. At low pH conditions,
the surface of the rice husk was overlapped by hydronium ions (H"), which inhibited
the metal ions from approaching the active binding sites on the surface of rice husk
sorbent. The optimum range of initial pH was recorded as pH 5.0-6.0. The rate of
adsorption for Cr(111) and Cu(ll) metal ions increased with decrease in initial metal ion
concentration with increased contact time and dose of adsorbent.

Jalali and Aboulghazi, (2013) investigated the feasibility of sunflower stalks for the
sorption of lead (Pb) and cadmium (Cd) ions from their aqueous solution. The Qmax
value of adsorbent for the removal of Pb(11) and Cd(I1) was found to be 182 and 70 mg
g}, respectively. The optimum pH for the sorption of heavy metals (Pb and Cd) onto
sunflower stalks was found to be pH 5.0. The percent removal of Pb and Cd by
sunflower residues at pH 5.0 was calculated to be 99.2 and 90.1 %, respectively. They
reported that the sorption capacity for metal ions was found to increase with increase
in concentration of adsorbents due to the availability of more active binding sites or
specific surface area at higher dose of adsorbent. They recorded about 97% of Pb and
87 % of Cd removal from their aqueous solutions within 150 mins of contact time. A
high rate of percent removal of metal ions was recorded in the beginning due to

availability of more active binding sites on the surface of the adsorbent.
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Zheng et al. (2012) used corn stalk as an adsorbent derived after modification by graft
polymerization for the removal of Cd(ll) ion from their aqueous solution. The Qmax
value derived from Langmuir equation was found to be 21.37 mg g™*. A high adsorption
potential was observed in case of modified corn stalk due to the presence of surface
functional groups (-CN and —OH) as compared to unmodified corn stalk. The surface
functional groups (-CN and —OH) played a vital role in adsorption of Cd(ll), because
the oxygen and nitrogen of —OH and —CN group, respectively, have been considered
strong Lewis base due to the presence of vacant pair electrons. The vacant pair of
electrons can be found more helpful in the formation of coordination complex with
metal ions. Thus both functional groups —CN and —OH group in the grafted polymer
chains and cellulose, respectively, were actively involved in the binding of Cd(I1) metal
ions. The amount of adsorption was found to be increase with increase in pH of the
solution. A rapid increase in Cd(Il) adsorption was observed in the pH range between
pH 1.0 to 3.0 but no significant adsorption found between pH 3.0 and 7.0. At low pH
condition (below pH 3.0), the H3O" ions competed with the Cd(ll) ions for the active
binding sites of adsorbent, hence H3O" ions occupied the surface active sites of
adsorbent.

Sarin and Pant (2006) applied eucalyptus bark (EB) as an adsorbent on the removal of
Cr(VI1) and Cr(111) ions from the aqueous solution. The maximum monolayer adsorption
capacity (gmax) was found to be 45 mg g* at acidic pH 2.0. They reported that the
maximum percent removal of Cr(V1) was found to be 100% at acidic pH 2.0 and initial
Cr(VI) concentration (50 ppm). At lower pH 2.0, the Cr(VI) is mainly present in the
form of bichromate (HCrO4") but increase in pH condition can change HCrO4~ form to
other forms of Cr(V1) such as Cr,07%>~ and CrO4~. They found that the HCrO4~ form of

Cr(VI) was actively adsorbed on the surface of EB adsorbent. The EB adsorbent derived
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from cellulose based plant fibers containing a number of hydroxyl (~OH) groups which
might be involved in the binding of Cr(\VI1) metal ions. Further, the pretreatment of
eucalyptus bark with formaldehyde promote crosslinking of compounds to form a
phenol-formaldehyde copolymer which favours adsorption of cations.

Bhatti et al. (2010) studied the adsorption potential of Daucus carota L. waste biomass
in the removal of chromium from aqueous solution. The maximum monolayer
adsorption capacity for the removal of Cr(lll) and Cr(VI) as determined by the
Langmuir equation was found to be 85.65 and 88.27 mg g, respectively. The
maximum metal ions removal was occurred in 240 minutes at initial metal ion
concentration (100 mg/L) with adsorbent dose (0.1g/100 mL) at room temperature. The
equilibrium adsorption capacity of D. carota L. (carrot) waste biomass for Cr(ll1) and
Cr(V1) at pH 5.0 and 1.0 were found to be 86.06 and 88.28 mg g, respectively. The
results on analysis of variance of the data exhibited that pH had significant (P < 0.01)
effect on the sorption of Cr(lll) and Cr(VI) by biosorbent (carrot waste biomass). A
significant increase in Cr(l1l) adsorption by D. carota L. (carrot) waste biomass was
observed with increase in pH from 4.0 to 5.0. At low pH conditions, the positively
charged surface of waste biomass prevents the binding of positively charged metal ions
due to electrostatic repusion. They suggested that the different functional groups on the
surface of biosorbent and their ionic states at pH 4.0 and 5.0 determined the extent of
sorption process.

Koroki et al. (2010) used bamboo grass treated with concentrated H.SO4 for the
removal of Cr(VI) from aqueous solutions. They found that the removal of Cr(VI) was
highly dependent on pH of the solution and a physico-chemical sorption mechanism
was involved in the removal of Cr(VI). An irreversible nature of adsorption was

observed due to strong bonding between bichromate form (HCrO4 ) and active sites
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available on the surface of adsorbent. The IR peaks at wavenumbers 950 and 760 cm™
were absent in the IR-spectrum (FTIR) of Cr-laden sorbent but their presence in the IR-
spectra of sorbent before adsorption of Cr(VI1) indicated chemical interaction between
HCrO4 and the surface functional groups of the sorbent. The chemical interaction
involved the reduction of Cr(VI) to Cr(Ill) through electron transfer process. The
sorption of Cr(V1) onto the surface of adsorbent was found to increase with increase in
the pH of solution and the amount of adsorption of Cr(VI) by the sorbent might be
responsible due to depletion of protons in the system. Further, the utilization of protons
in the aqueous system was described by ion exchange mechanisms with hydroxyl ions
(—OH) during sorption.

Shibi and Anirudhan, (2006) investigated the adsorption potential of banana peel for
the removal of Pb(Il) and Cd(I1) ions from aqueous solution. A pH range (5.5 -8.0) was
found to be more effective in removal of both Pb(Il) and Cd(l1). The equilibrium stage
for the adsorption of Pb(Il) and Cd(Il) was attained in 180 min of contact time. The
maximum monolayer adsorption capacity of banana peel for the sorption of Pb(I1) and
Cd(11) ions was found to be 185.34 and 65.88 mg g2, respectively. Adsorption of metal
ions was found to decrease with increase in ionic strength due to formation of chloro
complexes and expansion of the diffuse double layer. They found that the isosteric heat
of sorption process was found to be independent of surface coverage of metal ions.
Jimoh et al. (2012) studied the adsorption behavior of Delonix regia (Flamboyant)
flower in removal of Co(ll), Cu(ll) and Pb(ll) ions from aqueous solutions. The
maximum removal of Co(Il), Cu(ll) and Pb(Il) ions from aqueous solution was found
to occur at acidic pH 5.0. The equilibrium stage was attained within 60 min of contact
time. The adsorption capacity was increased with increase in dose of adsorbent and

initial metal ion concentration. The amount of metal ions adsorption by the adsorbent

60



at pH 1.0, 2.0 and 3.0 were found to low as compared to pH 4.0 and 5.0 due to increase
in competition between the H* ions and the metal ions, because at low pH condition
(1.0 to 3.0), the high concentration of H" was observed. They suggested that at low pH
condition, the surface of the adsorbent was surrounded by H3O" ions, thereby inhibiting
the metal ions from approaching the active binding sites of the sorbent material.
Kaikake et al. (2007) investigated the feasibility of degreased coffee beans (DCB) as
an adsorbent for removal of Cu(lIl), Zn(l1), Pb(I1), Fe(l11) and Cd(11) from their aqueous
solutions. The various surface characteristics of the adsorbent was characterized by
using FTIR, SEM and fluorescent X-ray instruments. Batch adsorption experiments
were conducted at different pH in order to explain the selectivity of metal ions. All the
selected metals were efficiently removed from aqueous solution at acidic pH conditions
(3—5). They reported porous structure of DCB adsorbent and the BET specific surface
area was found to be 1.2 m? g*. The percent desorption of Cd(Il) was attained about
90% by a single batch treatment with desorbing solution of HCI or HNO3 at more than
0.01 mol dm. Based on these results they suggested that DCB was used as a cation
exchanger.

Han et al. (2010) studied the adsorption characteristics of modified wheat straw in
removal of copper ion from industrial wastewater. The thermo-gravimetric analysis of
wheat straw confirmed the presence of moisture, cellulose and lignin in the material.
The surface functional groups (carbonyl and hydroxyl) present on the surface of
adsorbent were confirmed by the FTIR analysis. Kinetic studies indicated that the
adsorption of Cu?* followed the pseudo-second order kinetic model. The maximum
adsorption capacity of modified wheat straw for Cu?* was found to be 39.17 mg g* at
293 K. The thermodynamics studies indicated spontaneous and endothermic nature of

sorption process.
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Bhatnagar et al. (2010) evaluated the feasibility of lemon peel waste as an adsorbent in
the removal of cobalt ions from aqueous solutions. The maximum monolayer
adsorption capacity of lemon peel adsorbent for cobalt ion was found to be 22 mg g*.
It was found that the adsorption of cobalt ion onto lemon peel adsorbent could be
explained more favorably by the pseudo-second order kinetic model. Initially, the rate
of adsorption was rapid and about 50% of the metal ions adsorption reached in 120 min.
Equilibrium adsorption of cobalt ions was attained within 7 hours. They suggested that
the sorption of cobalt ions onto the surface of biosorbent occurred in the form of
monolayer adsorption. The overall sorption mechanism of cobalt ions by lemon peel
adsorbent involved the binding of cobalt ions with carboxyl and hydroxyl groups
present in the biomolecules (hemicellulose, cellulose and lignin) of lemon peel waste.
An initial part of cobalt adsorption by adsorbent might be related to intra-particle
movements of cobalt ions controlled by surface diffusion process while the later part
controlled by pore diffusion.

Chen et al. (2018) investigated the adsorption potential of biochar derived from
macroalgae residue in removal of dyes from wastewater. The effect of varying
temperature from 400°C to 800°C on surface characteristics of biochar was
investigated. Among the chosen biochars, biochar derived from macroalgae exhibiting
high thermal stability, special surface properties and highly porous material was found
to be more efficient in removal of crystal violet (CV), malachite green (MG) and congo
red (CR) from aqueous media. The biochar produced at 800 °C exhibited the highest
sorption capacity for basic dye malachite green (5306.2mgg'). They reported
stretching vibration of C=0, —-CONH- and C=C in carbonyl, carboxyl groups and
aromatic rings corresponded to the IR peak at around wavenumber 1600 cm™. They

suggested that the biochar prepared at 800°C had lower pHpzc and higher pH in aqueous
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solution, which could enhance the sorption capacity of cationic dyes (MG and CV)
through electrostatic attractions due to the negative potential effect of biochar.
Nautiyal et al., (2016) studied the utilization of residual biomass of Spirulina platensis
algae (solid waste residue of biodiesel industry) in the preparation of biochar.
Adsorption capacity of prepared biochar was examined for removal of Congo red dye
from the aqueous solution. The adsorption results were compared with other adsorbents
(commercial activated carbon, original algae biomass) used in the study. Various
surface characteristics of biochar were studied by using elemental analysis, IR-
spectroscopy, SEM and powder XRD techniques. The selected adsorbents showed
better adsorption potential in removal of Congo red dye from aqueous solutions. The
highest dye uptake onto surface of biochar was observed at acidic pH 2.0, adsorbent
dose 0.2 g/100 mL and initial dye concentration (90 mg/L). The algal cell wall is
composed of several biomolecules such as cellulose, carbohydrates, proteins, lipids,
etc. which comprised of polar surface functional groups (hydroxyl, aldehydic, phenolic,
carboxylic, ketonic, etc.) acting as the active binding ligands for the dye molecules.
Oladipo and Ifebajo, (2018) studied the application of magnetic chicken bone biochar
(MCB) as an adsorbent in removal of rhodamine B dye and tetracycline from aqueous
solutions. The specific surface area and point of zero charge (pHpz) of the chosen
biochar were found to be 328 m? g ! and 8.3, respectively. The adsorption potential of
biochar in removal of tetracycline (TC) and rhodamine B dye (RB) was evaluated in a
single and double stage stirred adsorber. Based on the comparative adsorption studies,
the magnetic chicken bone biochar has been considered as an efficient alternative
adsorbent. In the acidic conditions, the sorption of TC onto MCB was not favoured due
to the electrostatic repulsion between the positively charged surface of MCB (pH <

pHpzc) and the cationic TC molecules. As the pH increased above pH 3.3, the sorption
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efficiency increased, which was perhaps due to ion exchange mechanisms involved
between the zwitter ion form of TC species and the MCB adsorbent. The sorption
efficiency of RB dye increased with increase in pH, and maximum adsorption of RB
dye (85%) was occured at pH 10.0. In acidic medium, the extent of dye removal was
lower due to high interference of H* ions and electrostatic repulsion between the dye
molecules and active sites on MCB adsorbent.

Lyu et al. (2018) synthesized novel adsorbents from different feedstock materials and
pyrolysis temperature using a planetary ball mill. The removal efficiency and sorption
mechanisms of methylene blue onto the biochar were examined. Biochar derived from
ball milled sugarcane bagasse biomass prepared at 450°C exhibited highest adsorption
capacity for methylene blue dye as compared to unmilled bagasse biochar. A large
specific surface area, pore volume, short hydrodynamic radius, more negative zeta
potential and abundant oxygen-containing surface functional groups were common
features in ball milled sugarcane bagasse. These physico-chemical characteristics
resulted in high adsorption capacity (354 mg g) for methylene blue dye.

Sewu et al. (2017) investigated adsorption potential of biochar derived from rice straw
(RS), Korean cabbage (KC) and wood chip (WC) and used them as alternative
adsorbents and compared them with commercial activated carbon (CAC) in removal of
dyes from aqueous solutions. In their experiments, crystal violet (CV) and Congo red
(CR) were used as a model cationic and anionic dye, respectively. Initial pH of the
solution had less effect on adsorption of CV and CR dye onto all chosen biochars except
for CR dye adsorption onto CAC. A chemisorption process was involved in the sorption
of cationic and anionic dye. Korean cabbage derived biochar exhibited higher
adsorption capacity (1304 mg g1) than RS (620.3 mg g), CAC (271.0 mg g*) and WC

(195.6 mg g) for the removal of CV dye. The KC derived biochar may be a cheap and
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effective alternative adsorbents to commercial AC for the removal of basic cationic
dyes from aqueous solution.

Choudhary and Paul, (2018) investigated the adsorption isotherms and kinetics for the
removal of Cr(VI) from aqueous solution by using Eucalyptus globulus bark biochar
(EBB) prepared by the pyrolysis of residual bark biomass at 500 °C. Various process
optimizing parameters such as contact time (15-240 min), initial Cr(VI) concentration
(1240 mg L), and temperature (303-323 K) were studied to recognize the EBB—
mediated efficient Cr(\V1) adsorption. The maximum sorption capacity was found to be
21.3 mg g. The percent removal of Cr(VI) at pH 2.0 was found to increase from 85%
to 99% with increase in dose of EBB from 1 g/L to 5 g/L. It might be possible due to
availability of large number of active binding sites at higher dose of adsorbent. A
positive value of zeta potential ({ = 15.6 mV) of EBB adsorbent at pH 2.0 favoured the
adsorption of Cr(VI). Further, the isoelectric point (pHiep) of EBB sorbent was
calculated to be at pH 3.18.

Zhao et al. (2018) studied the sorption efficiency of biochars derived from corn straw
at different temperatures to remove Cr(V1) from aqueous solution in the presence of
salts. In their experiments, X-ray absorption and X-ray photoelectron near edge spectra
confirmed that Cr(VI) was reduced to Cr(lll). Effect of persistent free radicals on
biochars were found to play a vital role in the reduction of Cr(VI) at neutral pH 7.0,
which was confirmed by free radical quenching and electron spin resonance. The
biochar with persistent free radicals disclosed a highly selective method for the removal
of Cr(VI1) with potential implications for the detoxification of industrial wastewater.
They suggested that oxygen containing functional groups (carboxylic and hydroxyl) on
the surface of biochars were found to decrease as the pyrolysis temperature increased.

They found that the addition of NaCl enhanced the sorption of Cr(\VI) onto the surface
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of biochar due to minimization of thickness of the diffuse double layer present around
solid and liquid phases.

Zhang et al. (2018) synthesized magnetic biochar (MMABC) from Melia azedarach
wood and applied as an adsorbent for the removal of Cr(V1) from aqueous solution. The
specific surface area of mesoporous MMABC adsorbent was found to be Sger 5.219 m?
gl Based on Raman spectroscopy and IR-spectroscopy (FTIR), the benzene-ring
adjacent to carbonyl group did not show clear positive effects on Cr(VI) adsorption.
However, adsorption coupled reduction was found to occur in the removal of Cr(VI)
from aqueous solution using MMABC adsorbent. The effect of adsorbent (MMABC)
dosage on adsorption of Cr(VI) was chiefly depended on surface active sites of
adsorbent. The number of active adsorption sites was proportional to per unit mass of
adsorbent. However, after adsorbent dosage (0.5 g/100 mL), the sorption efficiency was
constant to 99.8% and indicated that adsorbent dose (5 g/L) was optimum dosage for
the removal of Cr(VI). They found that the surface functional groups (vC-O, C—H and
C—C) were disappeared in the FTIR spectrum of Cr-laden sorbent, indicating

involvement of these functional groups in the removal of Cr(VI).
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CHAPTER-III
Materials and Methods




3. Materials and methods
3.1. Chemicals

In the present investigation, a number of analytical grade chemicals were used to
perform the experiments such as characterization of adsorbents, stock solutions and
preparation of adsorbate-adsorbent solutions for adsorption/desorption experiments. A
list of used chemicals, their sources and molecular weight (g mol™?) are given in Table
3.1. Double distilled water (pH 7.0) was used in the preparation of buffers, stock and

working solutions of different chemicals throughout the experimental study.

Table 3.1. Sources and molecular weight (g mol™?) of chemicals used in the present

study.

Chemicals Sources Molecular weight (g mol™)
Malachite green (C23H25CIN2) Aldrich 463.50
Methylene blue (C1sH1sCIN3S) E Merck Ltd. 319.85
Potassium dichromate (K2Cr.07) E Merck Ltd. 294.18
Sodium borate (Na;B107.10H,0) Himedia 381.38
Citric acid (CsHsO7) Himedia 192.13
Dibasic sodium phosphate Himedia 268.07
(Na;HPO4.7H,0)

Monobasic dihydrogen phosphate Himedia 136.08
(KH2PO,)

Dibasic monohydrogen phosphate Himedia 174.18
(K2HPO,)

Sodium hydroxide (NaOH) Himedia 39.99
Hydrochloric acid (HCI) E Merck Ltd. 36.46
Acetic acid (CH3sCOOH) E Merck Ltd. 60.05
Sulfuric acid (H2S0.) E Merck Ltd. 98.07
Potassium bromide (KBr) E Merck Ltd. 119.00
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3.2. Preparation of adsorbate solutions

3.2.1. Malachite green solution: The stock solution (1000 mg L™) was prepared by
mixing 1.0 g of malachite green (C2sH27N20s) in 1000 mL of double distilled water.
The stock solution was diluted in phosphate buffer (20 mM, pH 6.0) to prepare the
working solutions of malachite green (MG) dye with different initial dye concentration
and further batch adsorption experiments were carried out as a function of different
physico-chemical controlling factors.

3.2.2. Methylene blue solution: The stock solution (1000 mg L) was prepared by
mixing 1.0 g of methylene blue (MB) dye (C16H1sCIN3S) in 1000 mL of distilled water
(pH 7.0). The stock solution was diluted in phosphate buffer (20 mM, pH 7.0) to prepare
the working solutions of MB dye of different initial dye concentrations and further
batch adsorption experiments were carried out under different process optimizing
parameters (contact time, pH, adsorbent dose, temperature and initial dye
concentration) to define the optimum conditions for the removal of MB dye from
aqueous solution.

3.2.3. Cr(VI) solution: The stock solution (1000 mg L) of Cr(VI) was prepared by
dissolving 2.828 g of K>Cr207 in 1000 mL of double distilled water with addition of |
mL of dilute H2SO4. The stock solution was diluted in citrate phosphate buffer (20 mM,
pH 3.0) to prepare the working solutions of Cr(\V1) with different initial concentrations
and further batch adsorption experiments were carried out under different physico-

chemical controlling factors.
3.3. Preparation of buffer solutions

Due to excess alkalinity caused by the adsorbent (MPA) in aqueous solution, the pH of
dye/heavy metal solution with fixed concentration was adjusted to pH 3.0, 4.0, 5.0, 7.0,

9.0 and 10.0 by using appropriate citrate-phosphate, phosphate and borate buffer (20
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mM, each) to study the effect of pH on the sorption of cationic dyes and Cr(V1). In the
present study, acid (HCI) or base (NaOH) was not used to fix the pH of dye and heavy
metal solution. According to the preparation methods of different buffers (Gomori,
1955), the preparation of all the selected buffers are described as follows:

3.3.1. Citrate-phosphate buffer: The stock solutions of citric acid (0.1M) and dibasic
sodium phosphate (0.2M) were prepared by dissolving 19.21 g (citric acid) and 53.65
g (dibasic sodium phosphate) in 1000 mL of distilled water. In order to obtain the pH
range (3-5), a fixed quantity (mL) of solution was taken from each stock solutions and
diluted to a total of 100 mL of distilled water to get required pH (Gomori, 1955).
3.3.2. Phosphate buffer: The stock solutions of monobasic sodium phosphate (0.2M)
and dibasic sodium phosphate (0.2M) were prepared by dissolving 27.8 g and 53.65 g,
respectively, in 1000 mL of distilled water. In order to obtain the pH range (6 — 8), a
fixed quantity (mL) of solution was taken from each stock solution and diluted to a total
of 200 mL of distilled water to get required pH (Gomori, 1955).

3.3.3. Borax-NaOH buffer: The stock solutions (0.02M) of sodium borate was
prepared by dissolving 19.05 g in 1000 mL of distilled water. Further, a stock solution
(0.2M) of NaOH was prepared by dissolving accurately weighed NaOH in 1000 mL of
distilled water. In order to obtain the pH 10.0 of aqueous medium, the stock solution
were diluted by adding 50 mL of sodium borate and 43.0 mL of 0.2 M NaOH to a total
of 200 mL of distilled water (Gomori, 1955).

3.4. Collection of Mentha Plant Ash (MPA)

Mentha (mint) Plant Ash (MPA), a waste byproduct of the mentha oil production, was
collected from local mentha oil distillation units, Barabanki, Uttar Pradesh, India. The
geographical location of sampling site Barabanki, Uttar Pradesh (latitude 26° 56’ N and

longitude 81° 13° E) has been shown in Fig. 3.1. The oil extracted mentha plant residue
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is dried and used by the farmers as a cheap source of fuel for heating of the oil
distilllating units. The resulting plant ash is left in the field as a dumping waste with no
subsequent application. Further, MPA is an unattended waste byproduct of mentha
distilling industry and it is easily available in plenty in the vicinity of the industrial
plant. A schematic diagram representing the generation of MPA as a waste byproduct
of mentha oil distillation unit has been shown in Fig. 3.2. Prior to use, MPA was kept
in hot air oven at a temperature of 80°C for 6 — 8 hours to remove the moisture from
material. The material was homogenized to a fine powder with a pestle and mortor.
Finally the powder was sieved (< 0.21 mm) by using 70-mesh size sieve so that all the
particles were of almost of similar size. The sieved MPA powder was placed in air tight
glass bottle so that it could be used for further application and characterization.
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Fig. 3.1. Geographical location of sampling site Barabanki, Uttar Pradesh (latitude 26° 56’ N and longitude 81° 13” E).
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Fig. 3.2. A schematic diagram representing the generation of Mentha Plant Ash as a waste byproduct of mentha oil

distillation unit.

3.5. Characterization of MPA adsorbent

3.5.1. Zeta potential

Zeta potential analysis of adsorbent (MPA) provides an important information about
the surface potential of MPA particles and the type of sorption mechanisms
(electrostatic attraction and ion exchange) occurring on the surface of MPA particles.
In general terms, the surface potential of any adsorbent may be defined as the potential
difference established between the mobile and stationary phase of the dispersion
medium attached to the dispersed particles. The pH of the aqueous medium affects zeta

potential and the values of zeta potential changes with the change in pH of the aqueous
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medium. Some other factors such as ionic strength, temperature and concentration of
any additives may also affect zeta potential value of adsorbent particles (Basar, 2003).
Zeta potential measurements are mainly associated with stability of emulsions (short
and long-term stability). A high value of surface potential (negative or positive) of
emulsions indicate electrically stabilized emulsions while low value of zeta potentials
of emulsions tend to coagulate or flocculate leading to poor physical stability. In
general, the value of surafce potential of an emulsion is high as the repulsive forces
exceed the attractive forces, resulting in a relatively stable system (Losso et al., 2005).
In order to define the sorption mechanisms (chemical binding) of cationic dyes and
Cr(VI), the zeta potential of MPA particles was determined by using zeta potential
analyzer (Malvern Instruments Ltd, Serial Number: MAL1010294). The samples for
zeta potential analysis were prepared by dissolving 1.0 mg of MPA adsorbent in 10 mL
deionized water at chosen pH and was sonicated before analysis. The zeta potential
spectrums were recorded in the range of —200 to 200 mV (Cao et al., 2007).

3.5.2. SEM and EDX analysis

Scanning electron microscopy (SEM) is one of the most commonly used technique to
analyze surface morphology of adsorbents derived from agricultural waste materials.
SEM is a type of electron microscope which is used to produce an image of a sample
by passing a focused beam of electrons over the sample for scanning through it. SEM
analysis provides direct observation of surface structure and elemental composition of
powder materials. The ability to create an actual image of solid surface makes this
technique very helpful in obtaining morphological features of bio-sorbents (Yuvaraja
etal., 2014). It has been considered to be very popular technique for the characterization
of adsorbents to determine the surface morphology and general physical characteristics.

In the present study, the surface morphology and mineral composition of MPA
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adsorbent was investigated using a JEOL JSM-6490 LV scanning electron microscope
equipped with an energy dispersion X-ray spectroscopy (EDX). SEM micrographs
were taken at 15 kV under 5000 time’s magnification (Bello et al., 2017). Energy
dispersive X-ray spectroscopy (EDX) is primarily used for the elemental and chemical
characterization of adsorbent materials. The elemental/chemical characterization of
adsorbents is based on the principle which may state that each element has a unique
atomic structure and thus permit unique set of peaks on its X-ray spectra of adsorbent
materials. Thus, EDX analysis was carried out to determine elemental composition of

MPA adsorbent (Bello et al., 2017).
3.5.3. BET specific surface area

Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Hanlenda (BJH) methods are the
most widely studied analytical procedures for N adsorption/desorption isotherms
measured at 77 K to determine specific surface area and pore size distribution of
adsorbent, respectively (Clarkson et al., 1997). Both BET and BJH method are used to
determine specific surface area and other textural characteristics of adsorbents such as
pore volume, pore size and average pore diameter of adsorbent particles. In the BET
method, the nitrogen multilayer adsorption is determined as a function of relative
pressure using a fully automated Brunauer-Emmett-Teller (BET) instrument. The BET
method covers pore area and external surface area estimations to determine the total
specific surface area (m?g™t) which provide an important information in studying the
effects of porosity, specific surface area, and particle size of adsorbent particles in the
sorption process (Alothman, 2012). In the present study, specific surface area and other
textural characteristics of adsorbent (MPA) were determined using a Brunauer-
Emmett-Teller (BET) instrument (BEL Master™ Ver.2.3.1, BEL Japan, INC.). The
BJH method is used to determine pore size distribution independent of external surface
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area due to particle size of the adsorbent materials. The pore-size distributions of MPA

adsorbent was determined by using the BJH method (Clarkson et al., 1997).
3.5.4. IR-spectroscopy (FTIR)

The presence of several functional groups on the surface of adsorbents derived from
different waste biomass is the most attracting chemical characteristic of an adsorbent.
Fourier Transform Infrared Spectroscopy (FTIR) is an important instrument which is
commonly used in the determination of surface functional groups particularly involved
in the binding of dyes and heavy metals. The surface functional groups of agro-waste
based adsorbents can be easily determined by using FTIR instrument through the
monitoring of the vibrations of the functional groups and these vibrations characterize
molecular structure of various organic molecules present in the adsorbent materials
(Mohan, 2005). In the present investigations, the IR-spectrum (400 — 4000 cm™) of
MPA adsorbent before and after adsorption of cationic dyes (crystal violet, malachite
green, methylene blue) and Cr(VI) were obtained by using Fourier Transform Infrared
Spectroscopy (FTIR, Thermo Scientific, USA; Model: Nicolet™ 6700). Samples were
prepared for analysis by mixing 1 mg of samples before and after adsorption with 100
mg of spectroscopy grade potassium bromide (KBr) and pellets were made by hydraulic
press (15 tons). The spectra were corrected for background KBr absorption (Bello et

al., 2017).
3.5.5. X-Ray diffraction (XRD) analysis

X-Ray diffraction (XRD) technique is commonly used to determine the mineralogical
composition as well as qualitative and quantitative phase analysis of multiphase
mixtures in the adsorbent materials. The existence of different minerals in adsorbent

materials can be confirmed by their inter-atomic distance (d) in the random powder
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diffraction pattern of the adsorbents (Singh et al., 2010). The XRD pattern of adsorbent
material is unique for a particular crystalline material because the XRD patterns reflects
the various spacing of planes of atoms within the crystal lattice. The position of
different peaks of minerals in the XRD pattern are related to lattice spacing in the crystal

according to Bragg’s law (McQuarrie, 1997):

nA = 2d hk Sinb (3.2)

Where n is an integer represent order of the reflection; A (nm) is the wavelength; d is
the interatomic distance between the (hkl) diffracting planes in the crystal and 6 is the
angle between the incident X-ray beam and the diffracting planes. In order to confirm
the mineralogical compositions of adsorbent, the X-Ray diffraction (XRD) analysis of
the MPA sample was carried out using a PAN alytical XRD instrument
(Model/Supplier: Panalytical), operated at 30 mA and 40 kV. The XRD data was
collected over in the range of 20 = 5-50¢ by step scanning using Cu Ka. (A = 0.154 nm)

radiation (Singh et al., 2010).

3.5.6. Cyclic Voltammetry analysis

Cyclic voltammetry (CV) is a type of potentio-dynamic electrochemical measurement
of an analyte in electrolytic solution and commonly used to study the redox
(reduction/oxidation) behavior of an analyte in the electrolytic solution (Ngamukot et
al., 2006). The working electrode potential in a cyclic voltammetry test is ramped
linearly versus time. In the present study, cyclic voltammetry analysis was carried out
to see whether a rapid decolourization/color change of dye and metal ion solution in the
presence of adsorbent (MPA) was simply adsorption or something else like reduction
and oxidation of contaminants. Cyclic Voltammetry (BASi EC Epsilon) instrument was

used to determine electrochemical behavior of basic cationic dyes (malachite green,
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methylene blue) and Cr(V1) in aqueous solution after treatment of adsorbent MPA. The
cyclic voltammetry test was performed in a single compartment with 50 mL of
dye/metal ion solution (50 mg L) treated with MPA for 75 min at room temperature.
In cyclic voltammetry test, Ag/AgCl electrode, glassy carbon and a platinum wire were
used as a reference electrode, working electrode and counter electrode, respectively.
The redox behavior of cationic dyes and Cr(V1) was studied over a potential range from
~1.5V to +1.5V (vs. Ag/AgCl) with a scan rate of 100 mVs™ and step potential of
0.002V (Ngamukot et al., 2006).

3.5.7. Thermo-gravimetric analysis (TGA)

Thermo-gravimetric analysis (TGA) is widely used to determine the rate of change in
the weight of adsorbent material as a function of varying temperature or time in a
controlled conditions. TGA analysis is also very helpful in determination of
composition of materials and their thermal stability at temperatures up to 1200°C.
Further, TGA technique can also be used to characterize the biomaterials which exhibit
weight loss or gain due to oxidation, dehydration and decomposition at varying
temperature (Qi et al., 2010). In order to confirm the thermal behavior of organic and
inorganic content present in MPA adsorbent, the thermogram (TG) of MPA was
obtained by using Thermo-gravimetric Analyzer (Netzsch Germany) under N2 flow of
100 mL min, heating rate of 10°C min™ and temperature ranges (30-850°C). The
composition of adsorbent (MPA) and their thermal stability at temperature up to 850°C
was determined by using TG analysis. In the preparation of sample for TG analysis,
one grams of the powder adsorbent sample was placed into the platinum pan of the
TGA analyzer and the sample was degassed for a few minutes. Further, N> gas was
allowed to pass through the chamber furnace of TGA analyzer to confirm an inert

atmosphere and the sample was heated at required temperature until a constant weight
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is obtained for the determination of moisture content and volatile organic matter (Bello

etal., 2017; Qi et al., 2010).
3.5.8. X-Ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a quantitive spectroscopic technique used
to analyze the surface chemistry of an adsorbent sample and determine its elemental
composition, atomic concentrations, and chemical states of elements present at the
surface of samples (Wen et al., 2011). In XPS instrument, a soft X-ray source (AlKa)
is commonly used to ionize electrons from the surface of a solid sample. The binding
energy (eV) of ionized electrons are measured to determine valence state of various
metal ions. In the removal of Cr(VI) by MPA, the composition and valence state of the
Cr(VI) metal ions on the surface of MPA was analyzed to confirm the reduction of
Cr(VI) during sorption process (Wen et al., 2011). The surface chemistry, composition
and valence state of the Cr(VI) on the surface of MPA was determined by performing
the experiments using X-ray photoelectron spectroscopy instrument (XPS, Thermo

Fisher Scientific, UK) with Al Ka radiation (hv = 1486.6 eV) (Wen et al., 2011).
3.6. Batch adsorption experiments

3.6.1. Batch adsorption experiments for removal of cationic dyes

Batch adsorption experiments were carried out to examine the adsorption potential of
MPA adsorbent in the removal of basic cationic dyes (malachite green and methylene
blue) from their aqueous solutions, using an orbital shaking incubator (Model UTS:
1.21) at 180 rpm and conical flasks of 250 mL. The sorption of malachite green (MG)
and methylene blue (MB) dye by MPA was carried out as a function of different contact
time (0 — 45 min for MG; 0 — 30 min for MB), adsorbent dose (0.05-0.39/100 mL for
both MG and MB), pH condition in each (pH 4.0 — 10.0) and initial dye concentration
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(20 — 100 mg L of MG; 5 —50 mg L! of MB). To study the effect of contact time, pH
and initial dye concentrations on the sorption of MG and MB dye, an amount of 0.1 g
of MPA was added to 250 mL conical flasks containing 100 mL of 50 mg L of MG
and 25 mg L of MB dye solutions (pH 6.0 for MG; pH 7.0 for MB). Further, the
resulting solutions were placed under shaking condition (180 rpm) at an incubation
temperature of 32°C (approximately room temperature) for various time durations (0 —
45 min for MG; 0 — 30 min for MB). Due to excess alkalinity caused by the adsorbent
(MPA) in aqueous solution, the pH range of dye solution (25 mg L™ for MB; 50 mg L
! for MG) was adjusted to pH 4.0, 5.0, 7.0, 9.0 and 10.0 by using appropriate citrate-
phosphate, phosphate and borate buffer (20 mM, each) to study the effect of pH on the
sorption of cationic dyes. An amount of 0.1g of MPA was added to the dye solution to
start the adsorption process at room temperature (32°C) for varying time intervals. All
the working solutions were centrifuged (Remi Instruments LtD: AXCI-7182) at 5000
rpm for 10 min to separate dye-loaded adsorbent from the suspension. The final dye
concentration in the supernatant was evaluated by measuring the concentration of MG
and MB dye at a wavelength of 618 and 668 nm, respectively, using a UV-visible

double beam spectrophotometer (Shimadzu UV-1601).

3.6.2. Batch adsorption experiments for removal of Cr(VI)

Batch adsorption experiments were carried out to examine the adsorption potential of
MPA for the removal of Cr(VI) from their aqueous solution using an orbital shaking
incubator (Model UTS: 1.21) at 180 rpm and conical flasks of 250 mL. The sorption of
Cr(VI) by MPA was carried out as a function of different contact time (0 — 90 min),
adsorbent dose (0.1 — 0.5g/100 mL), pH condition (pH 3.0 — 8.0) and initial Cr(\V1)
concentration (10 —50 mg L1). To study the effect of contact time, pH and initial Cr(\V1)

concentration on the sorption of Cr(VI), an amount of 0.1 g of adsorbent (MPA) was
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added to 250 mL conical flasks containing 100 mL of Cr(V1) solution (10 mg L™; pH
3.0) and the resulting solutions were placed under shaking condition (180 rpm) at 32°C
(approximately room temperature) for various time durations ranging from 5 min to 90
min. To study the effect of pH, the Cr(VI) metal ion solution was prepared using
appropriate buffer (20 mM) and shaken at 32°C for 90 minutes. All the working
solutions were centrifuged (Remi Instruments LtD: AXCI-7182) at 5000 rpm for 10
min to separate Cr-loaded adsorbent from the suspension. The final Cr(VI)
concentration was determined at 540 nm wavelength using a UV-visible double beam
spectrophotometer (Shimadzu UV-1601) and the total chromium concentration was
measured by fast sequential atomic adsorption spectrometer (Varian; AA240FS).

All the samples measured three times and the mean values were considered for the
calculation of adsorption capacity and percent removal of cationic dyes and Cr(VI)
metal ions. The amount of dye/metal ion adsorbed at equilibrium, ge (mg g?) and

percent removal were calculated by following equations (Hameed et al., 2008):

(Gi-Co)V
e = —— (3.2)
Percent removal (%) = % x 100 (3.3)

Where, ge (mg/g) is the amount of dye/metal ion adsorbed per unit weight of adsorbent,
Ci, Ce, V and m represent initial dye/metal ion concentration (mg L), final dye/metal
ion concentration in solution (mg L), volume (Litre) of the solution and mass (grams)
of the adsorbent, respectively.

3.7. Desorption studies for cationic dyes

Desorption studies were carried out to see the recovery of adsorbent (MPA) as well as
re-use potential of adsorbate. If the dye desorption occurs by desorbing agents such as
acids (H2SOs4, HCI and CH3COOH) or alkali (NaOH), then it indicates chemisorption

process (Rawat and Singh, 2017). If the adsorbed dye is desorbed by using neutral pH
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water, then the attachment of the dye molecules with the adsorbent particles is by weak
bonds and it indicates physical adsorption of adsorbate molecules (Ansari &
Mosayebzadeh, 2010).

In the present desorption studies, 100 mL of MG (50 mg L) and MB dye (25 mg L™?)
solutions was mixed with adsorbent MPA (0.1g/100 mL) at pH 6.0, and 7.0,
respectively. The resulting dye solutions were placed under shaking (180 rpm) at 32°C
for different time intervals (45 min for MG; 30 min for MB). The dye-loaded MPA was
separated by centrifugation and the residual concentration of dyes (MG and MB) in the
supernatant was measured to determine the amount of dye adsorbed by MPA particles.
Thereafter, 0.1 g of dye-loaded dried MPA (dried at 70°C for 6 — 8 hours) was added to
100 mL of desorbing solution (1.0 N each of HCI, CH3COOH, H2SO4 and NaOH) and
the mixture was shaken at 180 rpm for 60 minutes. The amount of dye released in the
desorbing solution was determined by using UV-visible double beam
spectrophotometer (Shimadzu UV-1601) as described earlier. The adsorbent (MPA)
separated from the desorbing solution was washed with the distilled water 3 to 4 times
to remove the desorbing solution from the surface of MPA. The washed MPA particles
were dried at 70°C for 6 — 8 hours for further use in wastewater treatment. In the present
study, use of 1N desorbing solution of acids or alkali to desorb the MG and MB dye
was preferred so that the surface characteristics of MPA were not severely modified.
The percent desorption of dye was calculated at regular time interval by the following

equation (Ansari & Mosayebzadeh, 2010):

i A t of dye desorbed
Percent desorption (%) = ————— Y= 200°

x 100 (3.4)

Amount of dye adsorbed

3.8. Adsorption isotherms

The adsorption isotherms (Langmuir and Freundlich) are well known equilibrium

adsorption models applied on equilibrium adsorption data and clarifies the sorption
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mechanisms of dyes and heavy metals onto the surface of adsorbent. Generally, the
adsorption isotherms describe the relation between the equilibrium concentration of
adsorbate molecules in the solution and the amount of adsorbate molecules adsorbed
onto the surface of adsorbent (Ozdes et al., 2011). A number of adsorption isotherm
models are available that describe the process of equilibrium adsorption of
contaminants (dyes and heavy metals) onto the surface of adsorbents. In the present
study, the two well studied adsorption isotherm models (Langmuir and Freundlich)
were applied on equilibrium adsorption data of cationic dyes and Cr(VI).

3.8.1. Langmuir isotherm model

The Langmuir adsorption model is mainly applicable on those adsorbent materials that
have uniform surface and sorption energies (Nava et al., 2011). Absence of particles
interactions between adsorbent and adsorbate molecules with no any transmigration of
the adsorbate molecules on the surface of adsorbent material (single layer adsorption)
are the most common features of Langmuir isotherm (Nava et al., 2011).

The Langmuir adsorption isotherm (Langmuir, 1915) assumes monolayer adsorption
onto a surface of adsorbent having a finite number of active sites. It is applicable on
homogeneous surface of adsorbent and the calculation of the maximum adsorption
capacity (gmax) conforming to whole monolayer coverage on the surface of adsorbent.
The Langmuir isotherm equation is represented in linear form as follows (Langmuir,

1915):

Ce 1 Ce
= —+

Qe (max b (max

(3.5)

Where, Ce is the equilibrium dye/metal ion concentration (mg L) in solution; ge is the
amount of dye/metal ion adsorbed onto the surface of adsorbent at equilibrium (mg g
1): gmax is the Langmuir constant known as the maximum adsorption capacity (mg g1)

of the adsorbent and b is called as adsorption free energy (L mg™). A plot of 1/¢e versus
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1/ce was used to calculate the Langmuir constants gmax (Mg g*) and b (L mg™?) from the
slope and intercept of the plot, respectively.

3.8.2. Equilibrium parameter or separation factor (RL)

The effect of shape of Langmuir isotherm on adsorption of dyes and heavy metals was
studied to understand whether a sorption process is favorable or unfavorable. Further,
the analysis of Langmuir equation can be made on the basis of equilibrium parameter
or separation factor (RL) which is a dimensionless constant and it can be used to
determine the feasibility of sorption process in a given range of dye/metal ion
concentrations over the adsorbent (Hall et al., 1966). It is represented by the following

equation:

1

Ry =
L 1+bC;

(3.6)

The R value indicates the nature of sorption process to be either linear adsorption (R.
= 1), favorable adsorption (0 < R.< 1), unfavorable adsorption (RL> 1) or irreversible
sorption process (R. = 0) (Ho and Mckay, 2000).

3.8.3. Freundlich isotherm model

Freundlich proposed an adsorption isotherm based on the hypothesis that the uptake of
adsorbate molecules onto a heterogeneous surface of adsorbent with multilayer
adsorption and the amount of adsorbate molecules adsorbed onto the surface of
adsorbent increases infinitely with the increase in concentration of adsorbate molecules
in solution (Arfaoui et al., 2008). The Freundlich isotherm equation is given as follows:
ge=KrC¢" (3.7)
Where, Kk is a Freundlich constant related to adsorption capacity of the adsorbent
(mg/g)/(mg/L)*™ and n is an empirical parameter related to intensity of adsorption. The

values of n varies with the heterogeneity of adsorbent particles and n value between 0.0
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— 1.0 indicates favorable adsorption of dyes and heavy metals (Arfaoui et al., 2008).
The Freundlich isotherm equation can be written in linear form as:

log ge=log Kr+ 1/n log Ce (3.8)
Where, Kk is the adsorption capacity and n represents the intensity of adsorption. Thus,
a plot of log ge versus log Ce is a straight line and values of Freundlich constants (K

and n) are calculated from the intercept and slope of the linear plot.
3.9. Adsorption Kinetics

The adsorption kinetics describe the uptake rate of adsorbate molecules onto the surface
of adsorbent, sorption mechanisms and reaction pathways of adsorbate molecules-
adsorbent particles interaction untill equilibrium is attained. Further, the Kinetic
parameters derived from different kinetic models (Pseudo-first order, Pseudo-second
order and Intra-particle diffusion model) provide valuable information about designing,
optimization, and modeling of the batch adsorption process (Bektas et al., 2011). A
number of kinetic models are available in order to investigate the adsorption
mechanisms of dyes and heavy metals onto the surface of adsorbent. In the present
work, kinetic studies were carried out by applying pseudo-first order, pseudo-second
order kinetic model and intra-particle diffusion model on time dependent experimental
data to know the extent of dye/metal ion adsorption as a function of time. The amount
of dye/metal ion adsorption at time t, g: (mg g*), was calculated by the following

equation (Hameed et al., 2008):

_ (Ci—-CVv
- m

(3.9)

qt

Where Ci is the initial dye/metal ion concentration (mg L™) in solution and C is the
dye/metal ion concentration (mg L1) at time t in solution.

3.9.1. Pseudo-first order kinetic model
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In Pseudo-first order kinetic model, the rate of adsorption is proportional to the number
of vacant sites on the surface of adsorbent (Liu and Liu, 2007), which can be described
by the following equations:

dqt/dt =k (qe - CIt) (3.10)

Where, ge and g are the amount of dye/metal ion adsorbed (mg g*) onto the surface of
adsorbent at equilibrium and at time t, respectively and k. (1/min) is the pseudo-first

order rate constant.

After integration and applying boundary conditions t=0 to t=t and gqt=0to gt = qt, a
linear form of pseudo-first order kinetic equation can be described in the following form

(Liu and Liu, 2007):

log (ge—qt) = log ge — ki t/2.303 (3.11)
Where qe and q; are adsorption capacity (mg g) at equilibrium and after time (t),
respectively and k: (min) is the first order rate constant. The constants k. and ge of
pseudo-first order kinetics can be calculated from the slope and intercept of the plot of
log (ge — qr) versus t. The value of intercept in the plot is equal to the log Qe.

3.9.2. Pseudo-second order kinetic model

Pseudo-second order kinetic model is most commonly studied model applied in liquid-
phase adsorption systems to describe the sorption kinetics in removal of dyes and heavy
metals from aqueous solution. The Pseudo-second order equation for the analysis of

adsorption kinetics can be expressed in linear form as (Ho and Mckay, 2000):

t 1 t
5~ Kqe + T (3.12)

Where k: is the rate constant (g mg™ min™) of Pseudo-second order kinetic model. The
plot between t/g: and t should give a linear relationship from which k2 and ge can be

derived from the slope and intercept of the plot, respectively.
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The Pseudo-second order kinetic model can also be applied on adsorption kinetic data
to calculate initial adsorption rate h (mg g™ min) for the sorption of dye and heavy
metal onto the surface of adsorbents, which can be written as:

ho,2 = k2 Qé? (3.13)
3.9.3. Intra-particle Diffusion Model

The intra-particle diffusion (IPD) model is commonly applied on time dependent
experimental data to describe sorption kinetics involved in the removal of dyes and
heavy metals. There are two or three steps are mainly involved to follow the overall
sorption process of contaminants (Sun and Yang, 2003). The adsorption of adsorbate
molecules on external surface of adsorbent (instantaneous adsorption) takes place in the
first step where as the second step in sorption process is the gradual adsorption step and
during which the intra-particle diffusion is in controlled conditions. The third step in
the sorption process is the final equilibrium stage where the solute particles seem to
move slowly from macropores to micropores causing a decline in the rate of adsorption.
The time required for the second step of sorption process usually depends on the
variations in the physico-chemical parameters including adsorbate-adsorbent
concentration, temperature, and particle size of adsorbent. Generally, IPD model is
studied to investigate the rate controlling steps and sorption mechanisms affecting the
efficiency and nature of sorption process (Weber and Morris, 1962). IPD model can be
explained by the following equation:

g =kiat*?+C (3.14)
Where, C is the intercept and kig is the intra-particle diffusion rate constant (mg/g
minY?). The constant C and kia can be derived from the slope of the linear plot of q
versus tY2,

3.10. Activation energy
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The activation energy (Ea) provides valuable information about the types and nature of
sorption processes which are generally occur in the removal of dyes and heavy metals
from their aqueous solutions. Based on value of activation energy, the sorption process
can be classified as physical and chemical adsorption. The value of Ea for the physical
adsorption is usually < 40 kJ mol™, since the forces involved in physical adsorption are
weak whereas the Ea value > 40 kJ mol? indicates chemisorption which is more
specific and involves forces much stronger than in physisorption process (Saha et al.,
2012). In the present study, the activation energy (Ea) for the sorption of basic cationic
dyes by MPA adsorbent was calculated using Arrhenius equation (Chowdhury and

Saha, 2010):

Ink = InA — = (3.15)
RT

Where k is the velocity constant, A the Arrhenius constant, Ea (kJ mol™?) the activation

energy for surface binding, R (8.314 J molK™1) is called gas constant and T is the

temperature (K). The value of velocity constant (k) was determined by the following

equation:

_Go

= (3.16)

Where Co (mg L) and Ct (mg L) are the initial and final dye concentration in solution
at temperature (K), respectively. Activation energy (Ea) was calculated from the slope
of linear plot of Ink versus 1/T.

3.11. Thermodynamic studies

The effect of temperature on the sorption process can be conducted by preparing
adsorbate-adsorbent solution with varying initial dye/metal ion concentration and
temperature. Temperature has been considered as an indicator for nature of sorption
process whether it is an endothermic or exothermic process. If the amount of adsorption

increases with increase in temperature then the sorption process is an endothermic in
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nature. The kinetic mobility of the adsorbate molecules and the number of active sites
for the adsorption increases with increase in temperature (Senthilkumaar et al., 2006).
The decrease in adsorption capacity with increasing temperature indicates that the
sorption process is an exothermic in nature (Nandi et al., 2009). Increase in temperature
may decline the adsorptive forces between the adsorbate molecules and the active sites
present on the surface of adsorbent which causes decline in adsorption capacity
(Ofomaja and Ho, 2007).
In temperature-dependent adsorption process, it is very useful to define the
thermodynamic parameters such as standard enthalpy change (AH°), free energy
change (AG®°) and entropy change (AS°) (Ahmad and Kumar, 2010). In the present
study, the Gibbs free energy change for sorption of dye and heavy metal onto the
adsorbents as studied in a selected range of temperature (20 — 50 °C) can be calculated
by the following equation:
AG = -RT InKc (3.17)
AH°® and AS° of sorption process can be derived from Van’t Hoff equation, which can
be written as:
_AS° AHP

InKc=—-
R RT

(3.18)

Where Kc is equilibrium constant for adsorption, R is the gas constant, T is absolute
temperature (K). The value of AH® and AS® were calculated from the slope and intercept

of the linear plot of InKc versus 1/T. The Kc value is determined by the following

relation:
Ke= = (3.19)
C.

Where ge is the amount of dye/metal ion adsorbed (mg g?) onto the adsorbents at

equilibrium and Ce is equilibrium dye/metal ion concentration (mg L) in solution.
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CHAPTER- IV
General characterization of Mentha Plant Ash (MPA)




4.1. Introduction

Adsorption is an efficient and effective method for the removal of dyes/heavy metals
from aqueous solution and activated carbons derived from different waste biomass is
one of the most studied adsorptive materials in wastewater treatment (Singh et al.,
2003). The adsorption capacity of the various adsorbent materials mainly depends on
its physico-chemical properties such as porosity, specific surface area, surface
functional groups, organic and inorganic contents (Barbooti et al., 2004). The surface
characteristics of adsorbent materials play a vital role in sorption processes and it is
mainly dependent on the method of preparation and type of precursor used. Therefore,
proper characterization of the adsorbents using suitable techniques is crucial to the
adsorption and separation processes used to remove organic and inorganic
contaminants from wastewater. During last few years, the surface chemistry of many
adsorbent materials including biochar and activated carbon has been explored to
interpret results of dyes and heavy metals adsorption (Al-Degs et al., 2003). The
application of activated carbon as an adsorbent has been found more expensive in
treatment of industrial wastewater, particularly for the removal of dyes and heavy
metals. Due to low price and high efficiency, the usage of non-conventional adsorbents
such as natural materials, bio-sorbents and waste materials from industry and
agriculture have been preferred in adsorption of toxicants by earlier workers (Crini,
2006).

4.2. Materials and Methods

In the present study, Mentha Plant Ash (MPA), a waste byproduct of the mentha oil
production, was collected from local mentha oil distillation units, Barabanki, Uttar
Pradesh, India. The characterization of MPA as an adsorbent was carried out by using

various instrumental techniques such as Scanning Electron Microscope (SEM), Energy
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Dispersive X-Ray Spectroscopy (EDX), IR-Spectroscopy (FTIR), Thermo-gravimetric
Analysis (TGA), Brunauer-Emmett-Teller (BET), Barret-Joyner-Halenda (BJH)
method and zeta potential analyzer to study various physico-chemical characteristics of
MPA as adsorbent for dyes and heavy metals. For general characterization of the MPA
adsorbent, the detailed methodology including collection of MPA; chemicals and
solutions; type of instruments used and samples preparation has been described earlier

in Chapter-3- Materials and Methods.
4.3. Results and Discussions

4.3.1. SEM and EDX analysis

The surface morphology of adsorbent particles play a crucial role in the sorption of
organic and inorganic contaminants from aqueous solutions. SEM image of MPA
showed irregular surface and crushed ends with dawdle deposits on the surface of MPA

particles. The surface morphology of MPA has been shown in Fig. 4.1.

Fig. 4.1. SEM micrograph of MPA (Accelerating voltage = 15 kV; Magnification = 5000X).

Presence of small pores on the surface of MPA particles might be due to the

volatilization and decomposition of various biomolecules present in the plant waste
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material. Generally, the waste plant materials contain high content of volatile matter
and low lignin content which directly affects the pore formation on the surface of
adsorbent particles (Lenmann et al., 2011). The surface morphology of MPA particles
became more complex and showed fibrous structures due to aggregation of mineral
compounds at higher temperature (850°C) (Yargicoglu et al., 2014). The fibrous
structure of adsorbent particles might be developed from various cellulosic structures
during combustion process as suggested by earlier workers (Fernandez et al., 2012).
The volatization of organic matter during thermal change (450 — 800 °C) may cause
variation in particle surface, shrinking and splitting of adsorbent particles. Further
results on EDX analysis (Table 4.1) of the MPA exhibited chemically rough surface of
adsorbent particles due to presence of high content of clay minerals. The mineral
composition of MPA (Fig. 4.2) showed major contribution of C, O, Mg, ClI, K, Si, Fe
and Ca, which registered several fold increase in the mineral contents than that in earlier

reported adsorbents (Lehmann et al., 2011).
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Fig. 4.2. EDX analysis showing mineral composition of MPA.
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Table 4.1. Mineral composition of MPA (EDX analysis).

Elements Percent (%) contribution
Weight % Atomic %
C 18.93 31.85
0] 32.53 41.08
Mg 2.5 2.08
Al 0.52 0.39
Si 6.7 4.82
P 1.63 1.06
Cl 1.09 0.62
K 3.98 2.06
Ca 31.02 15.64
Fe 1.11 0.4

4.3.2. BET specific surface area

The Brunauer-Emmett-Teller (BET) analysis of the N2 adsorption-desorption isotherm
provides valuable information about sorption process, specific surface area and porosity
of the adsorbent material (Mall et al., 2006). Based on previous studies, all the N2
adsorption/desorption isotherms would follow only one of the five basic types of
adsorption isotherms (Types | to V) as suggested by earlier workers (Brunauer et al.,
1940). The adsorbent materials are supposed to have certain porosity for a specific type
of N adsorption/desorption isotherm. The N2 adsorption-desorption isotherms
measured on MPA sample at temperature of 77 K has been shown in Fig. 4.3 (a). The
shape of the isotherm matches the Type IV shape of adsorption isotherm (IUPAC
classification), indicating a mesoporous structure of MPA adsorbent. The specific
features of Type IV isotherm correspond with monolayer-multilayer adsorption and are
indicative of relatively strong interaction between adsorbent particles and adsorbate
molecules as suggested by earlier workers (Sing et al., 1985). The surface and other

textural properties of MPA are listed in Table 4.2. In the present study, the BET specific
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surface area of MPA adsorbent was found to be 7.169 m? g. The small BET specific
surface area of MPA might be due to filling of pores largely with resins and minerals,
which interfere with diffusion of nitrogen molecules (Rawat and Singh, 2017). The total
pore volume and average pore diameter of MPA were found to be 3.414 cm? gt and

12.915 nm, respectively.

Barret-Joyner-Halenda (BJH) method is a very common method for the determination
of the mesopore size distribution of adsorbent particles. According to the International
Union of Pure and Applied Chemistry (IUPAC), the pore size of adsorbent particles
can be classified as macropores (d > 50 nm), meso-pores (2 < d < 50 nm) and
microporous particles (diameter, d < 2 nm) (IUPAC, 1982). Further, microporous
particles can be classified as super-micropores (0.7 < d < 2 nm) and ultra-micropores
adsorbent particles (d < 0.7 nm). For a gas-phase sorption process, adsorbents
consisting mainly of microporous particles as most of the gaseous contaminants vary
from 0.4-0.9 nm in diameter, while in liquid-phase sorption process, adsorbents are
preferred to have significantly more mesoporous structures because of the larger sizes
of liquid molecules. The pore size distribution of MPA particles, as determined by BJH
method, was found to be in the range of 3-25 nm indicating mesoporous material. The
BJH plot measured on MPA at temperature of 77 K has been shown in Fig. 4.3 (b). A
pore diameter in adsorbent particles between 2 to 50 nm indicates a mesoporous
material (Sing et al., 1985). The results suggested that the adsorbent MPA is a
mesoporous material. The International Union of Pure and Applied Chemistry (IUPAC)
has classified the meso-pore diameter (d) ranging between 2 to 50 nm, micropores

ranging < 2 nm and macropores ranging > 50 nm (Rawat and Singh, 2017).
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Fig. 4.3. (a) Nz adsorption-desorption isotherm and (b) BJH plot measured on MPA at 77 K.

Table 4.2. Surface and other textural properties of MPA.

Property Magnitude
Specific surface area (BET-plot; m?g™?) 7.169
Total pore volume (BET-plot; cm3g™?) 3.414
Average pore diameter (nm) 12.915
Pore area (BJH-plot; m? g1) 7.258
Pore volume (BJH-plot; cm® g) 2.025

4.3.3. Thermo-gravimetric analysis (TGA)

Thermo-gravimetric analysis (TGA) was carried out to investigate the organic and
inorganic contents by analyzing the thermal behavior of adsorbent (MPA). The
recorded thermograms (TG) of MPA obtained by using Thermo-gravimetric Analyzer

at different temperature ranges from 0 to 850°C has been shown in Fig. 4.4.
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Fig. 4.4. Thermogram of MPA (Nitrogen flow = 100 mL/min; Heating rate = 10°C/min).

The TG analysis of MPA exhibited three main stages of weight loss in different
temperature ranges (0 — 180°C, 180 — 700°C and 700 — 850°C) during combustion of
post-distillation mentha plant residues. The results showed that the first phase of weight
loss in recorded thermogram of MPA corresponds to release of water molecules and
low boiling volatile organic matter (Zhang et al., 2006; Liu et al., 2012). Approximately
3% of weight loss was recorded in first phase of TG analysis, indicating moisture
content and low amount of volatile compounds present in the plant waste material. The
second phase of weight loss at temperature range (180 — 700°C) might be related to the
decomposition of hemicellulose (200 — 300°C), cellulose (300 — 400°C) and lignin (200
— 700°C) and its conversion into CO2, CO and CH4 (Xu and Chen, 2013). In second
phase, approximately 10% of weight loss was recorded in thermogram of MPA (Chen
and Chen, 2009; Kim et al., 2012; Xu and Chen, 2013). Further, the third phase of
weight loss at temperature range 700 — 850°C was indicative of thermal decomposition

of lignin (160 — 900°C) (Xu and Chen, 2013). The CO: evolution after thermal
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decomposition of calcite (CaCOs3) resulting in material of greater thermal stability

during the third phase of weight loss as suggested by earlier workers (Qi et al., 2010).

4.3.4. Powder X-Ray Diffraction (XRD) analysis

The XRD pattern of MPA adsorbent produced from mentha plant waste at about 800 —
900°C of temperature is shown in Fig. 4.5. The presence of calcite, quartz, crystalline
cellulose and dolomite were confirmed by their corresponding peaks represented as

interplaner distance (d) in the XRD pattern of MPA (Fig. 4.5).
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Fig. 4.5. X-ray diffraction pattern of MPA [Interplaner distance (d) values are given in A].

The presence of quartz and crystalline cellulose were detected by peaks at 3.36 and 4.53
A, respectively, whereas the existence of calcite was exhibited by peaks at 3.03, 1.81
and 2.28 A in the XRD pattern of MPA (Yuan et al., 2011). Further, the presence of
dolomite, CaMg (COs). was detected by peak at 2.81 A in the XRD spectra of
adsorbent. The intense sharp peaks at 3.03 A, 4.53 A and 3.36 A indicated well
crystalline form of calcite, crystalline cellulose and quartz, respectively, and available
in high content as compared with other minerals of MPA adsorbent (Yuan et al., 2011).

A high peak intensity at 3.36, 4.53 and 3.03 A in the XRD pattern of MPA also
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suggested that the quartz, crystalline cellulose and calcite content was found to increase
with increase in temperature from 450 to 850°C during combustion of post-distillation
mentha plant residues. Further, the XRD pattern and a high carbonates content in
adsorbent material suggested that different carbonates forms were the main alkaline
constituents in the MPA adsorbent produced from mentha plant waste at the high

temperature (800°C) (Yuan et al., 2011).

4.3.5. Zeta potential analysis

The surface-potential of adsorbent (MPA) is an essential factor which affects the extent
of dye/metal ion adsorption on the surface of adsorbent particles. In order to see the
role of surface charge potential on adsorption of dyes and heavy metals, the zeta
potential (ZP) of MPA adsorbent was recorded as a function of different pH in a
buffered medium. The ZP values for the MPA powder ranged from —24.3 mV at pH 4.0
to —40.1 mV at pH 10.0 (Fig. 4.6). The ZP value of MPA particles (Fig. 4.7) at neutral
pH (7.0) was found to be —37.1 mV, indicating negatively charged surface of MPA
particles. The results on zeta potential values of MPA particles at different pH condition
(pH 4.0 to pH 10.0) indicated a highly negatively charged surface with little effect of
pH condition. As the pH of ambient condition increases, the zeta potential of MPA
became slightly more negative. A highly electronegative surface along with little effect
of changing pH condition on the zeta potential suggested about larger contribution of
salts and clay minerals in determining the zeta potential was suggested by earlier
workers (Aksoy and Kaya, 2011). This could be the reason for high binding efficiency
of MPA for cationic dyes (malachite green and methylene blue) and Cr(VI) metal ions
(Bootharaju and Pradeep, 2013). Similar observations have been made by earlier
workers on zeta potential of quartz powder with isoelectric point (iep) at around pH 2.0
and zeta potential ranging from —15 mV at pH 4.0 to -56 mV at pH 10.5 (Huang and
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Fuerstenau, 2001). Johnson (1999) reported that the quartz has iep at pH below 2 and
the zeta potential is about =50 mV at neutral pH and — 60 mV at pH 10 in the presence
of 1 x 103 M KCI. In the present investigation, the iep of the used adsorbent (MPA)
could not be found within the selected range of pH, but perhaps a low pH condition
(below 3.0) might be more helpful in determination of iep of MPA adsorbent. However,
hydrated ionic radius of minerals may also affect the zeta potential; the larger is the
ionic radius and thicker the layer, the value of zeta potential shifts towards negative

side as in the case of MPA adsorbent (Aksoy and Kaya, 2011).
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Fig. 4.6. Zeta potential values of MPA at different pH condition (pH 4.0 to 10.0).
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Fig. 4.7. Zeta potential curve measured on MPA at neutral pH condition (pH 7.0).
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4.3.6. IR-spectroscopy (FTIR)

The FTIR spectra (4000 to 500 cm™) of MPA adsorbent (Fig. 4.8) before adsorption of
cationic dyes and Cr(VI) was recorded to analyze the presence of several functional
groups on the surface of MPA particles. The results displayed a number of oxygen

containing functional groups present on the surface of adsorbent particles.
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Fig. 4.8. IR-spectra (FTIR) of MPA before adsorption of cationic dyes and Cr(V1).

The IR absorption spectrum of MPA showed different IR peaks at wavenumbers
3694.3, 3424.8, 1795.6, 1426.5 and 1040 cm™ which correspond to hydroxyl (—-OH)
and amine groups (—NHy), acid chloride with C=0 stretching of amines, C=0 stretching
of carboxyl groups and carbonyl groups, respectively (Mary et al., 2016; Mohan, 2005;
Ding et al., 2016). These surface functional moieties, not only contributing to negative
surface potential of MPA particles but may play a crucial role in the
adsorption/reduction of cationic dyes and Cr(VI) metal ions. The oxygen-containing
functional groups are actively involved in the binding of cationic dyes and Cr(VI) as
suggested by earlier workers (Guo et al., 2017). The band at 1426.5 cm™ and 1040.9

cm are characteristic of C—O stretching and vibrations of lignin and carbohydrates as
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reported earlier in wood samples (Poletto et al., 2012). Further, it has been suggested
that the IR absorption peak at wavenumber 1040.9 cm™ pertains to C—O stretching in
carbohydrates (Reznik et al., 2008). The observed IR peaks and their corresponding
functional groups of MPA adsorbent are listed in Table 4.3. The IR peaks around at 674
—685.6 cm™, 500 — 600 cm™ and 675 — 1000 cm?, assigned to strong bend C—H phenyl
rings, alkyl halide (—C—Br stretch) and alkene (=C—H bending), respectively (Akerholm
et al., 2004). The overall results on IR spectra of MPA exhibit that hydroxyl, ester,
amine, phenyl, carboxyl and carbonyl groups are the surface functional moieties, not
only contributing to negative charge on surface of MPA particles, but may be actively
involved in the binding of cationic dyes and Cr(VI) as well as its reduction through

electron transfer process.

Table 4.3. Observed frequencies (cm™) and surface functional groups of MPA

adsorbent.

Frequency  Observed peaks Band assignment

range (cm™) (cm™)

3800-3550 3694.3 O-H stretching of alcohol (Mohrig et al., 2006)

3550-3250 3424.8 N-H stretching of amine (Farhan, 2015)

3200-2500 2514.0 O-H stretching of carboxylic acid (Mohan, 2005)

1815-1770 1795.6 C=0 stretching of acid chloride (Mohan, 2005)

1435-1405 1426.5 C-0O stretching of carbonyl group (Poletto et al., 2012)

1300-1000 1040.9 C-O stretching of ester (Mohrig et al., 2006)
920-830 874.7 COs% group (Smidt and Schwanninger, 2005)
770-620 712.8 COs? group (Smidt and Schwanninger, 2005)
675-1000 874.7 Alkene (= C-H) (Akerholm et al., 2004)
500-600 569.1 Alkyl halide (-C—-CI) (Akerholm et al., 2004)
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CHAPTER-V
Removal of cationic dyes by Mentha Plant Ash (MPA)




5.1. Introduction

Food industries, printing, textiles, dyeing and dye stuff manufacturing are the main
sources of dye-containing wastewater discharges into natural water bodies (Mittal et
al., 2010). Large-scale production and application of organic dyes can potentially cause
serious environmental and human health problems as many dyes used in industrial
processes are quite stable against photo-bleaching and are also resistant to aerobic
digestion because of their structural complexity and large molecular size (Dincer et al.,
2007). In addition, many dyes are highly visible in water at low concentrations (less
than 1 mg/L for some dyes), which is enough to present an aesthetic problem (Low et
al. 2012). The malachite green (MG) and methylene blue (MB) dyes are basic cationic
dyes mostly used in the textile industry, manufacturing of paints, printing inks, leather,
wool, jute and silk due to its low cost, easy availability, efficacy and lack of a proper
alternatives (Zhang et al., 2008; Chakraborty et al., 2011). The MG and MB dye have
been considered as a persistent recalcitrant organic molecule in the environment as it is
poorly metabolized by the microbes (Chakraborty et al., 2011; Shayesteh et al., 2015).
In addition to it, the MG and MB dye are found to be relatively more carcinogenic,
genotoxic, mutagenic, and teratogenic as compared to anionic dyes due to its aromatic
ring with delocalized electrons (Shayesteh et al., 2015). If these dyes are absorbed in
higher amounts through the skin, it can cause skin irritation, digestive tract irritation,
respiratory and kidney failures (Ahmad, 2009; Shayesteh et al., 2015). Therefore, the
complete elimination of cationic dyes from the dye-laden industrial effluents and other
aqueous solutions is most desirable before its discharge in water bodies. Several
physico-chemical and biological methods have been employed to remove the dyes from
wastewater (Lee et al., 2007). Activated carbon has good adsorption capacity but it is

considered an expensive adsorbent. This has led many workers to search for cheap and
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efficient alternative adsorbents. A number of non-conventional and low cost agro-
wastes like palm ash, bottom ash, fly ash, bagasse fly ash and rice husk etc. (Ahmad et
al., 2007; Dincer et al., 2007; Janos et al., 2003; Gupta et al., 2003; Malik and Saha
2003) have been tried for the removal of dyes from their agueous solutions.

Since India is the major producer of mentha (mint) waste in the world followed by
China and Brazil, it produces mentha crop waste to the tune of approximately 1.8 to 2.0
tonnes acrelyr (Singh et al., 2010). Dried mentha plant waste is often used as fuel for
steam distillation of mentha oil or else the mentha plant residues are left in the field
with no subsequent application. The resulting plant ash is left behind as by-product with
no subsequent application. Mentha Piperita plant ash (MPA) is an unattended waste
byproduct of Mentha distillation industry and it is easily available in plenty in the
vicinity of the industrial plant. Thus, MPA with no additional cost and pretreatmnent
can be applied for removal of cationic dyes (MG and MB) as it has highly negatively
charged surface. The characteristic features of MPA was determined which supported
the sorption coupled electrochemical reduction of cationic dyes. The physico-chemical
nature of adsorption and recovery of the dyes by using suitable desorbing agents are the
additional reasons for the selection of this material (MPA).

Therefore, the main objective of present study was to evaluate the sorption and
reduction potential of MPA as a low price efficient adsorbent for the removal of cationic
dyes (MG and MB) from aqueous solutions.

5.2. Materials and Methods

Batch adsorption experiments were conducted as a function of contact time, adsorbent
doses, pH, initial dye concentration and temperature to investigate the adsorption
potential of MPA in the removal of basic cationic dyes. The adsorbent material (MPA)

was characterized by using various instrumental techniques (FTIR, SEM, EDX, BET,

101



TGA, and XRD) to investigate the various physicochemical characteristics of MPA as
described earlier. Further, Cyclic Voltammetry analysis of MPA after adsorption of
cationic dyes (MG and MB) was carried out to analyze surface adsorption coupled with
reductive electron transfer process. The surface adsorption coupled with reduction of
cationic dyes was particularly investigated in the present study. Adsorption kinetics
(Pseuo-first order, Pseudo-second order kinetic model, Intra-particle diffusion model)
and adsorption isotherms (Langmuir and Freundlich) were applied on time-dependent
experimental data to find the best fitted kinetic and adsorption model for the sorption
of cationic dyes onto MPA. For removal of the cationic dyes by MPA, the detailed
methodology including chemicals and solutions; preparation and characterization of
MPA,; adsorption/desorption experiments, equilibrium, kinetic and thermodynamic

studies have been described earlier in Chapter-3-Materials and Methods.

A. Removal of malachite green (MG) dye by Mentha Plant Ash (MPA)

5.3. Results and Discussions

5.3.1. IR-spectroscopy (FTIR) of MPA before and after adsorption of MG dye

The FTIR spectra (Fig. 5.1) of the adsorbent (MPA) before and after adsorption of MG
dye was obtained between 4000 to 500 cm™ to study the surface characteristics of
adsorbent. The recorded IR spectrum of dye loaded MPA sample showed bending and
stretching vibrations of different functional groups which might be involved in the
adsorption process of MG as given in Table 5.1. A large number peaks indicating the
presence of varied functional groups on the adsorption surface of MPA particles might
be responsible for the electronegative nature of adsorption surface. The changes in IR
absorption peaks appearing at 3424.8, 2514.0 and 1795.6 cm™ assigned to N-H

stretching of amine, O—H stretching of carboxylic acid and C=0 stretching of acid
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chloride, indicated the role played by these functional groups in dye binding on the

MPA surface (Farhan, 2015; Mohan, 2005).
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Fig. 5.1. FTIR (Mid) stack image of MPA (a) before and (b) after adsorption of MG dye at pH 6.0.

The results on IR absorption peak of MPA due to the presence of O—H stretching of
alcohol after adsorption of MG dye and a new IR peak (755.6 cm™) appeared due to the
aromatic —CH stretching vibrations (Ramola et al., 2014). The IR peaks at wavenumber
3694.3 cm assigned to O—H stretching of alcohol (Mohrig et al., 2006) and completely
disappeared after the treatment of MPA adsorbent due to the binding of MG dye
molecules with hydroxyl group. The changes in IR peaks at wavenumber of 1426.5,
1040.9 and 874.7 cm™ assigned to C—O stretching of carbonyl group, C—O stretching
of ester and COs?~ group, respectively, which involved in the adsorption of MG dye

onto MPA (Poletto et al., 2012; Mohrig et al., 2006; Smidt and Schwanninger, 2005).
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Further, the IR peak at wavenumber 712.8 and 569.1 cm™ assigned to CO3?~ group and
Alkyl halide (—-C-CI) stretch, respectively, which might be involved in surface
adsorption due to the C=0 stretching and bending (Smidt and Schwanninger, 2005;
Akerholm et al., 2004). The observed IR peaks indicate the functional groups on the
surfaces of MPA adsorbent which may drift from the their original wavelength due to
different modifications of heat treatment during ash generation which might be

responsible for eliminating or rearranging functional groups on MPA surface.

Table 5.1. FTIR Wavenumber (cm™) of MPA before and after adsorption of MG dye.

Observed frequency in (cm™) of MPA adsorbent

Frequency Before After Band assignment
range incm™®  adsorption  adsorption
of MG dye of MG dye

3800-3550 3694.3 0 O-H group (Mohrig et al., 2006)
3550-3250 3424.8 3434.8 N—H stretch of amine (Farhan, 2015)
3200-2500 2514.0 2512.7 O-H of carboxylic group (Mohan, 2005)
1815-1770 1795.6 1796.9 C=0 stretch of acid chloride (Mohan, 2005)
1435 -1405 1426.5 1428.4 C-O of carbonyl group (Poletto et al., 2012)
1300 —-1000 1040.9 1036.4 C-O stretching of ester (Mohrig et al., 2006)
875 — 602 874.7 873.9 —COs3? (Smidt and Schwanninger, 2005)
794 — 752 0 755.6 Aromatic —CH stretch (Ramola et al., 2014)
770 - 620 712.8 712.9 —COs3% (Smidt and Schwanninger, 2005)
500 — 600 569.1 566.6 —C—ClI group (Akerholm et al., 2004)

5.3.2. Cyclic Voltammetric analysis of MG dye in presence of MPA
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Cyclic voltammetry analysis was carried out to see whether a rapid decolourization of
MG dye in the presence of MPA was simply adsorption of dye or something else. The
cyclic voltammetry test was performed on the MG dye solution obtained after treatment
of MPA adsorbent. The cyclic voltammogram of MG dye (Fig. 5.2) in the electrolytic

solution showed a well-defined redox couple.

Fig. 5.2. Cyclic voltammogram of MG dye treated with MPA adsorbent [Potential range from -1.5V to +1.5 V

(Ag/AgCl); Scan rate 100 m/V].

Results of the cyclic voltammetry (CV) test showed cathodic and anodic activities of
MG dye in aqueous solution, indicating reduction of MG dye by MPA particles
involves electron transfer process (Ngamukot et al., 2006). In the cyclic voltammogram
of MG dye, the peak 1 (cathodic) appearing at approximately —0.32V was assigned to
the reduction of MG* to neutral leuco malachite green (LMG) by one electron transfer
reaction (Ngamukot et al., 2006), where peak 2 (anodic) at —0.34V might be related to
oxidation of neutral LMG to MG™. The coupled redox reaction for MG dye in the CV
test suggested that MG cations adsorbed on the surface of MPA particles were changed

to LMG through a reversible electron transfer reaction. The several minerals and
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surface active ligands in MPA might be contributing as electron donors for adsorbent
mediated reduction of MG dye. Earlier, workers have also demonstrated a similar

electron transfer process involved in the reduction of MG dye (Ngamukot et al., 2006).
5.3.3. Factors affecting adsorption of MG dye

5.3.3.1. Effect of contact time

The dye uptake was studied as a function of time using initial dye concentration of 50
mg L, adsorbent dosage of 0.1g/100 mL. The result (Fig. 5.3 (a)) showed that the dye
binding by MPA initially occurred at a faster rate, (7.18 mg g™*min™) up to first five
minutes of incubation and resulted into removal of 72.86 % dye within 5 minutes.
Thereafter, dye adsorption continued till the first 45 min at a slower rate, perhaps due
to non-availability of adsorption sites on the surface of adsorbent. The relative increase
in the removal of dye after 45 minutes was insignificant. A rapid rate of dye adsorption
at the initial contact time could be attributed to availability of large number of adsorbent
sites. Earlier, it has been demonstrated that slow adsorption rate after initial rapid phase
could be due to saturation of available adsorption sites and decrease in the number of
adsorption sites on the adsorbent (Saha et al., 2010; Chakraborty et al., 2011). Similar
pattern of observations on time-dependent dye removal were reported by earlier
workers for the removal of cationic MG dye by pumice stone and clayey soil of Indian
origin as a low cost adsorbents (Shayesteh et al., 2016; Saha et al., 2010). Chakraborty
et al. (2011) also reported similar results for the removal of cationic crystal violet dye
by using NaOH-modified rice husk as adsorbent.

5.3.3.2. Effect of adsorbent dose

The adsorption capacity is greatly influenced by the dose of MPA (adsorbent) in
removal of MG dye from aqueous solution. The amount of dye adsorbed by MPA was

studied as a function of adsorbent doses (0.05 to 0.3g/100 mL) at 50 mg L™ dye
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concentration for 45 min. Results (Fig. 5.3 (b)) showed that the dye uptake increased
from 28.81 to 43.11 mg g with increase in adsorbent dose from 0.05 to 0.3g/100 mL.
A rapid phase of dose-dependent increase in dye removal occurred up to 0.1 g/100 mL
dose of MPA and this was followed a sluggish phase of dye removal between 0.1 t0 0.3
9/100 mL of dose of adsorbent. The maximum dye removal, at an adsorbent dose of 0.1
g/100 mL, was found to be 36.86 mg g. As the number of available adsorption sites
increased in a dose-dependent manner, the rate of dye removal also increased (Ahmad,
2009). A sluggish increase in dye binding at higher doses of adsorbent (0.1 to 0.3 g/100
mL) may be due to less availability of dye molecules per unit concentration of
adsorbent. Otherwise it may state that the clustering of adsorbent particles per unit
volume might be hindering the free mobility of the dye molecules approaching to the
binding sites on the surface of adsorbent (Garg et al., 2003). Similar observations on
dose-dependent dye removal were reported by earlier workers in the removal of cystal
violet dye by the coniferous pinus bark powder (CPBP) and treated saw dust as

adsorbents (Ahmad, 2009; Garg et al., 2003).
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Fig. 5.3. Effect of (a) contact time and (b) adsorbent dosage on MG dye uptake (mg g'*) by MPA [Dye concentration

50 mg/L, time 150 min, adsorbent concentration 0.1 g/100 mL, pH 6.0, temperature 30° C].

5.3.3.3. Effect of pH
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The pH of the dye solution can influence the surface potential of the adsorbent as well
as the chemistry of adsorbate molecules (Shayesteh et al., 2015). In the present study,
the effect of pH condition (4.0 — 10.0) on the sorption of MG dye by MPA was studied
using different inorganic buffers (20 mM), constant dye concentration (50 mg L) and
dose of adsorbent (0.1 g/100 mL). The results (Fig. 5.4 (a)) showed that the amount of
dye adsorbed at equilibrium (ge) increased from 32.41 to 46.21 mg g with increase in
pH from 4.0 to 10.0, respectively. The results showed least adsorption of MG dye at
acidic pH 4.0 perhaps due to reduction in the electronegative moieties on the adsorbent
surface (MPA). Besides, protonation of the MG dye molecules at acidic pH might be
inhibiting the active binding between the adsorbent and dye molecules. A high rate of
dye removal at pH 10.0 could be due to increase in the negatively charged moieties on
the surface of the adsorbent, which facilitate the binding of cationic MG dye. An
increase in electrostatic interaction between the dye molecule and surface binding
ligands is responsible for an initial fast rate of dye adsorption (Mittal et al., 2010).
Earlier, workers have also demonstrated a high rate of MG dye removal at pH 10.0 by
spent tea active carbon (Akar et al., 2013).

5.3.3.4. Effect of initial dye concentration

The effect of initial dye concentration on the adsorption capacity of MPA depends on
the availability of dye molecules and surface binding sites of MPA particles. The extent
of dye removal is greatly influenced by initial dye concentration in aqueous solution.
In the present study, the effect of different initial concentration of MG (20 to 100 mg
L1) was studied on the adsorption of MG dye for 45 min at fixed adsorbent dosage
(0.19g/100 mL) at room temperature and pH 6.0. The results (Fig. 5.4(b)) showed
initially a very rapid process upto 5 min, followed by slowing down of the process with

increase in the contact time up to 45 min, perhaps due to non-availability of adsorption
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sites on the surface of adsorbent (Saha et al., 2010). Further removal of dye after 45
minutes was found to be insignificant. The equilibrium stage and maximum uptake of
total amount of MG dye was found to occur within 45 minutes at different concentration
of MG dye. A rapid rate of dye adsorption at the initial contact time could be attributed
to availability of a large number of adsorption sites. The rate of dye binding increased
in a concentration-dependent manner and the saturation concentration of dye at
equilibrium (ge) was found to increase from 14.73 to 73.03 mg g* with increase in the
initial dye concentration from 20 to 100 mg L. An increase in adsorption capacity of
MPA with increase in MG dye concentrations, might be due to relatively higher rate of
mass transfer (Bulut and Aydin, 2006). But the sluggish increase in the rate of dye
adsorption at higher concentration could be attributed to a limiting dose of adsorbent

(Garg et al., 2003).
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Fig. 5.4. Effect of (a) pH and (b) initial dye concentration on the amount adsorbed (mg g-1) of MG dye by MPA

[Dye concentration 50 mg/L, adsorbent concentration 0.1 g/100 mL, time 45 min, temperature 30° C].

The rate of dye binding increased in a concentration dependent manner, exhibiting rate
saturation 100 mg L concentration of MG dye. The increase in initial dye
concentration provided rapid increase as it overcame all mass transfer resistances of the

dye between the aqueous and solid phase (Hameed et al., 2008). But the rate saturation
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at higher concentration of dye was due to sorbent as rate limiting factor. Similar results
were reported by other investigators for the removal of malachite green (Garg et al.,
2003).

5.3.4. Adsorption isotherms

The Langmuir constants (qmax and b) and Freundlich constants (Kr and n) were
calculated from the slope and intercept of the linear plots of 1/ge versus 1/Ce (Fig. 5.5
(@) and log ge vs. log Ce (Fig. 5.5 (b)) respectively and presented in Table 5.2 along
with the correlation coefficient R2. The high value of correlation coefficient R? (0.989)
showed the applicability of Langmuir isotherm model for equilibrium adsorption and
fitted well to the experimental data for the sorption of MG onto MPA. The maximum
monolayer sorption capacity (gmax) according to Langmuir isotherm model was found
to be 322.58 mg g at room temperature. A comparison of adsorption capacities of
previously reported adsorbents with MPA (Table 5.3) showed higher adsorption
capacity of MPA than other reported adsorbents.

Comparatively low value of correlation coefficient R? (0.981) showed poor agreement
of experimental data with Freundlich isotherm model. The value of n (1.067) indicated
favorable adsorption process (Chakraborty et al., 2012). It has been suggested that the
value of constant n between 1 and 10 represent beneficial sorption process (Ho and
Mckay, 1998). The value of Kr was found to be 0.327, representing the adsorption
coefficient for dye binding.

The calculated value of separation factor (RL) was used to express the shape of
Langmuir isotherm. The value of separation factor (RL) described the trend of the
adsorption process, which is either unfavorable (R.> 1), favorable (0 < R < 1), linear
(RL=1) orirreversible (RL=0) (Ma et al., 2015). The values of R (Table 5.4) were in

the range of 0.98 — 0.91 at different concentration of MG (20 to 100 mg g*) at room
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temperature, which indicated favorable adsorption of MG dye onto MPA. The value of
RL between 0 and 1was indicative of favorable adsorption with greater affinity of MPA

particles towards adsorbate molecules (Ma et al., 2015; Hameed et al., 2008).
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Fig. 5.5. Adsorption isotherms (a) Langmuir and (b) Freundlich equilibrium model for the sorption process of MG
dye onto MPA [Dye concentration 20 — 100 mg/L, adsorbent concentration 0.1 g/100 mL, pH 6.0, time 45 min,

temperature 30° C].

Table 5.2. Values of isotherm constants for the sorption of MG dye onto MPA

adsorbent.
Langmuir constants Freundlich constants
gm(mgg?) b (Lmg?) R? Adsorption Adsorption R?
intensity (n) coefficient Kr
(mg/g)
322.58 0.00106 0.989 1.066 0.3269 0.981
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Table 5.3. Comparison of adsorption capacity of MPA with other reported agro and

plant wastes based adsorbents for the sorption of MG dye.

Adsorbents Omax pH Temp  References

(mglg) o
Potato leaves 33.3 7 303 (Guptaetal., 2011)
Potato peel 32.39 4 298 (Guechi and Hamdaoui, 2011)
Ginger waste 84 - - (Ahmad and Kumar, 2010)
Anona squamosa seed 25.91 6 300 (Santhi et al., 2011)
Oil palm trunk fibre 149 - - (Hameed and El-Khaiary, 2008)
Platanus vulgaris leaves 85.47 - - (Hamdaouia et al., 2008)
Chlorella biomass 18.4 7 298 (Tsai and Chen, 2010)
Borassus bark carbon 20.7 6 303 (Arivoli et al., 2009)
Tamarind fruit shell 1.95 5 303 (Saha et al., 2010)
Mentha Plant Ash (MPA)  322.58 6 303 This study

Table 5.4. Separation factor (Rv) at different dye concentration for MPA.

Initial concentration (mg L™?)

Seperation factor (RL)

20
30
50
75
100

0.98
0.97
0.95
0.93
0.91

5.3.5. Adsorption Kinetics

The Lagergren’s first order rate constants ki and ge were calculated from the slope and

intercept of the plot between log (qe — qt) versus t (Fig. 5.6 (a)) and listed in Table 5.5
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along with the correlation coefficient (R%). The values of the correlation coefficients
(R%< 0.99) indicated that pseudo-first order kinetic model did not fit in well with the
experimental data. It was found that calculated ge values were far apart from the
experimental ge values. These results suggested that pseudo-first order kinetic model
was not a suitable model to describe the adsorption process of MG onto MPA (Wang
etal., 2010).

The value of Pseudo-second order constant k> and ge were calculated from the slope and
intercept of the plot t/g:vs. t (Fig. 5.6 (b)) and presented in Table 5.5 along with their
correlation coefficients. The comparatively high values of correlation coefficients
(R%>0.99) at different concentration of dye were much closer to unity, and calculated
e values were also fairly closer to experimental value of ge. These results indicated that
kinetic data fitted very well to the pseudo-second order kinetic model at room
temperature. Similar phenomenon were reported in sorption of basic dye onto activated

carbon prepared from rattan saw dust (Hameed et al., 2007).
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Fig. 5.6. Adsorption kinetics (a) Pseudo-first order and (b) Pseudo-second order kinetic model for the sorption of
MG dye onto MPA [pH 6.0, adsorbent concentration 0.1g/100 mL, Time 45 min, dye concentration 20 — 100 mg/L,

temperature 30° C].

The rate constant Kiq and intercept C were evaluated from the slope and intercept of the

plot of g versus t¥2 (Weber and Morris, 1962). The plot of q: versus t*? (Fig. 5.7 (a))
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showed linear regression and passes through the origin at each concentration, indicated
that intra particle diffusion could be the rate controlling step. The calculated parameters
of intra-particle diffusion model are presented in Table 5.6. The intercept C of the linear
plot reflects boundary layer diffusion. The larger the value of C, greater the contribution
of the surface sorption as rate controlling step (Hameed et al., 2008). When the linear
plot at every concentration did not pass over the origin, this was the indicative of some
degree of involvement of boundary layer in controlling diffusion, not only intra-particle
diffusion (Alzaydien, 2009; Hameed et al., 2008). A high value of initial adsorption
rate h (200.04 mg/g min) for MPA at rate saturating concentration of dye (100 mg L)
indicated that the sorption of MG dye onto MPA might be carried out through surface
interchange reactions until the surface functional sites were occupied (Ma et al., 2015).
The h value increased from 45.05 to 200.04 mg/g min with increase in the initial
concentration of MG dye (Table 5.6), perhaps it would be due to increase in dye binding
with increasing concentration of dye (Hameed et al., 2008; Kumar, 2006).

Table 5.5. Kinetic parameters at different dye concentration in the sorption of MG dye

onto MPA.
Conc  EXp. Qe First-order kinetics Second order kinetics
(mg/L)  (mglg)
kq Cal. ge R? ko Cal. ge R?
A mgrg) (mglg min) ~ (mg/o)

20 14.73 0.064 1.35 0.973 0.208 14.75 0.999
30 22.99 0.069 3.78 0.991 0.078 23.1 0.999
50 34.49 0.113 12.59 0.975 0.035 34.97 0.999
75 53.83 0.063 5.63 0.986 0.051 53.77 0.999
100 73.03 0.069 7.94 0.989 0.038 73 0.999

114



Table 5.6. The calculated parameters of intra-particle diffusion model at different dye

concentration in removal of MG dye by MPA.

Intra-particle diffusion model

h (mg/g min) Kida (mg/g min*?) C R?
45.05 0.21 13.36 0.979
41.35 0.58 19.25 0.979
42.57 1.36 26.09 0.945
147.1 0.91 47.88 0.973
200.04 1.19 65.3 0.991

5.3.6. Activation energy

The activation energy for the surface adsorption of MG dye onto MPA was calculated
from the slope of Arrheniums plot of Ink vs. 1/T (Fig. 5.7 (b)). The activation energy
(Ea) involved in the surface binding of MPA was calculated as 1.24 kJ mol™, which
confirmed the sorption process was physisorption as well as non-activated
chemisorption. In physisorption, the activation energy is usually not more than 4.2 kJ
mol since the forces involved in physi-sorption are weakened at the equilibrium and
sorption is rapidly attained because the energy requirements is small (Chowdhury and
Saha, 2010). In chemisorption, activation energy is of the same magnitude as the heat
of chemical reactions. A small value of Ea indicated non-activated chemisorption
which occurs very rapidly (Chowdhury and Saha, 2010). Earlier, it has been
demonstrated that adsorption of dye molecules and toxic heavy metal ions onto various
low cost adsorbents is attributable to a physico-chemical adsorption process

(Chowdhury and Saha, 2010).
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Fig. 5.7. (a) Intra-particle diffusion model for different MG dye concentration and (b) Arrhenius plot for the sorption
of MG dye onto MPA [Adsorbent concentration 0.1g/100 mL, pH 6.0, Time 45 min, dye concentration 20 — 100

mg/L].

5.3.7. Thermodynamic studies for sorption of MG dye

The calculated value of thermodynamic parameters (AG°, AH® and AS®) are given in
Table 5.7. The dye binding by MPA was recorded at different temperature from 293 to
323 K. The Gibb’s free energy change (AG°®) was found to be negative at all the selected
temperature for sorption of MG onto MPA, which indicated the feasibility and
spontaneity of the adsorption process. An increase in the negative value of AG® from -
2.453 to -2.919 kJ/mol with an increase in temperature from 293 to 323 K indicated
that the adsorption process was more favorable at lower temperature. The Gibb’s free
energy change with negative value (-AG®) for adsorption shows favourable adsorption
(Baek et al., 2010). The value of AH° and AS® were determined from the slope and
intercept of the plot of Inkc vs. 1/T (Fig. 5.8). The positive low value of AH® (1.925
kJ/mol) indicated that adsorption process was endothermic and possible interaction
between sorbent and adsorbate molecules was physical in nature (Ghasemi and
Asadpour, 2007). In case of MG sorption by MPA might be acquiring energy from

hydration energy where adsorbate species has to displace more than one water
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molecules for their adsorption and result in the endothermicity of the adsorption process
(Ahmad and Kumar, 2010). The positive entropy change, AS? (14.872 J/mol K) might
be related to the hydration of cationic dye molecules and release of water molecules
during sorption from surrounding of the dye molecules contributing to increase in the
degree of freedom of the water molecules (Baek et al., 2010; Ghasemi and Asadpour,

2007).
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Fig. 5.8. Vont’hoff plot for the calculation of thermodynamic parameters in removal of MG dye by MPA [Initial

dye concentration 50 mg/L, adsorbent concentration 0.1g/100 mL, Time 45 min, pH 6.0].

Table 5.7. Thermodynamic parameters at different temperature for the sorption of MG

dye onto MPA.

T(K) AG®°( kJ/mol) AH® (kJ/mol) AS® (3/mol K)
293 -2.453 1.925 14.872
303 -2.576

313 -2.679

323 -2.919

5.3.8. Desorption of MG dye
A study on dye desorption can be more helpful in order to confirm the possible sorption

mechanisms as well as the potential recovery of the adsorbent for its repeated use in the
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sorption process. In the present study, the desorbing solutions of mineral acids (1N HCI
and H2S0Os) were found to be more effective in desorption of MG dye from dye loaded
MPA adsorbent as compared to other desorbing agents (Table 5.8). A high percentage
desorption (49.55%) of MG dye by mineral acid (HCI) indicated that the dye was
adsorbed onto MPA Dby a physico-chemical sorption process as suggested by earlier
workers (Mall et al., 2006). The desorbing agent (HCI) reduced the pH of solution and
hence, at acidic pH (> 5.0), the surface of MPA becomes more protonated and the
attachment between dye molecules and MPA is weakened due to electrostatic repulsion
as MG is positively charged dye. The lowest percentage of desorption (6.53%) was
observed with 1N of NaOH as desorbing solution perhaps on account of strong affinity
of the adsorbent for the cationic adsorbate at alkaline pH. Desorption process is always
inversely proportional to bond strength of adsorbed material, a strong interaction
between the dye and MPA could be the reason for weak desorption of MG dye (Rawat
and Singh, 2017).

Table 5.8. Percent desorption (%) of MG dye by different desorbing agents.

Desorbing solution Amount of dye desorbed Percent desorption
() (mg g) 0
HCI 18.05 49.55
H2S04 10.15 27.87
CH3COOH 4.77 13.09
NaOH 2.38 6.53
H20 5.38 14.76
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B. Removal of methylene blue (MB) dye by Mentha Plant Ash (MPA)

5.4. Results and Discussions

5.4.1. IR-Spectroscopy (FTIR) of MPA before and after adsorption of MB dye

The FTIR spectra (4000 to 500 cm™) of MPA were compared before and after
adsorption of MB dye (Fig. 5.9). The results displayed the participation of several
fuctional groups present on the surface of MPA particles (Table 5.9). The result on IR
absorption spectrum of MPA due to MB dye binding showed increased absorption area
bend as well as shift in the IR peaks at wavenumbers 3434.9, 1436.4 and 1034.7 cm™.
These results indicate the role of N-H stretching of amine (Farhan, 2015; Mary et al.,
2016), C—H variable alkenes groups (Shi et al., 2014) and C—C and C—O vibrations in
esters (Shi et al., 2014; Ding et al., 2016), which played crucial role in MB dye binding
by MPA particles. The IR absorption peak at 1795.7 and 1642.0 cm™, assigned to C=0
for carboxyl groups and C=C stretching of aromatic group in lignin (Poletto et al.,
2012), respectively. The IR peaks at wavenumber 1642.0 cm™ was completely
disappeared after the treatment of MPA adsorbent due to C=C stretching of aromatic
group in lignin for the binding of MB dye molecules. The changes in IR peaks at
wavenumber of 2514.9, 874.7 and 712.8 cm™ assigned to O—H stretching of carboxylic
group and CO3?~ group, respectively, which involved in the adsorption of MB dye onto
the surface of MPA particles (Mohan, 2005; Smidt and Schwanninger, 2005). Further,
the IR peak at wavenumber 688.0 and 569.9 cm™ assigned to C—H phenyl rings and
Alkyl halide (—C-Cl) stretch, respectively, which might be involved in surface
adsorption due to the C—H and C-CI stretching and bending (Ramola et al., 2014;
Akerholm et al., 2004). The overall results on IR spectra of MPA after adsorption of

MB dye exhibit that hydroxyl, ester, amine, phenyl, carboxyl and carbonyl groups are
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the surface functional moieties, not only contributing to negative charge on surface of

MPA, but are actively participated in the binding of cationic MB dye.

Table 5.9. FTIR Wavenumber (cm™) of MPA before and after adsorption of MB dye.

Observed frequency in (cm™) of MPA adsorbent

Frequency Before After Band assignment
range (cm?) adsorption  adsorption

of MBdye of MB dye

3550-3250 3434.9 3435.6 N-H stretching of amine (Farhan, 2015)
3200-2500 2514.9 2514.5 O-H of carboxylic group (Mohan, 2005)
1815-1770 1797.2 1795.7 C=0 stretch of acid chloride (Mohan, 2005)

1620 — 1680 1642.0 0 —C=C-aromatic group (Poletto et al., 2012)
1435 —1405 1436.4 1434.0 C—H alkenes groups (Shi et al., 2014)
1300 —-1000 1034.7 1036.2 C-0O stretch of ester (Mohrig et al., 2006)
875 — 602 875.1 874.7 COs2 (Smidt and Schwanninger, 2005)
674 — 686 688.0 685.9 C—H phenyl rings (Ramola et al., 2014)
770 - 620 712.8 711.7 COs% (Smidt and Schwanninger, 2005)
500 — 600 569.0 569.9 —C—Cl group (Akerholm et al., 2004)
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Fig. 5.9. FTIR spectra of MPA (a) after (b) before adsorption of MB dye.

5.4.2. Cyclic voltametric analysis of MB dye in presence of MPA

Cyclic voltametric analysis was carried out to see whether a rapid decolourization of
MB dye in the presence of MPA was simply adsorption of dye or something else. The
Cyclic voltametric (CV) test was performed on the MB dye solution obtained after
treatment of MPA adsorbent.The cyclic voltammograms of MB dye in the electrolytic
solution showed a well-defined redox couple. Results on CV tests showed cathodic
(reduction) and anodic (oxidation) activities in MB dye solution, emphasizing that the
reduction of MB dye by MPA particles through electron transfer process (Farsi and
Hosseini 2013). In cyclic voltammogram of MB dye, the cathodic peak 1 and anodic
peak 2 appearing at approximately —0.52V and —0.38V (Fig. 5.10) can be assigned to
the reduction of MB™ to Leucomethylene blue (LMB) and oxidation of LMB to MB™,
respectively, indicating reversible nature redox process in MB dye solution after

treatment of MPA. The coupled redox reaction for MB dye in CV test suggested that
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MB™ cations adsorbed on the surface of MPA particles were changed to LMB through
reductive process. The several minerals and surface active ligands of MPA might be

contributing as electron donor.

0 DOO4 T T T T T T

o.0003 |- —» |E=-0.38V

LMB —»MB (Oxidation)

WE(1) Current ()
]

L A A A A A
A8 -1 o8 o os 1 15
Potential applied (V)

Fig. 5.10. Cyclic Voltammogram of MB dye after treatment with MPA [Potential range = —1.5V to +1.5V; Scan rate

= 100 mVs' and step potential = 0.002V].

5.4.3. Factors affecting adsorption of MB dye

5.4.3.1. Effect of contact time

The adsorption of MB dye was studied as a function of time using initial dye
concentration of 25 mg L™, adsorbent dosage of 0.1g/100 mL. The result (Fig. 5.11 (a))
showed that the dye adsorption by MPA initially occurred at a faster rate, (18.67 mg g’
1Y up to first five minutes of incubation and resulted into removal of 74.68 % dye within
5 minutes. Thereafter, dye adsorption continued till the first 15 min at a slower rate,
perhaps due to non-availability of adsorption sites on the surface of adsorbent. The
relative increase in the removal of dye after 15 minutes was insignificant. A rapid rate
of dye adsorption at the initial contact time could be attributed to availability of large

number of adsorbent sites. Earlier, it has been demonstrated that slow adsorption rate
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after initial rapid phase could be due to saturation of available adsorption sites and
decrease in the number of adsorption sites on the adsorbent (Saha et al., 2010;
Chakraborty et al., 2011). Earlier, workers have demonstrated similar observation for
the removal of cationic dyes by pumice stone as a low cost adsorbent (Shayesteh et al.,
2016). Hameed et al. (2009) studied the adsorption of basic methylene blue dye from
aqueous solution using pine apple stem (PS) and reported similar trend of adsorption as
a function of time.

5.4.3.2. Effect of adsorbent dose

The adsorption capacity is greatly influenced by the dose of MPA (adsorbent) in
removal of MB dye from aqueous solution. The amount of dye adsorbed by MPA was
studied as a function of adsorbent doses (0.5 to 3 g/L) at 25 mg L™ dye concentration
for 30 min at room temperature. Results (Fig. 5.11 (b)) showed that the dye uptake
increased from 15.02 to 24.41 mg g with increase in adsorbent dose from 0.5 to 3 g/L.
A rapid phase of dose-dependent increase in dye removal occurred up to 1 g/L dose of
MPA and this was followed a sluggish phase of dye removal between 1 to 3 g/L of dose
of adsorbent. The maximum dye removal, at an adsorbent dose of 1 g/L, was found to
be 20.65 mg g. As the number of available adsorption sites increased in a dose-
dependent manner, the rate of dye removal also increased (Ahmad, 2009). A sluggish
increase in dye binding at higher doses of adsorbent (1 to 3 g/L) may be due to less
availability of dye molecules per unit concentration of adsorbent. Otherwise it may state
that the clustering of adsorbent particles per unit volume might be hindering the free
mobility of the dye molecules approaching to the binding sites on the surface of
adsorbent (Garg et al., 2003). Earlier, workers have also demonstrated an increasing

trend of dose dependent MB dye removal by pine apple stem (Hameed et al., 2009).
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Fig. 5.11. Effect of (a) contact time and (b) adsorbent concentration on MB dye adsorption by MPA [Initial dye

concentration 25 mg L%, time 30 min, pH 7.0, adsorbent concentration 0.1g/100 mL].

5.4.3.3. Effect of initial dye concentration

The effect of initial dye concentration on the adsorption capacity of MPA depends on
the availability of dye molecules and surface binding sites of MPA particles. The extent
of dye removal is greatly influenced by initial dye concentration in aqueous solution.
In the present study, the effect of different initial concentration of MB (5 to 50 mg L)
was studied on the adsorption of MB dye for 45 min at fixed adsorbent dosage (0.1g/100
mL) at room temperature and pH 7.0. The results (Fig. 5.12) showed initially a very
rapid process upto 5 min, followed by slowing down of the process with increase in the
contact time up to 30 min, perhaps due to non-availability of adsorption sites on the
surface of adsorbent (Saha et al., 2010). Further removal of dye after 30 minutes was
found to be insignificant. The equilibrium stage and maximum uptake of total amount
of MB dye was found to occur within 30 minutes at different concentration of MB dye.
A rapid rate of dye adsorption at the initial contact time could be attributed to
availability of a large number of adsorption sites. The rate of dye binding increased in
a concentration-dependent manner and the saturation concentration of dye at

equilibrium (ge) was found to increase from 4.41 to 37.76 mg g* with increase in the
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initial dye concentration from 5 to 50 mg L. An increase in adsorption capacity of
MPA with increase in MB dye concentrations, might be due to relatively higher rate of
mass transfer (Bulut and Aydin, 2006). But the sluggish increase in the rate of dye
adsorption at higher concentration could be attributed to a limiting dose of adsorbent
(Garg et al., 2003). The rate of dye binding increased in a concentration dependent
manner, exhibiting rate saturation 50 mg L™ concentration of MB dye. The increase in
initial dye concentration provided rapid increase as it overcame all mass transfer
resistances of the dye between the aqueous and solid phase (Hameed et al., 2008). But
the rate saturation at higher concentration of dye was due to sorbent as rate limiting
factor. Similar results were reported by other investigators for the removal of methylene
blue dye by pine apple stem and they found that the adsorption capacity of the pine

apple stem was increased with an increase initial dye concentration (Hameed et al.,

2009).
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Fig. 5.12. Effect of initial dye concentration on the amount adsorbed (mg g-1) of MB by MPA [Dye concentration

5-50 mg/L, adsorbent concentration 0.1 g/100 mL, time 30 min, pH 7.0, temperature 30° C].

5.4.3.4. Effect of pH on adsorption of MB dye

The surface-potential of MPA is considered an essential factor influencing the extent of

dye adsorption on the surface of any adsorbent. In order to see the role of surface charge
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potential of adsorbent during the dye adsorption, the zeta potential of MPA were
recorded as a function of different pH in a buffered medium. The zeta potential for the
MPA adsorbent ranged from —24.3 mV at pH 4.0 to — 40.1 mV at pH 10.0 as shown in
Fig. 5.13. The results on zeta potential values of MPA indicated a highly negative
charged surface with little effect of pH condition. As the pH of ambient condition
increases, the zeta potential of MPA became slightly more negative. A highly
electronegative surface along with little effect of changing pH condition on the zeta
potential suggested about larger contribution of salts and minerals in determining the
zeta potential was suggested by ealier workers (Aksoy and Kaya, 2011). This could be
the reason for high binding efficiency of MPA for cationinc dye like methylene blue
(Bootharaju and Pradeep, 2013). Similar observations have been made by earlier
workers on zeta potential of quartz powder with isoelectric point (iep) at around pH 2.0
and zeta potential ranging from — 15 mV at pH 4.0 to — 56 mV at pH 10.5 (Huang and
Fuerstenau, 2001). Johnson (1999) reported that the quartz has iep at pH below 2 and
the zeta potential is about —-50 mV at neutral pH and — 60 mV at pH 10 in the presence
of 1 x 102 M KCI. In the present investigation, the iep of the MPA could not be found
within the selected range of pH. However, hydrated ionic radius of minerals may also
affect the zeta potential; the larger is the ionic radius and thicker the layer, the value of
zeta potential shifts towards negative side as in the case of MPA (Aksoy and Kaya,

2011).

Initial pH condition of the adsorbate solution can influence the chemistry of adsorbate
as well as over all surface charge potential of the adsorbent (Shayesteh et al., 2015).
Since variation in pH condition of the solution leads to disparity in the grade of
ionization of the chemical moieties present on the surface of adsorbent as well as

ionization potential of adsorbate molecule (Nandi et al., 2009). In the present work, the
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adsorption of MB dye by MPA was studied, using different pH conditions (pH 4.0 to
10.0) at fixed concentration of dye (25 mg L) and adsorbent (0.1 g/100 mL). The result
(Fig. 5.13) showed that the amount of dye adsorbed by MPA at equilibrium (ge)
increased from 15.51 to 23.13 mg g}, respectively, with increase in the pH from 4.0 to

10.0.
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Fig. 5.13. Effect of pH on zeta potential and adsorption of MB dye by MPA [Co= 25 mg L; Dose of adsorbent =

0.1 g/100 mL; Time t = 30 min; Temperature T = 303 K].

The pH dependent (pH 4.0 to 10.0) increase in the amount of dye adsorption might be
attributed to increase in surface charge potential of MPA particles at different pH value.
The results clearly showed reduced adsorption of dye at acidic pH (4.0), perhaps on
account of reduced electronegative surface of MPA particles at acidic pH, which was
perhaps unfavourable for adsorption of cationic dye. Besides, protonation of cationic
MB dye molecules at acidic pH might also hinder the active binding between the
adsorbents and adsorbate and thereby, reducing the adsorption capacity (Sathishkumar
et al., 2012). Further, results on the pH dependent change in the zeta potential of MPA
particles showed a pH dependent gradual increase in the negative value of zeta potential
of adsorbent between pH 4.0 to pH 10.0, perhaps due to enhanced hydrated ionic radius

contributing to negative charges on the surface. Earlier findings have also demonstrated

127



an increased electrostatic attraction between the positively charged dye and anionic
surface of the adsorbents and thereby, facilitating initial faster rise in the adsorption of

cationic dye (Mittal et al., 2010).
5.4.4. Adsorption isotherms

Adsorption isotherms were applied on equilibrium experimental data to obtain the
valuable information about the distribution of MB cations on the surface of the MPA
particles and calculate its adsorption capacity (mg g™). The results showed that both
Langmuir and Freundlich adsorption isotherms (Fig. 5.14 (a) and (b)) were well suited
to the data on equilibrium sorption of MB dye onto MPA. It has already reported that
the high ash content in MPA is indicative of more functional groups (Sewu et al., 2017)
and make it appropriate for the sorption of cationic MB dye. According to Langmuir
isotherm model, the gmax values of MPA at room temperature was calculated as 588.24
mg g*. A high gmax value of MPA is likely due to enhanced binding of MB dye with
the large number of surface binding ligands of MPA. The electrostatic interaction and
ion exchange mechanisms were involved in the binding of MB dye with the hydroxyl,
carbonyl, phenyl and carboxyl functional groups disseminated on the surface of MPA
particles (Sewu et al., 2017), as discussed in FTIR analysis (Fig. 5.9). The R?values are
shown in Table 5.10 showed better applicability of Langmuir as well as Freundlich
isotherm to describe MPA for equilibrium adsorption and fitted well to the equilibrium
adsorption data of MB dye. The adsorbent MPA had high affinity for MB dye
adsorption supported by R values (Table 5.11). The calculated R, values of MPA (0.94
to 0.61) at different dye concentration (5 to 50 mg g*) indicated favorable adsorption
process. The R values between 0 and 1 were indicative of favourable adsorption with
more affinity of MPA particles towards dye molecules (Hema and Arivoli, 2007; Ma et
al., 2015). A high R? values and value of 1/n < 1 for MPA (0.838) in Freundlich
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isotherm on MB adsorption also confirmed the role of chemisorption on the
heterogeneous surface of MPA. The gmax values of different sorbent materials, as given
in Table 5.12, were used to compare our results. A comparison of adsorption capacity
of different adsorbents suggested that MPA are better adsorbents than many other

reported adsorbents.
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Fig. 5.14. Adsorption isotherms (a) Langmuir and (b) Freundlich model in biosorption of MB dye onto MPA [Co=

5-50mg L% pH = 7.0; Dose of adsorbent = 0.1 g/100 mL; Time t = 30 min; Temperature T = 303 K].

Table 5.10. Equilibrium adsorption parameters for the sorption of MB dye onto MPA.

Langmuir isotherm Freundlich isotherm
gmax(Mg @) b (Lmg?) R? Ke (mg g?) 1/n R?
588.24 0.013 0.995 0.127 0.838 0.964

Table 5.11. Separation factor (Rr) of MPA at different MB dye concentration.

Initial concentration (mg L) Seperation factor (RL)
5 0.94
10 0.89
20 0.8
30 0.73
50 0.61
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Table 5.12. Comparison of maximum adsorption capacity (gmax) of MPA with other

reported agro and plant waste based adsorbents for MB dye removal.

Adsorbents gmax (Mg g1) References
Kenaf fibre char 22.7 (Mahmoud et al., 2012)
Coconut bunch waste 70.92 (Hameed et al., 2008)
Anaerobic granular sludge biochar 90.91 (Shi et al., 2014)
Palm kernel fibre 95.4 (El-Sayed, 2011)
Eucalyptus bark biochar 104.2 (Dawood et al., 2016)
Wheat straw biochar 12.03 (Liu etal., 2012)
Biochar ash 178 (Ozbay et al., 2013)
Mentha Plant Ash (MPA) 588.24 Present study

5.4.5. Adsorption kinetics

The study on adsorption kinetics was performed in order to examine the adsorption
mechanisms involved in the removal of MB dye by MPA. The kinetic experimental
data at different dye concentration (5 — 50 mg L), and the non-linear fits of pseudo-
first and second order kinetic models are displayed in Fig. 5.15 (a) and (b). All the
calculated kinetic parameters, correlation coefficients (R?) are presented in Table 5.13.
It can be confirmed from the pseudo-first order kinetic parameters, the values of R? and
cal. ge suggested that pseudo-first order kinetic model did not fit in well with the
experimental data for the adsorption of MB dye onto MPA. From the second order
kinetic parameters, it was confirmed that the pseudo-second order kinetic model was
the well fitted model with comparatively high R? values at different concentration of
MB dye and closer values of cal. ge to exp. ge. The fit of this model clearly indicated

that the rate of adsorption of MB dye onto MPA was almost a controlled chemisorption
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process, which involved sharing of electrons between dye molecules and surface of

MPA (Foo and Hameed, 2012).
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Fig. 5.15. Adsorption kinetics (a) Pseudo-first and (b) second order kinetic model in removal of MB dye by MPA
[Co=5-50 mg L%; pH = 7.0; Dose of adsorbent = 0.1 g/100 mL; Time t = 0 — 30 min; Temperature T = 303 K].
Table 5.13. Kinetic parameters for the sorption of MB dye onto MPA at different initial
dye concentration.

Conc Exp.qe First-order kinetics Second order Kinetics Initial
(mg/L) (mg/g) adsorption
rate (h)
Ki Cal. ge R? Ko(mg Calge R? h

~ (mgg?) g min ] ]
(Mg g ) (mg g) (mg g*

! min?) min?)

5 3.76 0.087 202 0926 0.132 449 0991 2.67

10 7.32 0.147 6.55 0.961  0.069 9.94  0.993 6.82

20 14.01 0.089 8.23 0.984 0.035 19.76  0.992 13.57

30 22.12 0.091 1426 0985 0.019 26.32 0.984 12.52

50 34.49 0.124 16.09 0943 0.026 38.32 0.997 37.74

The initial adsorption rate (h) values were increased with increase in the MB dye
concentration from 5 to 50 mg L (Table 5.13). An increasing trend of h values with
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the dye concentration might be due to increase in dye binding with increasing
concentration of dye (Hema and Arivoli, 2008; Kumar, 2006). High h values for MPA
(37.74 mg g min't) at rate saturating concentration of dye indicated that the adsorption
of MB dye molecules onto the surface of MPA might be carried out through surface
interchange reactions until all the functional binding sites were occupied (Ma et al.,
2015).

5.4.6. Activation energy

Activation energy (Ea) provides an important information about the type of sorption
process (physical and chemical adsorption). The activation energy (Ea) involved in the
surface adsorption of MB dye by MPA was calculated from the slope of Arrheniums
plot between InK versus 1/T (Fig. 5.16). The activation energy of the surface binding
process was calculated to be 14.90 kJ mol™ for dye binding by MPA, which confirmed
the physico-chemical sorption process. The lower value of activation energies (>4
kJ/mol) have been reported to be responsible for physical adsorption, while higher value
of Ea in the present study suggested for either activated chemisorption or combination
of both physical and activated chemisorption as suggested earlier (Chowdhury and

Saha, 2010).
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Fig. 5.16. Arrhenius plot for the calculation of activation energy (Ea) in removal of MB dye by MPA.
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5.4.7. Thermodynamic studies

In the present experiment, the dye binding by the MPA adsorbent was recorded at
different temperature from 293 to 323 K. The amount of dye adsorption by MPA was
increased from 16.64 to 22.03 mg g%, with rise in temperature, indicated endothermic
adsorption process, where increased kinetic mobility of dye molecules to the active
binding might have have enhanced with increase in temperature. On the other hand, a
decline in the dye adsorption with the increasing temperature, an indicator of
exothermic adsorption process, might be due to decrease in adsorptive forces between
the dye molecules and active binding sites as suggested earlier (Salleh et al., 2011). In
the present investigation, temperature dependent increase in dye removal capacity of
the adsorbents could be due to enhanced number of surface active centers available for
adsorption (Mohan et al., 2002). Results in Table 5.14 showed negative values of AG®
for MPA from -1.676 to -5.381 kJ/mol at all the chosen temperature, which showed that
the adsorption of MB dye onto MPA particles was thermodynamically feasible and
spontaneous (Baek et al., 2010). The free energy change (AG°®) with negative value for
adsorption supported that view that the removal of MB dye by MPA was favourable
adsorption process. An increase in negative value of AG® with rising temperature
specified that the process of adsorption was more favourable at lower temperature
(Chowdhury and Saha, 2010). The Von’t Hoff plot for MPA (Fig. 5.17) was used to
determine the enthalpy (AH®) and entropy (AS®) values. The results showed positive
values of AH° for MPA (35.82 KJ mol™), indicating that the adsorption process was
endothermic and nature of interaction between MPA particles and dye molecules was
physico-chemical process (Ghasemi and Asadpour, 2007). The endothermic nature of
MB adsorption by surface moieties on MPA particles might be deriving the required

energy from hydration shell of dye molecules (Ahmad and Kumar, 2010). The positive
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values of AS° for MPA (128.42 J mol* K1) was supporting involvement of hydration
energy with the cationic dye and the same was released during the sorption of dye
molecules, contributing to an increase in the degree of freedom of the water molecules

(Ghasemi and Asadpour, 2007; Baek et al., 2010).
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Fig. 5.17. Vont’Hoff plot for the calculation of thermodynamic parameters in removal of MB dye by MPA

[Temperature range = 293 — 323 K; Co= 25 mg L™%; pH = 7.0; Dose of adsorbent = 0.1g/100 mL; Time t = 30 min].

Table 5.14. Thermodynamic parameters for the sorption of MB dye onto MPA at
different temperature.

T(K) AG°( kJ mol?) AH° (kJ mol?) AS° (J molt K1)
293 -1.676 35.82 128.42

303 -3.124

313 -4.749

323 -5.381

5.4.8. Desorption of MB dye

A study on MB dye desorption can be more helpful in order to confirm the nature of
sorption process as well as the recovery of the MPA for its repeated use in the sorption
process. Desorption of dye is proportional to the bond strength (e.g., covalent and ionic
bond) as well as the frequency of the weak forces of attraction (e.g., dipole—dipole

interactions and Van der Waals forces) established between the adsorbent particles and
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the adsorbate molecules (Bouaziz et al., 2017). The desorbing solutions of mineral acids
(0.1 N HCI and H2S04) were found to be more effective in desorption of MB dye from
dye loaded MPA as compared to other desorbing agents (Table 5.15). A high percentage
desorption (53.71 %) of MB dye by mineral acid (HCI) indicated that the dye was
adsorbed onto MPA by a physico-chemical sorption process as suggested earlier
workers (Mall et al., 2006). The desorbing agent (HCI) reduced the pH of solution and
hence, at acidic pH, the surface of MPA become more protonated and the attachment
between dye molecules and MPA is weakened due to electrostatic repulsion as MB is
a cationic dye (Mall et al., 2006). The lowest percentage of desorption was observed
with 0.1N NaOH as desorbing solution perhaps on account of strong affinity of the
adsorbent for the cationic adsorbate at alkaline pH. Desorption process is always
inversely proportional to bond strength of adsorbed material, a strong interaction
between the dye and MPA could be the reason for weak desorption of MB dye (Mall et
al., 2006).

Table 5.15. Percent desorption (%) of MB dye by different desorbing agents.

Desorption solution ~ Amount of dye desorbed % desorption
(0.1N) (mg/g)
CH3COOH 3.38 18.6
H2S04 6.37 35.06
HCI 9.76 53.71
H20 3.78 20.8
NaOH 2.16 11.89
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CHAPTER- VI
Removal of Cr(VI) by Mentha Plant Ash (MPA)




6.1. Introduction

Hexavalent chromium Cr(VI1) is an extremely toxic pollutant found in industrial
wastewater and it has high toxicity potential to cause carcinogenesis and mutation in
all living beings including human and animals. The US Environmental Protection
Agency (USEPA) has notified that the Cr(V1) is one of the top-most toxic contaminant
of aqueous systems (Pang et al., 2011). Various anthropogenic activities such as
electroplating, metal finishing, chromate production, mining, leather tanning and etc.
are mainly responsible for the release of large amount of chromium containing
wastewater in the natural environment (Samania et al., 2010). Therefore, developing an
effective and low cost treatment technology for the removal of Cr(V1) from the aqueous
systems is of prime concern to environmentalist and other research groups. During the
last few years, a number of physico-chemical treatment methods such as coagulation,
adsorption, oxidation-reduction, electrochemical precipitation, ion exchange and
reverse osmosis have been successfully used for detoxification of Cr(\V1) in aqueous
systems (Gu et al., 2012). Among these treatment methods, adsorption has been
considered as one of the most suitable and efficient method due to its availability of
wide resource materials, easy operation, high adsorption efficiency and easy recovery
process. During the last few years, a number of adsorbents such as zeolites, organic
resins, chitosan, clay minerals, agricultural wastes and fly ash have been used for the
removal of different toxic metal ions from aqueous solutions (Gao et al., 2013; Lee et
al., 2013; Kumric et al., 2013; Gupta et al., 2003). Among the various reported
adsorbents, the adsorbent materials having large number of organic functional groups
are more capable in adsorption of metal ions as indicated by earlier workers (Lam et
al., 2007). The surface functional groups like hydroxyl, carboxyl, amine, carbonyl, thiol

groups and etc., play a crucial role in heavy metal adsorption due to their higher binding
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affinity for the metal ions to form complex during sorption process (Sud et al., 2008).
Generally, the surface protonation of the adsorbent materials under the acidic condition
is mainly involved in electrostatic interactions with different oxyanionic forms of
Cr(VI) and thus, acidic pH condition is very helpful in the removal of Cr(VI) from
aqueous solutions (Pang et al., 2011a). A number of previous studies suggested that the
surface modification of organic functional groups of adsorbents can enhance their
adsorption potential to a great extent in removal of metal ions. Therefore, selecting a
most suitable organic materials is of prime concern to researchers in developing highly

efficient adsorbents for the removal of Cr(VI).

Adsorbent MPA, a waste byproduct of mentha oil distillation unit, contain various
organic functional groups such as carboxyl, carbonyl, hydroxyl and amine groups on
its surface and these functional groups may play a crucial role in adsorption and
modification of Cr(V1) to detoxify the aqueous solution. Therefore, the main objective
of present study was to evaluate the sorption and redox potential of MPA as a low cost
efficient adsorbent for the removal of Cr(VI) from aqueous solutions.

6.2. Materials and Methods

Batch adsorption experiments were conducted as a function of contact time, adsorbent
doses, pH and initial Cr(\VI) concentration to evaluate nature and sorption efficiency of
MPA in removal of Cr(VI1). The adsorbent material (MPA) was characterized by using
various instrumental techniques to determine physicochemical properties of various
ligands present on the surface of MPA as described earlier in Chapter-3. Further, X-
Ray Photoelectron Spectroscopy (XPS) and Cyclic Voltammetry analysis of MPA after
adsorption of Cr(VI) was carried out to analyze the interaction of functional groups and
Cr(VI) on the surface of adsorbent. Adsorption kinetics, equilibrium adsorption
isotherms and thermodynamic studies were carried out to explain the nature of
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adsorption process and to define the applicability of various isotherms and kinetic
models for the Cr(\V1) sorption efficiency of MPA. The detailed methodology including
chemicals and solutions; preparation and characterization of MPA; batch adsorption
experiments; equilibrium, kinetic and thermodynamic studies have been described
earlier in Chapter-3. The redox state of chromium during interaction with adsorbent

was studied by cyclic voltammetry.
6.3. Results and Discussions

6.3.1. IR-spectroscopy (FTIR) of MPA before and after adsorption of Cr(VI)

The FTIR spectra (Fig. 6.1.) of adsorbent (MPA) before and after adsorption of Cr(\V1)
were compared to study the role of various surface functional groups in the binding of
Cr(VI) metal ions. The results displayed the participation of several functional groups
such as hydroxyl, ester, amine, phenyl, carboxyl and carbonyl in the binding of Cr(\V1)
metal ions on the surface of MPA particles. Few major drastic changes were found to
occur in the IR absorption characteristics due to presence of Cr(V1). The changes in the
different surface functional groups of MPA adsorbent after adsorption of Cr(VI)
showed changes in IR peaks at wavenumbers 3635.6 and 1797 cm™ assigned to O—H
and C=0 stretching of hydroxyl and carbonate groups (Mary et al., 2016). The Cr(VI)
induced alterations in the IR peak at wavenumbers 1434 and 1036 cm™ were due to
involvement of carboxylic group, C—C stretching and C—O stretching of ether, ester and
phenolic group in the Cr(VI) binding (Shi et al., 2014). Further, the IR absorption peaks
at wavenumbers 874 and 685 cm™ contributed by C—H stretching of aromatics and
phenyl groups (Shi et al., 2014), respectively, play important role in the Cr(V1) binding.
The other surface ligands such as C—H, O—H, C-0O, C=0 and phenyl groups are also

found to be involved in metal ion binding as depicted in Fig. 6.1.
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Fig. 6.1. IR-spectra of MPA (a) before and (b) after adsorption of Cr(VI) at pH 3.0.

The changes in IR absorption peaks at 3435.6 and 1434 cm™, assigned to hydroxyl
group (O—H stretching) and methylene group (C—H bending), respectively, indicated
the important role played by these functional groups in Cr(VI) removal by MPA
particles (Mary et al., 2016). The IR peaks at wavenumber 874.7, 711.7 and 685.6 cm"
! assigned to alkene group (=C—H bending), amide V group and alkyl halide (C—Cl
stretch), were completely lost after adsorption of Cr(VI). The emergence of new IR
peaks at wavenumber 1639.5 and 2887.8 cm™ were assigned to amide | group (NH2)
and alkyl group (C—H stretch) indicating the formation of new bonds between the
surface ligands and Cr(VI) ions. The IR absorption peaks at wavenumber 2514.5 and
1795.7 cm™, characteristic of carboxylic group (O—H stretch) and carbonate anion

(COs%), respectively, also disappeared after adsorption of Cr(V1) ions onto the surface
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of MPA. These results indicated a strong interaction between organic functional groups
on the surface of MPA adsorbent and Cr(VI) metal (Poletto et al., 2012). The changes
in IR absorption peaks at wavenumbers 1434 and 1442 cm™ associated with methylene
group (=CHz) and methyl group (R—CH3s) of lipids, could be due to steric hinderances
caused due to adsorption of Cr(VI). The overall results on IR spectra of MPA after
adsorption of Cr(VI1) exhibit that hydroxyl, ester, amine, phenyl, carboxyl and carbonyl
groups are the surface functional moieties which actively participated in the binding of

Cr(VI) metal.
6.3.2. Cyclic Voltammetry: Reduction mechanisms of Cr(VI)

Cyclic voltammetry analysis was carried out to see whether a rapid color change of
Cr(VI) solution (orange to pale green) in the presence of MPA adsorbent was associated
with chemical transformation of Cr(\V1) metal ions or not. The Cyclic Voltammetry test
was performed on the Cr(V1) solution treated with MPA adsorbent for 190 min at 30°C.
The electrochemical behavior of Cr(V1) was analyzed over a potential range from -1.5V
to +1.5 V (Ag/AgCl) with scan rate of 100 mV1. The cyclic voltammogram of Cr(VI)
in the electrolytic solution exhibited two well-defined redox couple as shown in Fig
6.2. Results on Cyclic Voltammetry test showed cathodic (reduction) and anodic
(oxidation) activities in the Cr(VI) metal ion solution, emphasizing that the reduction
of Cr(VI1) by MPA adsorbent particles through electron transfer process (Wyantutia et
al., 20015). As we can see in Fig. 6.2., the redox couple (2) exhibited the redox reaction
of Cr(VI) and Cr(111), whereas the redox reaction of Cr(111) and Cr(Il) was indicated by
redox couple (1). The cathodic peak (2d) in redox couple (2) appearing at 0.56V in the
cyclic voltammogram was assigned to reduction of Cr(\VI1) to Cr(lll). Similarly, the
cathodic peak (1b) in the redox couple (1) appearing at -0.18V was assigned to
reduction of Cr(lI1) to Cr ().

140



0.0005 T T T T 3
a)

0.0004

0.0003 ©

0.0002 7_
0.0001 [ Redox couple (2) E
& / Redox couple (1) _/
ﬁ

= -0.0001 F N @ 3
£ -0.0002 | H ) -
S H
= -00003F § E
= i
E ooo0af E

2
00005 F £
-0.0006 F ;
-0.0007 —/ E
-0.0008 —i
1 1 1 1 1

-1 -0.5 0 0.5 1
Potential applied (V)

-0.0009 E

Fig. 6.2. Cyclic voltammogram of Cr(VI) solution treated with MPA [Potential range from -1.5V to +1.5 V

(Ag/AgCI); Scan rate 100 m/V].

The anodic peak appearing at +0.8V in the redox couple (2c) could be assigned to
oxidation of Cr(l11) to Cr(Il), whereas peak appearing at -0.60V in redox couple (1a)
was assigned to oxidation Cr(Il) to Cr(l1l). The coupled redox reaction for Cr(VI) in
cyclic voltammetry test suggested that Cr(\V1) metal ions adsorbed on the surface of
MPA particles were reduced to Cr(111) and Cr(11) through reductive process (Liu et al.,
2008). The several minerals and surface active ligands of MPA might be contributing
one electron as electron donor for the reduction of Cr(\V1) in step wise electron transfer
reaction. The second step involving the reduction of Cr(l1l) was found to be slow,
because the reduced Cr(l111) was present in the form of a complex (chromium chloride
complex) surrounded by neutral ligands (water and anions) octahedrally (Saha et al.,
2011). Thus, the high residual concentration of Cr(l11) in the solution required higher
redox current for the reduction of Cr(lll) to Cr(ll) in redox couple (1) of cyclic

voltammogram. Further, the redox couple (1) and (2) were found to be respectively
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quasi-reversible and irreversible in nature (Liu et al., 2008). The slow and fast reaction

involved in reduction of Cr(VI) to Cr(l11) and Cr(ll) are given as follows:

(i) Crb* +3e- —Cr®* (Fast reaction)

(i) Cr¥*+ e —Cr?* (Slow reaction, 1e" transfer reaction)

6.3.3. X-Ray Photoelectron Spectroscopy (XPS): Removal mechanism of Cr(VI)

In order to analyze the chemical redox reaction occurred during adsorption of Cr(VI)
onto the surface of MPA, it was essential to perform the analysis of chromium species
present on the surface of adsorbent. The sorption mechanisms of Cr(VI) and presence
of its reduced forms on the surface of MPA after adsorption were examined using X-
Ray Photoelectron Spectroscopy (XPS) techniques. The XPS spectrum of MPA after
adsorption of Cr(V1) was recorded to identify the possible chromium species present
on the surface of adsorbent. The Cr 2p peaks in the binding energy range (0 — 1200 eV)
and (570 — 595 eV) were analyzed as recorded in the spectrums given in the Fig. 6.3(a)
and 6.3(b), respectively. The binding energy in the range of 572-581 eV and 582-591
eV correspond to Cr 2p3/2 and Cr 2p1/2 orbitals, respectively (Wu et al., 2009).
Generally in Cr 2p XPS spectrum, hexavalent state (Cr(VI1)) of chromium are
characterized by higher binding energy such as 578.1 eV (CrOs) and 579.2 eV
(K2Cr20y7) (Fathima et al., 2005), while the characteristics peak at binding energy 577.0
—578.0 eV and 586.0 — 588.0 eV corresponds to Cr(Il1) form (Gu et al., 2012). In the
present study, the binding energy (eV) peaks of Cr 2p3r and Cr 2p1> were detected at
around 579.2, 588.8, 577.6, 588.0, 576.8 and 585.6 eV in the XPS spectrum of MPA
after adsorption of Cr(VI). The band at binding energy 579.2 eV (Cr 2ps2) and 588.8
eV (Cr 2p12) were assigned to Cr(V1) forms whereas the peaks at binding energies of

577.6 eV (Cr 2p32) and 588.0 eV (Cr 2p1/2) were assigned to Cr(111) forms of chromium
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(Wu et al., 2009). Further, the next two peaks at binding energy of 576.8 eV (Cr 2ps2)
and 585.6 eV (Cr 2pi2) were indicative of Cr(Il) forms on the surface of MPA
adsorbent. Therefore, the presence of Cr(lll) and Cr(ll) forms on surface of MPA
particles indicated that the adsorbed Cr(\V1) metal ions onto the surface of MPA was

partially reduced to Cr(l11) and Cr(Il) forms during sorption process.
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Fig. 6.3. XPS Cr 2p spectra of MPA in binding energy range (a) from 0 to 1200 eV and (b) from 570 to 595 eV after
adsorption of Cr(VI).

The reduction of toxic Cr(\V1) to less toxic Cr(l11) and Cr(Il) forms might be due to the
reactive electron donor groups (—OH,-NH2,—-COOH and >C=0) present on the surface
of MPA. The removal mechanisms of Cr(VI) from aqueous solution by using MPA
seems to be the combination of both surface adsorption and reduction of Cr(VI). The
nitrogen atoms of amine groups, if protonated in acidic condition (pH 3.0), might be
involved in bond formation with negatively charged HCrO4™ ions due to electrostatic
attraction. After being adsorbed onto the surface of MPA particles, the Cr(VI) was
partially reduced to Cr(l11) and Cr(Il) forms and subsequently, the reduced forms of
Cr(111) and Cr(Il) were released into the aqueous solution due to the electrostatic
repulsion. But some of the Cr(I11) and Cr(I1) metal ions were still bound with the surface

of MPA adsorbent, perhaps due to complex bonding with the nitrogen atoms of amine

143



group in MPA. It has been reported that positively charged Cr(I11) and Cr(11) metal ions
form coordinate bond with lone pair electron of nitrogen atom. Another possible
explanation for the removal of Cr(VI) could be adsorption of Cr(I1l) and Cr(Il) metal
ions onto MPA particles due to its mesoporous structure and electronegative nature.
Therefore, it has been concluded that the removal mechanism of Cr(VI) by MPA was

dominated by both electrostatic adsorption and reduction process.

6.3.4. Factors affecting adsorption of Cr(VI)

6.3.4.1. Effect of adsorbent dose

The sorption capacity is greatly influenced by the dose of adsorbent (MPA) in removal
of Cr(VI) from aqueous solution. The percent removal of Cr(VI) from aqueous solution
by MPA as adsorbent was studied at varying adsorbent doses (0.1 to 0.5g/100 mL) and
fixed concentration of Cr(VI) (10 mg L™). The rate of Cr(V1) adsorption was studied
for 90 min at pH 3.0. As can be seen in Fig. 6.4(a), the percent removal of Cr(VI1) was
increased from 47.9 to 70.1 % with increase in the dose of adsorbent from 0.1 to 0.5
g/100 mL. A time dependent adsorption showed a rapid phase of dose-dependent
increase in removal of Cr(VI1) metal which continued to occur up to 0.2 g/100 mL dose
of MPA and that was followed by a sluggish phase of Cr(\V1) removal between 0.2 to
0.5 g/100 mL of adsorbent dose. Initially a faster rate of Cr(V1) adsorption might be the
result of increase in number of available adsorption sites with increase in dose of
adsorbent. A sluggish increase in Cr(V1) metal ion removal at higher doses of adsorbent
(0.2 to 0.5 g/100 mL) might be due to reduced availability of metal ions binding sites
per unit concentration of adsorbent. Otherwise this could be interpreted as clustering of
adsorbent particles per unit volume which might be hindering the free mobility of the
metal ions to adsorption sites and might be termed as shadowing effect of adsorbent on

the accessibility of adsorbate (Guo et al., 2017).
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6.3.4.2. Effect of pH

The pH of the solution was found to be an important controlling factor in the adsorption
of Cr(V1), as the charge density of the adsorbent surface and adsorbate species are
mainly dependent on pH of the aqueous medium. In order to see the effect of pH on
Cr(VI) adsorption, batch adsorption experiments were carried out by varying the pH of
the aqueous solution (pH 3.0 to 8.0) at an initial concentration of Cr(VI) at 10 mg L
and adsorbent concentration of 0.1 g/100 mL. The effects of pH condition of the
solution on percent removal of Cr(VI) has been shown in Fig. 6.4(b). The results
showed that the percent removal of Cr(V1) decreased from 46.8 to 29.9 % with increase
in pH from 3.0 to 8.0, indicating that low pH range (pH 3.0-4.0) was more favorable
for the binding of Cr(VI) metal ions onto MPA particles. The pH dependent Cr(V1)
removal might be related to surface functional groups of MPA adsorbent and chemistry
of the Cr(V1) metal ions in the aqueous solution (Guo et al., 2017; Gupta et al., 2001).
Usually the Cr(V1) has different forms such as CrO4%", HCrO4~, Cr,07%" in wastewater,
which are directly associated with pH of the wastewater as suggested by earlier workers
(Chen et al., 2010). Based on the FTIR results, it was observed that the surface of MPA
particles contains various functional groups such as hydroxyl, amine, ester, carbonyl
and carboxylic groups, which are actively involved in the binding of Cr(\VI) metal ions.
At acidic pH conditions (pH 3.0-4.0), the surface functional groups of MPA particles
become protonated and the protonated functional groups complex with Cr(VI) metal
ions forms that mainly existed in solution as species of HCrO4~ and Cr.07?" through an
electrostatic attraction and ion exchange process. On the other hand, at alkaline pH
conditions, the negatively charged surface of MPA particles was not suitable to bind
with Cr(VI1) metal ions. Generally, at neutral (pH 7.0) and alkaline pH conditions,

Cr(VI) mainly exists in the form of CrO42~ anions which is repelled by negative surface
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charge on MPA. Thus, at higher pH values, the electrostatic repulsion between the
adsorbent surface and chromate species decreased the overall rate of Cr(VI) removal

from aqueous solution.
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Fig. 6.4. Effect of (a) adsorbent dose and (b) pH on percentage removal of Cr(\VI) using MPA [initial Cr(\VI)

concentration 10 mg/L, Time 90 min, Adsorbent concentration 0.1g/100 mL, temperature 303 K].

6.3.4.3. Effect of initial Cr(VI) concentration and contact time

The effect of initial Cr(\V1) concentration on the adsorption capacity of MPA depends
on the availability of metal ions and surface binding sites of MPA particles. The extent
of Cr(V1) removal is greatly influenced by the initial metal ion concentration in aqueous
solution. In the present study, the effect of different initial Cr(\V1) concentration (10-50
mg L) was studied on the adsorption of Cr(VI) for 90 min at a fixed dose of adsorbent
(0.1 g/100 mL) at room temperature and pH 3.0. The results in Fig. 6.5 on the adsorption
of Cr(V1) by MPA at different metal ion concentration showed initially a rapid sorption
process up to 30 min, followed by sluggish sorption process with increase in the contact
time up to 90 min, perhaps due to saturation of adsorption sites on the surface of
adsorbent (Guo et al., 2017). Further, the removal of Cr(V1) after 90 minutes was found
to be insignificant. A fast rate of metal ion adsorption at the initial contact time might
be attributed to the availability of a large number of adsorption sites. The rate of metal
ion adsorption increased in a concentration-dependent manner and the saturating
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concentration of Cr(VI) at equilibrium (ge) was found to be between 5.1 to 6.01 mg g
with increase in the initial metal ion concentration from 10 to 50 mg L™X. An increase
in adsorption capacity of MPA with increase in Cr(VI) concentrations, might be due to
relatively higher rate of mass transfer (Thirumavalavan et al., 2012). But the sluggish
increase in the rate of metal ion adsorption at higher concentration could be attributed

to a limiting dose of adsorbent (Thirumavalavan et al., 2012).
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Fig. 6.5. Effect of initial Cr(\VI) concentration on adsorption capacity (mg/g) per unit concentration of MPA

[Adsorbent concentration 0.1 g/100 mL, pH 3.0, Time 90 min, temperature 303 K].

6.3.5. Adsorption kinetics

Adsorption kinetics not only helpful in determination of rate of sorption process but
also provides insights into possible reaction mechanisms involved in the removal of
Cr(VI) from aqueous solution. Pseudo-first order (Fig. 6.6(a)) and Pseudo-second order
kinetic model (Fig. 6.6(b)) were applied on experimental data to analyze the adsorption
kinetics for the sorption of Cr(VI) onto MPA adsorbent. The sorption kinetics of Cr(VI)
by MPA adsorbent was studied as a function of varying time intervals at different initial
concentrations of Cr(V1). The calculated kinetic parameters at different initial Cr(VI)
concentrations could describe the sorption process of Cr(V1) by MPA as listed in Table

6.1. Results (Table 6.1) showed that adsorption data fitted well to the Pseudo-second
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order kinetic model (R? >0.99) than to pseudo-first order kinetic model (R? >0.91). The
experimental ge values (equilibrium adsorption capacity) were in close agreement with
the calculated ge values derived from the pseudo-second order model, whereas the Qe
values calculated from the pseudo-first order model were not in good agreement with
the experimental e values. Further, the results indicated that the rate constant (k2)
decreased with the increase in the initial Cr(\VI) concentration (Table 6.1), which is a
typical behavior for the sorption process fitting to pseudo-second order kinetic model
as reported in earlier studies on the adsorption (Abbas et al., 2014; Konicki et al., 2013).
The results on pseudo-second order adsorption kinetics implied that the sorption of
Cr(VI) was an almost controlled chemisorption process. It has been demonstrated that
the pseudo-second-order kinetic model is based on the supposition that the rate-
controlling step in the sorption process is the surface adsorption by valence forces
through sharing or exchanging of electrons between adsorbent particles and adsorbate
molecules (Pang et al., 2011).
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Fig. 6.6. Adsorption kinetics (a) Pseudo-first order and (b) Pseudo-second order kinetic model for the sorption of

Cr(V1) onto MPA [Time 90 min, pH 3.0, adsorbent concentration 0.1 g/100 mL, initial Cr(\VI) concentration 10 to

50 mg/L].
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Table 6.1. First and second order Kkinetic parameters for the sorption of Cr(\V1) onto

MPA adsorbent.

Conc. e, EXP. Pseudo-first order kinetics ~ Pseudo-second order kinetics
(mg/L)  (mg/g)

ki (1/min) g, cal. R? k(mg/g Qe cal R?
(mg/g) min) (mg/g)
10 5.1 0.069 1.45 0.954 0.212 498  0.999
20 6.01 0.075 291 0.912 0.098 6.12  0.987
30 7.12 0.121 11.23 0.963 0.039 7.02 0.988
40 7.98 0.059 2.93 0.972 0.069 8.01 0.995
50 8.12 0.071 13.12 0.921 0.048 8.08 0.997

6.3.6. Adsorption isotherms

Adsorption isotherms (Langmuir and Freundlich) were applied on equilibrium
experimental data to obtain the valuable information about the monolayer
chemisorption of Cr(V1) metal ions on the surface of the MPA particles and determine
adsorption capacity (mg g*). The results showed that both Langmuir and Freundlich
adsorption isotherms (Fig. 6.7) were fitted well with the data on equilibrium sorption
of Cr(V1) onto MPA particles. It has already been reported that the high mineral content
in MPA indicating more surface functional groups on the surface and make it
appropriate for the sorption of Cr(\VI) metal ions (Guo et al., 2017). According to
Langmuir isotherm model, the maximum monolayer adsorption capacity (gmax) of MPA
at room temperature (30°C) and pH 3.0 was calculated as 8.63 mg g. The (max Value
of MPA represents single layer surface adsorption of Cr(VI) metal ions and maximum

binding of Cr(VI) with the large number of oxygen containing functional groups present
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on the surface of MPA as described earlier in IR-Spectroscopy (FTIR) of MPA. An
electrostatic interaction and ion exchange mechanisms might be involved in the binding
of Cr(VI) metal ions with the hydroxyl, carbonyl, phenyl and carboxyl functional

groups disseminated on the surface of MPA particles (Guo et al., 2017).
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Fig. 6.7. Adsorption isotherms (a) Langmuir and (b) Freundlich model for the sorption of Cr(VI) [adsorbent

concentration 0.19/100 mL, pH 3.0, Time 90 min, initial Cr(\V1) concentration range 10 to 50 mg/L].

The regression coefficient (R?) values in both the adsorption isotherms are shown in
Table 6.2. The R? values indicated better applicability of Langmuir as well as
Freundlich isotherms to describe the nature of MPA adsorbent for equilibrium
adsorption and fitted well to the equilibrium adsorption data of Cr(\V1). MPA adsorbent
had strong affinity for Cr(VI) adsorption supported by Ry values (Table 6.3). The
calculated R, values of MPA (0.451 to 0.592) at different Cr(\V1) concentration (10 to
50 mg g!) indicated favorable adsorption process (Hameed et al., 2008). The Ry values
between 0 and 1 indicated a favourable adsorption with more affinity of MPA particles
towards Cr(V1) metal ions. The high R? values and value of 1/n < 1 for MPA (0.2318)
in Freundlich isotherm also confirmed the role of chemisorption on the heterogeneous
surface of MPA particles (Guo et al., 2017). The gmax values of different sorbent

materials in removal of Cr(VI), as given in Table 6.4, were used to compare the Qmax
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value of MPA. A comparison of adsorption capacity of different adsorbents suggested
that MPA is better adsorbent than many other reported adsorbents.

Table 6.2. Langmuir and Freundlich constants for the sorption of Cr(VI) onto MPA

adsorbent.
Langmuir isotherm Freundlich isotherm
gmac (Mg g™?)  b(Lmg?)  R? 1/n Kr(mg g*) R?
8.63 0.04623 0.988 0.2318 0.2892 0.967

Table 6.3. Separation factor (Rv) at different Cr(\V1) concentration for MPA.

Initial concentration (mg L) Seperation factor (RL)
10 0.451
20 0.521
30 0.695
40 0.393
50 0.592

Table 6.4. A list of adsorbents including MPA and their adsorption capacities for the

removal of Cr(VI).

Adsorbents gmax (Mg g1) References

Almond 10.62 Dakiky et al. (2002)
Carbon slurry 25.60 Singh and Tiwari (1997)
Coconut husk fibres 29.0 Hamadi et al. (2001)
Paper mill sludge 7.4 Calace et al. (2002)
Olive cake 33.44 Dakiky et al. (2002)
Coal 6.78 Dakiky et al. (2002)
Saw dust 15.82 Dakiky et al. (2002)
Almond pine needles 21.50 Dakiky et al. (2002)
Mentha Plant Ash (MPA) 8.63 Present Study
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6.3.7. Thermodynamic studies for the sorption of Cr(VI)

In the present experiment, the Cr(V1) binding by the adsorbent (MPA) was recorded as
a function of varying temperature (293.15 to 323.15 K) at 10 mg L* of initial Cr(\VI)
concentration and pH 3.0 for 90 min. The amount of Cr(VI) adsorption by MPA
increased from 5.1 to 6.9 mg g™ with rise in temperature, which indicated endothermic
adsorption process. An increase in temperature can enhance kinetic mobility of Cr(VI)
metal ions and accelerates active binding of sorbate with adsorbent (Salleh et al., 2011).
On the other hand, a decline in the Cr(VI) adsorption with the increasing temperature
is an indicator of exothermic adsorption process which may be due to decrease in
adsorptive forces between the metal ions and active binding sites as suggested earlier
(Salleh et al., 2011). In the present investigation, temperature dependent increase in
Cr(VI) adsorption by MPA could be due to increase in kinetic mobility of Cr(VI) and
enhanced number of surface active ligands available for adsorption (Mohan et al.,
2002). Results in Table 6.5 showed negative values of AG® from -0.0974 to -2.1486
kJ/mol at all the chosen temperature, which showed that the adsorption of Cr(VI) onto
MPA particles was thermodynamically feasible and spontaneous process (Baek et al.,
2010). The free energy change (AG®) with negative value for adsorption supported the
view that the removal of Cr(VI) by MPA was a favourable adsorption process. An
increase in negative value of AG® with rising temperature specified that the process of
adsorption was more favourable at lower temperature (Chowdhury and Saha, 2010).
The Von’t Hoff plot for MPA (Fig. 6.8) was used to determine the enthalpy (AH°) and
entropy (AS°) values. The results showed positive values of AH® (19.65 KJ mol™) for
MPA, indicating that the adsorption process was endothermic and nature of interaction
between MPA particles and Cr(VI) metal ions was physico-chemisorption process

(Ghasemi and Asadpour, 2007). The endothermic nature of Cr(VI) adsorption by MPA
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particles indicated that bonding energy might be deriving the required energy from
hydration shell of Cr(VI) metal ions (Ahmad and Kumar, 2010). The positive values of
AS° for MPA (67.56 J mol™* K) was supporting involvement of hydration energy of
the Cr(VI) metal ions in the metal bonding released during the sorption of metal ions.
Thus, increase in entropy might be contributing to an increase in the degree of freedom
of the water molecules as suggested earlier (Ghasemi and Asadpour, 2007; Baek et al.,

2010).
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Fig. 6.8. Vont’hoff plot for the calculation of thermodynamic parameters in removal of Cr(VI) by MPA [initial

Cr(V1) concentration 10 mg/L, Time 90 min, pH 3.0, adsorbent concentration 0.1g/100 mL].

Table 6.5. Thermodynamic parameters for the sorption of Cr(VI) onto MPA.

T(K) AG°(kJ/mol)  AH° (kJ/mol)  AS° (J/mol K)
293 -0.09745 19.65 67.56
303 -0.91688

313 -1.49726

323 -2.14866
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CHAPTER-VII

General Discussions




The chemically rough surface of MPA particles with heterogenous structure of pores as
confirmed by SEM analysis, played a crucial role in monolayer and multilayer
adsorption of cationic dyes (MG and MB) and Cr(V1). Presence of small heterogenous
layers of pores on the surface of MPA particles might be due to the volatilization and
decomposition of various biomolecules present in the plant waste material. Generally,
the waste plant materials contain high content of volatile matter and low lignin content
which directly affects the formation of heterogenous pore stuctures on the surface of
adsorbent particles (Lehmann et al., 2011). The complex and fibrous structures of MPA
particles might be more helpful in adsorption of dyes and Cr(V1), which developed due
to aggregation of various cellulosic structures and mineral compounds during
combustion of plant waste material at higher temperature (850°C) as suggested by other
workers (Yargicoglu et al., 2014; Fernandez et al., 2012). The variation in particle
surface, shrinking and splitting of MPA particles was observed due to volatization of
organic matter during thermal combustion (450 — 800 °C). A chemically rough surface
of MPA particles might be due to presence of high content of Si minerals as indicated
in EDX analysis. The mineral composition of MPA included a very high content of C,
O, Mg, Cl, K, Si, Fe and Ca, which were exceptionally higher in the MPA than that

reported in other adsorbents (Lehmann et al., 2011).

In the BET analysis of adsorbent, the shape of the N, adsorption/desorption isotherm
matches the Type IV shape of adsorption isotherm (IUPAC classification), indicating a
mesoporous structure of MPA. An important characteristic of Type IV isotherm
corresponds with monolayer-multilayer adsorption and are indicative of relatively
strong interaction between adsorbent surface and adsorbate as suggested by earlier
investigators (Sing et al., 1985). In the present study, the small BET specific surface

area of MPA (7.169 m? g) might be due to filling of pores largely with resins and
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minerals, which interfere with the diffusion of nitrogen molecules (Rawat and Singh,
2017). The pore size distribution of MPA particles, as determined by BJH plot, was
found to be in the range of 3-25 nm, indicating mesoporous nature of the adsorbent.
The pore diameter of particles ranging between 2 to 50 nm, indicated a mesoporous
nature of adsorbent material (Sing et al., 1985). The results derived from BET and BJH
methods suggested that the adsorbent (MPA) was mesoporous material, which played
crucial role in adsorption of dyes and heavy metals as suggested by the earlier

investigators (Sing et al., 1985; Rawat and Singh, 2017).

Presence of low boiling volatile organic matter, moisture content, the residual content
of hemicellulose, cellulose and lignin in the MPA were played an important role in the
binding of dyes molecules and Cr(VI) metal ions. Since the biomolecules
(hemicellulose, cellulose and lignin) contain a number of oxygen containing functional
groups which favour binding of cationic dyes and Cr(VI1) as suggested by earlier
workers (Guo et al., 2017; Qi et al., 2010). In thermogravimetric analysis (TGA), the
first phase of weight loss was related to release of H.O molecules and low boiling
volatile organic matter (Zhang et al., 2006). The second phase of weight loss during
thermal change (180 — 700°C) assigned to the decomposition of hemicellulose (200 —
300°C), cellulose (300 — 400°C) and lignin (200 — 700°C) and their conversion to COy,
CO and CHj4 (Liu et al., 2012). The third phase of weight loss during thermal change
(700 — 850°C) might be related to decomposition of lignin (160 — 900°C). It has been
reported that decomposition of calcite (CaCOs) and release of CO- result into greater
thermal stability of material during the third phase of weight loss (Qi et al., 2010).
Different stages of weight loss during thermal decomposition were indicative of
changes in organic and inorganic contents of MPA which helps in the assessment of

type of surface functional groups present in a biomolecules.
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The presence of silica clay minerals such as calcite, quartz, sylvite and dolomite were
confirmed in the XRD pattern of MPA adsorbent. The intense sharp peaks at 3.36A
indicated well crystalline form of quartz was present in higher amount as compared to
other minerals present in MPA (Yuan et al., 2011). An increase in the peak intensity at
4.53 and 3.03 A in the XRD pattern of MPA with increase in temperature from 450 to
850°C, also suggested that high content of crystalline cellulose and calcite were present
in MPA. It has been reported that the adsorption potential of sorbents is mainly
dependent on the net negative charges present on the silica clay minerals of sorbents
(Elmoubarki et al., 2015). The negative charges on MPA favoured adsorption of
positively charged cationic dyes (MG and MB). An exchangeable ions in clay minerals
were found to play a vital role in the removal of cationic dyes and Cr(VI) through
adsorption and ion exchange process (Eren, 2010). The most common ions in clay
minerals of MPA included H*, K*, Na*, Ca?*, Mg?*, NH4*, CI-, SO4 2, PO4 % and NOs
which exhibited a strong attraction towards the cationic dyes and Cr(\V1) metal ions as

suggested by the earlier workers (Crini, 2006).

The values of zeta potential of MPA particles (-37.1 mV) at neutral pH 7.0 indicated a
highly negatively charged sorption surface of MPA particles with little effect of pH
condition. As the ambient pH condition increases, the zeta potential of MPA became
slightly more negative. A highly electronegative surface along with little effect of
changing pH condition on the zeta potential indicated about larger contribution of salts
and minerals in determining the zeta potential (Aksoy and Kaya, 2011). This could be
the reason for high binding efficiency of MPA for cationic dyes (MG and MB) and
Cr(VI) metal ions (Bootharaju and Pradeep, 2013). Similar observations have been

made by earlier workers on zeta potential of quartz powder with isoelectric point (iep)
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at around pH 2.0 and zeta potential ranging from —15 mV at pH 4.0 to -56 mV at pH

10.5 (Huang and Fuerstenau, 2001).

The IR-spectra (FTIR) of MPA exhibited stretching vibration of various functional
groups such as O—H carboxylic groups, aliphatic C—H stretching vibration of methyl
groups and C— O stretching of C-OH group (Ding et al., 2016), which largely
contributed to more electronegative surface of MPA adsorbent. Different IR absorption
peaks in the IR absorption spectrum of MPA indicated a crucial role of C-H
deformation, C—C and C-O stretching of ester and phenyl group, strong bend in C-H
phenyl rings, in determining a high negative zeta potential values of MPA particles (Shi
et al., 2014). The IR peaks at wavenumbers 3435.6, 1797, 1434 and 1036 cm™
correspond to O—H stretching of carboxyl group (Mary et al., 2016), C=0 stretching of
carboxyl groups (Ding et al., 2016), C—H variable alkenes groups, C-C and C-O
vibrations in esters, ether or phenol (Shi et al., 2014), respectively. These surface
functional groups of MPA might be playing an active role in an electrostatic attraction
of the cationic dye molecules and Cr(VI) metal ions. The overall results on IR spectra
of MPA exhibited that hydroxyl, ester, amine, phenyl, carboxyl and carbonyl groups
were the main surface functional moieties, not only contributing to negative charge on
surface of MPA, but may be actively involved in the binding of cationic dyes and Cr(V1)

metal ions as suggested by other workers (Shi et al., 2014; Ding et al., 2016).

The cyclic voltammograms of cationic dyes (MG and MB) and Cr(VI) in the
electrolytic solution showed a well-defined redox couples. In cyclic voltammetry (CV)
test, the cathodic (reduction) and anodic (oxidation) activities in solution of cationic
dyes and Cr(VI) metal in the presence of MPA, emphasized that the reduction of
cationic dyes/Cr(VI) by MPA particles through one electron transfer process
(Ngamukot et al., 2006; Farsi and Hosseini 2013; Wyantutia et al., 20015). In the cyclic
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voltammograms of MG and MB dyes, the peak 1 (cathodic) appearing at approximately
—0.32V and -0.52V were assigned to the reduction of MG™ to neutral leuco malachite
green (LMG) and reduction of MB™ to Leucomethylene blue (LMB), respectively, by
one electron transfer reaction, whereas peak 2 (anodic) at —0.34V and —0.38V might be
related to oxidation of neutral LMG to MG*and LMB to MB", respectively, indicating
reversible nature of redox process for both MG and MB dye solution in the presence of
MPA (Ngamukot et al., 2006). Further, the presence of two well-defined redox couple
in the cyclic voltammogram of Cr(V1) exhibited the redox reactions of Cr(V1) to Cr(lI)
and Cr(lI11) to Cr(I1). The second step involved in the reduction of Cr(l1I) to Cr(Il) was
found to be slower, because the reduced Cr(lll) was present in a complex form
(chromium chloride complex) surrounded by neutral ligands (water and anions)
octahedrally (Saha et al., 2011). The residual concentration of Cr(I11) and Cr(ll) in the
solution become high and therefore, redox current was high as recorded in redox couple
(1) of cyclic voltammogram. Further, the redox couple (1) and (2) were found to be
respectively quasi-reversible and irreversible in nature (Liu et al., 2008). The coupled
redox reaction for cationic dyes in CV test suggested that MG* and MB™ cations
adsorbed on the surface of MPA particles were changed to LMG and LMB,
respectively, through reductive process (Ngamukot et al., 2006; Farsi and Hosseini
2013). Further, the coupled redox reaction for Cr(V1) suggested that Cr(\VI) metal ions
adsorbed on the surface of MPA particles were partially reduced to less toxic Cr(llI)
and Cr(1l) through reductive process (Liu et al., 2008). The several minerals and surface
active ligands of MPA might be contributing as electron donor and the reduction of

cationic dyes and Cr(VI1) occurred through step wise electron transfer reaction.

The XPS analysis also showed the presence of Cr(l1l) and Cr(1l) forms on surface of

MPA particles after adsorption which indicated that the adsorbed Cr(VI) metal ions
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onto the surface of MPA was partially reduced to Cr(Ill) and Cr(ll) forms during
sorption process. The reduction of toxic Cr(V1) to less toxic forms of Cr(I11) and Cr(Il)
might be due to the presence of reactive electron donor groups (—OH,~NH2,~COOH
and >C=0) present on the surface of MPA. The removal mechanisms of Cr(VI) from
aqueous solution by using MPA seems to be the combination of both surface adsorption
and reduction of Cr(V1). The nitrogen atoms of amine groups get protonated at acidic
condition (pH 3.0) and the protonated nitrogen atoms might be involved in bond
formation with negatively charged HCrO4™ ions by electrostatic attraction. After being
adsorbed onto the surface of MPA particles, the Cr(VI) was partially reduced to Cr(111)
and Cr(I1) forms and subsequently, the reduced forms Cr(I11) and Cr(Il) were released
into the aqueous solution due to the electrostatic repulsion. But some of the Cr(I11) and
Cr(I1) metal ions were still bound on the surface of MPA adsorbent, which can be
explained in terms of protonated amine group in MPA adsorbent at acidic pH can form
coordinate bond with positively charged Cr(l11) and Cr(Il) metal ions due to presence
of lone pair electrons of nitrogen atoms (Fathima et al., 2005). Another possible
explanation for removal of Cr by MPA particles might be due to ability of mesoporous
MPA to adsorb Cr(I11) and Cr(Il) metal ions. Therefore, it has been concluded that the
removal mechanism of Cr(VI) by MPA was dominated by both electrostatic adsorption

and reduction process.

The effect of contact time on removal of cationic dyes and Cr(VI) by MPA from the
ambient aqueous medium played a key role in determining equilibrium time and
amount of dye/metal ion adsorbed at equilibrium stage. The adsorption of MG and MB
dyes by MPA initially occurred at a faster rate, up to first five minutes of incubation
and resulted into removal of 72.86 and 74.68 % dye, respectively. Further, the

adsorption of Cr(VI) by MPA showed initially a rapid sorption process up to 30 min,
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followed by sluggish phase of the Cr sorption process with increase in the contact time
from 30 min to 90 min. Further, the removal of Cr(\V1) after 90 minutes was found to
be insignificant. A rapid rate of initial dye/metal ion removal by MPA could be due to
maximum availability of vacant binding sites on the surface of adsorbent, ensuring high
efficiency of dye/metal ion removal as suggested by earlier workers (Sen and Sarzali,
2008, Guo et al., 2017). The subsequent stage of slower rate of dye/heavy metal
removal after certain time could be attributed to less availability of binding ligands on
the surface of MPA. Ansari and Mosayebzadeh (2010) have reported that the sorption
capacity increases with increase in contact time to a certain limit, but further increase
in contact time does not increase the adsorption capacity due to saturation of all the
active sites within a short span on the surface of adsorbent. Earlier, workers have also
demonstrated an initial fast phase, followed by slow phase of dye/metal ion adsorption
onto adsorbents due to saturation of available adsorption sites (Shayesteh et al., 2016;
Guo et al., 2017).

The removal of cationic dyes and Cr(VI) by MPA was highly dependent on the dose of
adsorbent added to the solution. A rapid phase of dose-dependent increase in MG and
MB dye removal occurred up to 0.1 g/100 mL dose of MPA and this was followed by
sluggish phase of dye removal between 0.1 to 0.3 g/100 mL of dose of adsorbent. But
in case of Cr(VI) removal by MPA, a rapid phase of dose-dependent increase in Cr(VI)
removal occurred up to 0.2 g/100 mL dose of MPA and this was followed a sluggish
phase of Cr(VI) removal between 0.2 to 0.5 g/100 mL of dose of adsorbent. It has been
suggested that number of available adsorption sites increases in a dose-dependent
manner, the rate of dye and heavy metal removal also increases (Ahmad, 2009). A
sluggish increase in the removal of cationic dyes and Cr(VI) at higher doses of

adsorbent may be due to less availability of adsorbate molecules per unit concentration
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of adsorbent (Guo et al., 2017). It may otherwise be said that clustering of adsorbent
particles per unit volume might be hindering the free mobility of the adsorbate
molecules approaching to the adsorption sites on the surface of adsorbent (Garg et al.,
2003; Guo et al., 2017).

The results on pH dependent MG and MB dye removal showed relatively lesser
adsorption of dyes at acidic pH (4.0) and gradual increase in the removal of dye between
pH 4.0 to pH 10.0. Thus, the initial pH condition of the dye and heavy metal solution
can influence the chemistry of both dye/metal ions as well as overall surface charge
potential of the adsorbent (Shayesteh et al., 2015). It has been reported that variation in
pH condition of the solution leads to variation in the degree of ionization of the
chemical moieties on the surface of the adsorbent as well as ionization potential of
adsorbate molecule (Nandi et al., 2009). The least adsorption of MG and MB dyes at
acidic pH 4.0, perhaps due to protonation of the electronegative moieties on the surface
of adsorbent (MPA) at acidic pH, was not favourable for the adsorption of cationic
dyes. Besides, protonation of MG and MB dye molecules at acidic pH may also hinders
the active binding between the adsorbent particles and adsorbate molecules and thereby,
reducing the adsorption capacity (Ncibi et al., 2007). A high rate of dye removal at
alkaline pH could be due to increase in the net negative charge of adsorption sites on
the surface of the adsorbent, which facilitates the adsorption of cationic MG and MB
dyes. Earlier, workers have also demonstrated a high rate of dye removal at pH 10.0 by
spent tea active carbon (Akar et al., 2013). Earlier findings also demonstrated that an
increase in electrostatic interaction between the dye molecule and surface binding
ligands was responsible for faster rate of dye adsorption (Mittal et al., 2010). But in
case of Cr(V1) adsorption by MPA, the percent removal of Cr(VI) was decreased from

50.16% to 27.84% with increase in pH from 3.0 to 8.0, exhibiting that low pH range
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(pH 2.0-3.0) was more favorable for the binding of Cr(\VI) metal ions onto the MPA
particles. Thus, the pH dependent Cr(\V1) removal could be related to surface functional
groups of MPA and the chemistry of Cr(VI) (Guo et al., 2017; Gupta et al., 2001). It is
well known that the Cr(V1) exists in different forms such as CrOs>~, HCrO4~, Cr,07%
in wastewater, which are directly associated with pH of the wastewater (Chen et al.,
2010). Based on the FTIR findings, it was observed that the surface of MPA contains
various functional groups such as hydroxyl, amine, ester, carbonyl and carboxylic
groups, which are actively involved in the binding of Cr(VI) metal ions. At lower pH
3.0 and 4.0, the surface functional groups become positively charged and complex with
Cr(VI1) metal ions that mainly existed in the anionic HCrO4~ and Cr.0O* forms through
ion exchange and electrostatic attraction (Chen et al., 2010). On the other hand, at
higher pH conditions, the surface of MPA become negative charged, which was not
suitable to bind with anionic Cr(\VI) metal ions. Generally, at neutral (pH 7.0) and
alkaline pH, Cr(VI) in the solution exists only in the form of CrO4?~ (Gupta et al.,
2001). The increase in OH™ group with the increase in pH of the solution, results into
electrostatic repulsion of CrO4%. However, at higher pH values, the electrostatic
repulsion between the adsorbent surface and chromate species could lower the rate of
removal of Cr(VI) from aqueous solution as suggested by earlier workers (Guo et al.,
2017).

The effect of initial dye/metal ion concentration on the adsorption capacity of MPA was
also dependent on the availability of adsorbate molecules (dye/heavy metal) in aqueous
solution as well as surface binding ligands on MPA particles. The removal of MG and
MB dyes by MPA showed initial concentration dependent rapid increase in the rate of
dye removal up to 15 min, followed by slowing down of the process with increase in

the contact time up to 30 min, perhaps due to less availability of free adsorption sites
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on the surface of adsorbent (Saha et al., 2010). Further removal of dye after 30 minutes
was found to be insignificant. At different initial dye concentration, the equilibrium
stage and maximum uptake of total amount of MG and MB dyes were observed within
45 and 30 min, respectively. In removal of Cr(V1) by MPA, the adsorption of Cr(VI) at
different metal ion concentration showed initially a rapid sorption process up to 60 min,
followed by slowing down of the sorption process with increase in the contact time up
to 90 min, perhaps due to less availability of adsorption sites on the surface of adsorbent
(Guo et al., 2017). The rate of Cr(\V1) metal ions binding increased in a concentration-
dependent manner and the rate saturating concentration of Cr(VI) at equilibrium (qe)
increased from 4.9 to 7.98 mg g* with increase in the initial metal ion concentration
from 10 to 50 mg L. With increasing concentration of cationic dyes and Cr(VI), the
percentage removal efficiency of MPA declined, perhaps due to relatively higher
driving force for mass transfer (Bulut and Aydin, 2006). At higher concentrations of
dye and heavy metal, the removal efficiency declined, perhaps due to reduced
availability of adsorption sites on the surface of MPA as well as mass transfer
resistances between the aqueous and solid phase (Hameed et al., 2008). The increase in
initial dye/metal ion concentration provided rapid increase in the dye/metal removal as
it overcame all mass transfer resistances between the aqueous and solid phase. But the
sluggish rise in the rate of dye/metal removal at higher concentration was due to sorbent
as rate limiting factor as reported by other investigators (Yagub et al., 2012; Garg et al.,
2003; Guo et al., 2017).

The study on adsorption kinetics indicated that the removal of cationic dyes (MG and
MB) and Cr(VI) by MPA was a physico-chemisorption process as indicated by kinetic
parameters derived from the Pseudo-second order kinetic model, the values of R? and

calculated ge values. The pseudo-first order kinetic model did not fit in well with the
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experimental data for the sorption of cationic dyes and Cr(VI1) onto MPA. From the
kinetic parameters, it was confirmed that the pseudo-second order kinetic model was
the best fitted model for the sorption of cationic dyes and Cr(VI) with comparatively
high R? values at different concentration of cationic dyes/Cr(V1). The values of cal. ge
was closer to exp. ge values which clearly indicated that the rate of adsorption of dye
and heavy metal onto MPA was almost a controlled physico-chemisorption process,
which involved sharing of electrons between adsorbate molecules and surface active
ligands of MPA particles (Hameed et al., 2008). It was observed that initial adsorption
rate (h) increased with increase in the dye/metal ion concentration. An increasing trend
of h values with the dye/metal ion concentration suggested an increase in dye/metal ion
binding with increasing concentration of dye and heavy metal in aqueous solution
(Kumar, 2006). A higher h values for MPA at rate saturating concentration of dye and
heavy metal indicated that the adsorption of cationic dyes and Cr(VI) onto the surface
of MPA was carried out through surface interchange reactions until all the functional
binding sites were occupied (Ma et al., 2015). Similar results have been reported by
other investigators in removal of dyes and heavy metals (Guo et al., 2017; Kumar,
2006).

Equilibrium adsorption studies (Langmuir and Freundlich isotherms) on removal of
cationic dyes (MG and MB) and Cr(VI) by MPA indicated that the both Langmuir and
Freundlich adsorption isotherms fitted well to the data on equilibrium sorption of
cationic dyes and Cr(VI). The regression coefficient (R?) values showed better
applicability of Langmuir as well as Freundlich isotherm to describe MPA for
equilibrium adsorption and fitted well to the equilibrium adsorption data of cationic
dyes/Cr(V1). According to Langmuir isotherm model, the qmax values of MPA for the

removal of MG and MB dye at room temperature were calculated as 322.58 and 588.24
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mg g%, respectively, but in case of Cr(VI) removal, it was found to be 8.68 mg g*. A
high gmax value of MPA in removal of cationic dyes (MG and MB) was obviously due
to enhanced binding of cationic dye molecules with the large number of surface binding
ligands of MPA. It has already been reported that the high ash content in MPA
adsorbent was indicative of more surface functional groups and thus, making it more
suitable for the binding of cationic dyes and Cr(VI) metal ions (Sewu et al., 2017). An
electrostatic interactions and ion exchange mechanisms were mainly involved in the
binding of cationic dyes and Cr(\VI) metal ions by MPA particles (Sewu et al., 2017).
MPA had comparatively higher affinity for dye/metal ion adsorption supported by R
values. The calculated R values of MPA at different dye/metal ion concentration
indicated favorable adsorption process. The R values between 0 and 1 were indicative
of favourable adsorption with more affinity of adsorbent particles towards dye/metal
ions (Hema and Arivoli, 2008; Ma et al., 2015). The higher R? values and value of 1/n
< 1 for MPA in Freundlich adsorption isotherm also confirmed the role of
chemisorption on the heterogeneous surface of MPA. Similar results on adsorption
isotherms for the removal of cationic dyes and Cr(V1) have been reported by the earlier
workers (Ma et al., 2015; Guo et al., 2017). A comparison of adsorption capacity of
different adsorbents suggested that MPA was better adsorbent than many other reported
biosorbents.

The thermodynamic studies on removal of cationic dyes and Cr(VI) by the MPA at
different temperature from 293.15 to 323.15 K indicated that the amount of dye/metal
ions adsorption by MPA was found to increase with rise in temperature, which
increased the kinetic mobility of dye/Cr(VI) metal ions to the active sorption sites. It
may be concluded the dye/metal adsorption by MPA was endothermic process. In the

present investigation, temperature dependent increase in the sorption capacity of MPA
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in removal of cationic dyes (MG and MB) and Cr(V1) could be due to their free kinetic
mobility and increase in sorptive forces as suggested by other investigators (Salleh et
al., 2011; Mohan et al., 2002). The negative values of AG® at all the chosen temperature
indicated that the adsorption of cationic dyes and Cr(VI) onto MPA was
thermodynamically feasible and spontaneous process (Baek et al., 2010). The free
energy change (AG®) with negative value for adsorption supported that the removal of
dye/heavy metal by MPA was favourable adsorption process. An increase in negative
value of AG® with rising temperature specified that the process of adsorption was more
favourable at lower temperature (Chowdhury and Saha, 2010). The positive values of
AH° for MPA indicated that the adsorption process was endothermic and nature of
interaction between adsorbent particles and dye/metal ions was physico-chemical
process (Ghasemi and Asadpour, 2007). The endothermic nature of dye and heavy
metal adsorption by surface moieties on MPA particles might be deriving the energy
released as hydration energy surrounding the dye and metal ions as suggested by
Ahmad and Kumar (2010). A positive value of AS° for MPA also supported the
assumption of involvement of hydration energy which was released during the sorption
of dye and heavy metal, and thus, it contributed to an increase in the degree of freedom
of the water molecules (Ghasemi and Asadpour, 2007; Baek et al., 2010).

In the present investigation, adsorption and reduction potential of adsorbent (MPA)
derived from distilled mentha plant waste was analyzed for removal of cationic dyes
(MG and MB) and Cr(VI) from their aqueous solutions. The present study simply
confirmed the interaction of cationic dyes and Cr(VI) with MPA involved both
chemisorption as well as reduction of toxicants as evident from the schematic flow chart
given in Fig 7.1. The other factors influencing the sorption of dyes (MG and MB) and

Cr metal were contact time, pH, adsorbent dose, initial concentration and temperature.
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Fig. 7.1. A schematic diagram representing adsorption and reduction potential of MPA in removal of cationic dyes

(MG and MB) and Cr(VI) from their aqueous solutions.

The FTIR, XRD and SEM analysis of adsorbent MPA showed the presence of various
organic ligands and minerals contributing to the net negative charge on the surface
which facilitated the adsorption of cationic dye and Cr metal. During the sorption, it
was confirmed that the bonding of dyes/Cr(V1) involved transfer of electrons, leading
to one electron transfer based reduction as evident from the results of cyclic
voltammetry and XPS analysis of MPA before and after bonding of dyes/Cr(VI) with
MPA. This unique character of MPA as sorbent with adsorption/reduction potential can
be useful tool for treatment of industrial wastewater, particularly wastewater loaded
with dyes or chromium metals. This study on MPA offers immense potential of MPA

application as a cheaper and ecofriendly tool for wastewater treatment.
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CHAPTER-VIII

Summary and Conclusions




8.1. Summary

The present investigation covers the potential application of mentha plant ash (MPA)
derived from distilled mentha plant waste as an efficient adsorbent in removal of basic
cationic dyes (MG and MB) and Cr(VI) from their aqueous solutions. Mentha (mint)
plant ash, a dumping waste was collected from local mentha oil distillation units,
Barabanki, Uttar Pradesh, India. Prior to use, MPA was homogenized to a fine powder
and the resulting powder was sieved (< 0.21 mm) by using 70-mesh size sieve so that

all the particles were of almost of uniform size. The various physico-chemical
characteristics of MPA as an adsorbent were determined using Zeta Potential Analyzer,
Scanning Electron Microscope (SEM), Energy dispersive X-Ray Spectroscopy (EDX),
X-Ray Photoelectron Spectroscopy (XPS), Brunauer-Emmett-Teller (BET), Fourier
Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), Thermo
gravimetric Analyzer (TGA) and Cyclic Voltammetry. BET specific surface area, total

pore volume and average pore diameter of MPA particles were also analyzed. Presence
of low boiling volatile organic matter, moisture content, hemicellulose, cellulose and
lignin in the MPA adsorbent were confirmed by thermo-gravimetric analysis (TGA)
and various surface functional groups by IR-Spectroscopy (FTIR). The IR-spectra of
MPA exhibit that hydroxyl, ester, amine, phenyl, carboxyl and carbonyl groups are the
surface functional moieties, not only contributing to negative charge on surface of
adsorbent, but may be actively involved in the binding of cationic dyes and Cr(VI)
metal ions. The value of zeta potential of MPA particles at neutral pH (pH 7.0) was
determined as —37.1 mV, indicating a highly negatively charged sorption surface of
MPA particles. A highly electronegative surface along with little effect of changing pH
condition on the zeta potential suggested about larger contribution of salts and minerals

in determining the zeta potential of adsorbent (MPA). This could be the reason for high
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binding efficiency of MPA for cationic dyes (MG and MB) and Cr(VI) metal ions. The
shape of the N2 adsorption/desorption isotherm matches the Type IV shape of
adsorption isotherm (IUPAC classification), indicating a mesoporous structure of MPA
particles. The characteristics of Type IV isotherm correspond with monolayer-
multilayer adsorption and are indicative of relatively strong interaction between
adsorbent surface and adsorbate molecules. The BET specific surface area of MPA was
found to be 7.169 m? gl. A pore diameter in MPA particles between 2 to 50 nm
indicates a mesoporous material. The presence of clay minerals such as calcite, quartz,
sylvite and dolomite were confirmed in the XRD pattern of MPA. SEM image of MPA
showed irregular surface with heterogenous pore structures on the surface of MPA
particles. The EDX analysis of the MPA exhibited chemically rough surface of MPA
particles was due to major contribution of Mg, Cl, K, Si, Fe, Ca C, O and Al content.
The cyclic voltammetry analysis of cationic dyes (MG and MB) and Cr(V1) showed a
reversible, coupled redox reaction at the interface of dye/metal ions and MPA particles.
Further, the Cr 2p peaks in the binding energy range (0 — 1200 eV) and (570 — 595 eV)
were analyzed in recorded XPS spectrum of MPA after adsorption of Cr(VI). The
binding energy in the range of 572-581 eV and 582-591 eV corresponds to Cr 2p3/2
and Cr 2p1/2 orbitals, respectively. The binding energy (eV) peaks of Cr 2ps;2 and Cr
2p12 Were detected at around 579.2, 588.8, 577.6, 588.0, 576.8 and 585.6 eV in the
recorded XPS spectrums and these peaks were assigned to Cr(VI), Cr(I11) and Cr(lI)

forms.

Adsorption behavior of MPA in removal of basic cationic dyes (MG and MB) from
aqueous solutions was analyzed as a function of different pH (4.0 — 10.0), initial dye
concentration (20 — 100 mg/L for MG and 5 — 50 mg/L for MB), contact time (0 — 45

min for MG; 0 — 30 min for MB), dose of adsorbent (0.05 — 0.3 g/100 mL of MPA) and
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temperature (20 — 50°C). Similarly, the sorption of Cr(VI) by MPA was carried out as
a function of different contact time (0 — 90 min), adsorbent dose (0.1 — 0.59/100 mL),
pH condition (pH 3.0 — 9.0) and initial Cr(VI) concentration (10 — 50 mg L) to define
the optimum conditions for the adsorption of Cr(VI). The MG and MB dye removal by
MPA initially occurred at a faster rate, corresponding to 72.86 and 74.68 % removal
with in 5 min, respectively. Similarly, the adsorption of Cr(VI) at different metal ion
concentration by MPA showed initially a rapid sorption process up to 30 min, followed
by slowing down of the sorption process with increase in the contact time up to 90 min.
A rapid rate of initial dye/heavy metal removal by MPA could be due to maximum
availability of vacant binding sites on the surface of adsorbent, ensuring high efficiency
of dye/heavy metal removal. The maximum MG and MB dye removal, at an adsorbent
dose of 0.1 g/100 mL, was found to be 36.86 and 20.65 mg g™, respectively. A rapid
phase of dose-dependent increase in Cr(\V1) metal ion removal was found to occur up
to 0.2 g/100 mL dose of MPA and this was followed by a sluggish phase of Cr(VI)
removal between 0.2 to 0.5 g/100 mL of dose of adsorbent. In the present study, the
biphasic pattern of dose dependent dye/heavy metal removal could be interpreted in
terms of initial dose dependent rapid dye/heavy metal removal due to enhanced
availability of binding ligands and larger surface area, while sluggish phase of
dye/heavy metal removal might be the overlapping and shadowing effect of excess
MPA particles on binding ligands and thereby, resulting into reduced accessibility of
the dye molecules/metal ions to the active site. The adsorption efficiency of MPA
adsorbent in removal of cationic dyes was found to increase with gradual increase in
pH (pH 4.0 — 10.0), whereas the acidic condition (pH 3.0) was favorable for the
maximum adsorption of Cr(VI) by MPA. Adsorbent material (MPA) was found to be

more effective in removal of cationic dyes and Cr(VI) in the pH range (pH 6.0 — 10.0)
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and (pH 3.0 — 4.0), respectively, due to combined action of physico-chemisorption and
a reductive electron transfer reactions. Equilibrium adsorption isotherms (Langmuir
and Freundlich) were applied on equilibrium adsorption data of cationic dyes and
Cr(VI) and results showed monolayer physico-chemisorption of cationic dyes and
Cr(VI), followed by both Langmuir and Freundlich adsorption isotherms. The
maximum monolayer adsorption capacity (gmax) of MPA in removal of MG and MB
dye was found to be 322.58 and 588.24 mg g, respectively. In Cr(VI) removal by
MPA, the gmax value was found to be 8.63 mg g*. The separation factor (R.) values
were between 0 and 1, indicating a favorable adsorption of cationic dyes and Cr(VI)
onto MPA. Pseudo-first order, pseudo-second order kinetics and intra-particle diffusion
model were analyzed at different concentration of cationic dyes and Cr(VI). The
adsorption kinetic data fitted well with the pseudo-second order kinetics as the value of
calculated ge in this model was found to be very close to experimental value of Qe.
Activation energy (Ea) calculated for the surface binding of MB (14.90 kJ.mol?) and
MG dye (1.24 kJ mol™?) indicated that the dye binding by MPA was energetically
favorable physico-chemical sorption process. The values of Gibbs free energy (AG®),
entropy (AS®) and enthalpy (AH®) for the sorption of cationic dyes and Cr(VI) onto
MPA indicated that adsorption of dye/heavy metal by MPA was endothermic and
spontaneous in nature. Further, use of desorbing agents like 0.1 N solution of HCI,
H2S04, CH3COOH, NaOH and H20 exhibited better recovery of MG and MB dye from
the MPA in the presence of HCI and H2SO4 than CHsCOOH, NaOH and H»O. Present
investigation revealed that removal of cationic dyes and Cr(V1) was due to synergistic

action of physico-chemisorption coupled with reductive electron transfer mechanism.

8.2. Conclusions

The main conclusions of the present study are given as follows:
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Mentha plant ash (MPA), is a low cost material available in plenty as a waste
byproduct around the mentha oil distillation unit, which can be used as an
efficient adsorbent in removal of cationic dyes (MG and MB) and Cr(V1) from
waste water without any kind of pre-treatment.

The zeta potential analysis of adsorbent (MPA) indicated a highly negatively
charged surface with little effect of pH condition. The values of zeta potential
of MPA at neutral pH 7.0 were found to be -37.1 mV. A highly electronegative
surface along with little effect of changing pH condition on the zeta potential
suggested about larger contribution of salts and minerals in determining the zeta
potential of MPA. This could be the reason for high binding efficiency of MPA
for cationic dyes and Cr(V1).

The shape of the N adsorption/desorption isotherm measured on MPA matches
the Type IV shape of adsorption isotherm (IUPAC classification), indicating a
mesoporous structure of MPA adsorbent. The specific features of Type IV
isotherm correspond with monolayer-multilayer adsorption and are indicative
of relatively strong interaction between adsorbent particles and adsorbate
molecules. The BET specific surface area, total pore volume and average pore
diameter of MPA were found to be 7.169 m? g%, 3.414 cm® g and 12.915 nm,
respectively.

FTIR analysis of MPA showed a number of IR peaks, indicating the presence
of various surface functional groups (amine, phenyl, hydroxyl, carbonyl and
carboxyl groups etc.) on the surface of MPA adsorbent. The changes in the IR-
peaks after dye/metal ions binding with MPA indicated a strong interaction
between the adsorbate molecules and binding ligands present on the surface of

MPA.
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The minerals such as calcite, quartz, crystalline cellulose and dolomite were the
main crystalline phases present in MPA adsorbent. The XRD pattern and a high
carbonates content in adsorbent material (MPA) suggested that different
carbonates forms were the main alkaline constituents in the MPA adsorbent
derived from mentha plant waste at the high temperature (800°C).

The biomolecules such as cellulose, hemicellulose, lignin and low boiling
organic matter were abundantly present in adsorbent material (MPA). Since the
biomolecules contain a number of oxygen containing functional groups and
these were found to play a crucial role in the sorption of cationic dyes and
Cr(VI).

The cyclic voltammetric analysis of cationic dyes (MG and MB) and Cr(V1)
after adsorption indicated a reversible, redox coupled electrochemical reduction
of dye/metal ion mediated by MPA. Thus, the MPA mediated decolourization
of dye and heavy metal at higher concentrations involves both physico-
chemisorption as well as electrochemical reduction of cationic dyes and Cr(V1).
The XPS analysis of MPA after adsorption of Cr(VI) indicated a partial
reduction of Cr(VI) to Cr(lll) and Cr(Il) under acidic conditions (pH 3.0).
Further, the results on XPS analysis suggested that the mechanism of Cr(VI)
removal by MPA was dominated by both the electrostatic adsorption and
reduction under acidic conditions (pH 3.0). The reduction of toxic Cr(VI) to less
toxic Cr(111) and Cr(I1) was likely due to the reactive hydroxyl (—-OH) and amine
(—NH®) electron donors present on the surface of MPA particles.

The process of cationic dyes and Cr(V1) adsorption was found to be dependent
on initial dye/metal ion concentration, dose of adsorbent, pH, contact time and

temperature. All the process optimizing parameters were found to play an
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important role in defining the optimum conditions for the sorption of cationic
dyes and Cr(V1.

The amount of dye/metal ion adsorption by MPA was found to increase with
increasing contact time and the maximum adsorption efficiency of MPA in
removal of cationic dyes and Cr(VI) was achieved in 45 min for malachite
green, 30 min for methylene blue and 90 min for Cr(VI).

An increase in the pH of the solution, increased the sorption efficiency of MPA
in removal of cationic dyes (MG and MB) from aqueous solution whereas the
sorption efficiency of MPA in removal of Cr(VI1) was found to decrease with
increase in pH of the solution. The maximum adsorption capacity of MPA was
obtained at pH 6.0 for MG, pH 7.0 for MB and pH 3.0 for Cr(VI) at room
temperature.

The adsorption capacity of MPA was found to increase with increase in the dose
of adsorbent in removal of cationic dyes and Cr(VI) from aqueous solutions.
The optimum doses of MPA to achieve maximum adsorption efficiency were
found to be 0.19/100 mL for cationic dyes (MG and MB) and 0.3 g/100 mL for
Cr(VI).

An increase in the initial concentrations of MG, MB dye and Cr(VI) in the
solutions increased the adsorption efficiency of MPA. But their corresponding
percentage removal of cationic dyes and Cr(V1) decreased with increase in the
concentrations of dye and heavy metal.

The studies on adsorption isotherms showed well-fitting of equilibrium
adsorption data to both Langmuir and Freundlich isotherm model for the

sorption of cationic dyes and Cr(\V1) onto MPA. The well-fitting of equilibrium
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adsorption data to both Langmuir and Freundlich isotherm model indicates
monolayer physico-chemisorption of cationic dyes and Cr(V1).

The maximum monolayer adsorption capacity (gmax) of MPA at room
temperature for the sorption of MG and MB dye were found to be 322.56 and
588.24 mg g, respectively. A high gmax value of MPA in the sorption of
cationic dyes was likely due to enhanced binding of MG and MB dye molecules
with the large number of surface binding ligands of MPA.

The values of separation factor or equilibrium parameter (R.) for the sorption
of cationic dyes and Cr(V1) onto the surface of MPA were found in between 0
and 1, which indicated favorable adsorption of cationic dyes and Cr(V1).

The kinetic studies on adsorption of cationic dyes and Cr(VI) showed that
experimental adsorption data fitted quite well to Pseudo-second order kinetic
model. Further, the fit of this model clearly indicated that the rate of adsorption
of dyes and Cr(V1) onto MPA adsorbent was almost a controlled chemisorption
process, which involved sharing of electrons between dyes/metal ions and
surface of adsorbent particles.

Studies on the thermodynamic factors (AH®, AS® and AG®) for the sorption of
cationic dyes and Cr(VI) onto MPA clearly indicated the feasible, spontaneous
and endothermic nature of physico-chemisorption process.

Further, the added advantage associated with MPA is that the resource material
for ash, is easily available in plenty as a byproduct of mentha oil distillation
units. Finally, it was concluded that the MPA, without any pre-treatment, is
cheap, ecofriendly adsorbent material exhibiting great adsorption/reduction
potential for the removal of the cationic dyes and Cr(V1), which can be prove to

be better than any costly commercial adsorbents available in the market. The
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practical applicability of MPA as a low cost adsorbent for the removal of
cationic dyes and Cr(VI) from their aqueous solutions has been conclusively

proved.
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Papers presented in Conferences

1. Presented a paper on the title ‘‘Equilibrium, kinetic and thermodynamic study
on adsorption characteristics of mentha activated carbon (MAC) in removal of
methyl orange dye’’ in the National Conference on “Biodegradation of wildlife,
Environment and Biodiversity” organized by Gandhi Faiz-E-Aam (P.G.)
College, Shahjahanpur held during 19" — 20" March, 2017.

2. Presented a paper on the title “Removal of malachite green dye from aqueous
solution using mentha plant biochar (MPB) as a biosorbent” in national
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Department of Zoology, Chaudhary Charan Singh University, Meerut, (U.P.),
India during 24-26" November, 2017.

3. Presented a paper on the title “Organic and inorganic contaminants removal
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environmental Dimensions of Rejuvenating River Gomti” organized by the
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University (BBAU), Lucknow, (U.P.), India held on 23" April, 2018.
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