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ABSTRACT

Indole is a nitrogenous hetrocyclic compound has the bicyclic structure consisting of 6-member

benzene ring fused with the 5- member nitrogen containing pyrrole ring has the formula CgH7N.
It occurs naturally in human feces and has an intense fecal odor. Indole also get released from the
meat industry during the fermentation of tryptophan. It is commonly used in industries such as
agrochemicals, pesticides, cosmetics. Ortho-phenylenediamine (OPD) is an endocrine disrupting
chemicals, and are widely distributed in environment. OPD is an aromatic amine, used as a
component of polymers, pesticides, drugs, and dyeing intermediate compounds.

In the present study adsorptive removal of Indole & OPD on activated carbon from
aqueous solution have been investigated. For this, dosage study was carried out by varying the
adsorbent dosages in the range of 0.5-5 g/100 ml at natural pH = 5.5 at 303 K. The adsorption of
Indole & OPD was studied over a initial pH range of 2-9 at 303 K with optimum adsorbent
dosage of 3 g/100 ml. Optimum conditions for the adsorptive treatment of Indole and OPD by
activated carbon were found to be pHi.opt = 5.5, adsorbent dose of m,g.0p:=30 g/l and contact time
= 4 hour, and at this optimum condition Indole and OPD removal were found up to 92.35% and
89.4%, respectively.

To explore the effect of time on the adsorption process, kinetic study were performed at
various C, values (25-50 mg/l) at optimum dosage of adsorbent myq_,,, =30 g/l and
optimum pH (pH;_,,: = 5.5), and experimental data were tested for their validation with
pseudo-first-order and pseudo-second-order model with non-linear regression. Isothermal
experiments were performed at 303 K, 313 K and 323 K with C, values of 10-100 ppm both
for Indole and OPD with pH;_,,, and m,4_,,. 0f ACC. Various isotherms such as Freundlich,
Langmuir and Redlich-Peterson (R-P) and Temkin were used to represent the adsorption
equilibrium data.

It was found the pseudo-second-order kinetic model best fitted the experimental Kinetic
data, whereas, isothermal study showed that the process is endothermic in nature, and Temkin

isotherm best fitted the experimental equilibrium data onto ACC at all temperatures.
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CHAPTER -1
INTRODUCTION

1.1 Background

Rivers, lakes and other water bodies are being contaminated due to effluent discharge from
industrial activities. Aniline compounds such as OPD often appear in industrial wastewaters,
where they have a high potential toxicity to humans and other organisms they are regarded as
priority pollutants by the US Environmental Protection Agency and the Occupational Safety and
Health Agency (Sun et al., 1998). In the present study removal of Indole and OPD by adsorption
method onto commercial activated carbon. It has been estimated that about 0.5 million tons of
wastewater containing OPD is produced in China each year, Similarly the removal of aqueous
orthophenylene diamine (OPD) has been an issue in the wastewater treatment because of its non-
biodegradable nature. Indole is a nitrogenous hetrocyclic compound occurring from some flower
oils, such as jasmine and orange blossom, in coal tar, and in fecal matter (Srivastava et al., 2014).
Indole are toxic organic pollutants in the wastewaters discharged from the coking plants,
pharmaceutical factories. The mixture of Indole and OPD is appear in sewage wastewater. They

have been listed as priority pollutants by US Environmental Protection Agency.

1.2 PROPERTIES, USES AND TOXIC EFFECTS OF INDOLE & OPD

Indole is a nitrogenous hetrocyclic compound has the bicyclic structure consisting of 6-member
benzene ring fused with the 5- member nitrogen containing pyrrole ring. The main function of
indole as a popular component of fragrances indicator of some diseases and the signal molecule
in plant, animal and microorganism respectively. Indole is widely distributed in the natural
environment and can be produced by a variety of bacteria. Indole is a solid at room temperature.
It also occurs in the coal tar. It occurs naturally in human feces and has an intense fecal odor. At
very low concentrations, however, it has a flowery smell, and is a constituent of many
flower scents (such as orange blossoms) and perfumes (Srivastava et al., 2014). Indole with
chlorine disinfection containing wastewater leads to formation of carcinogenic chlorinated
aromatic products. Indole also get released from the meat industry during the fermentation of
tryptophan. Indole along with pyridine derivatives during coal processing such as gasification,

carbonization, and liquification, are produced highly toxic compounds. It is soluble in hot water.
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Unlike most amines, indole is not basic. The bonding situation is completely analogous to that in
the pyrrole. Various adsorption studies have been carried out adsorption of indole from aqueous
solution onto GAC effect of initial pH; from 2-11. The pH of indole in aqueous solution alone is
near about 5.7. It is commonly used in industries such as agrochemicals, pesticides, cosmetics,
pharmaceuticals, and dyestuffs for different applications. (Mitome et al., 2013). More details of

properties of indole are given in Table 1.1.

Ortho-phenylenediamine (OPD) is an Endocrine disrupting chemicals are widely distributed in
environment. It is unstable in the solid state and even so as liquid and in the solution. Brown
coloured products are formed particularly in the light or the presence of oxygen. In agueous
solution with increase in pH value the oxidizability of ortho-phenylenediamine increases as
result of deprotonation of amino acids. Endocrine disrupting chemicals are now regarded as the
most dangerous pollutants by environmental protection agencies around the world. OPD is an
aromatic amine, used as a component of polymers, pesticides, drugs, and dyeing intermediate
compounds. It is Store in tablets at 2-8 °C. Protect from heat, light and moisture. Solutions
should be freshly prepared, Allow to reach room temperature before use. It has sparingly soluble
in cold water and high solubility in hot water. OPD aqueous solution with a pH of 9.0 (range 8.5
- 9.5). The background absorbance of this solution cannot be more than 0.04. Adjust the pH to
5.0, if necessary Alternatively, use phosphate citrate buffer capsules containing sodium
perborate. If phosphate citrate buffer capsules is used then, it is not necessary to use the H,0, to
as the substrate solution since sodium perborate is treated as the substitute for the hydrogen
peroxide Despite its industrial applications, the hazardous nature of OPD to liver, kidney,
nervous, skin and hormone systems demands the complete removal of OPD (Kodak et al., 1970)
from the environment Ortho-phenylenediamine condenses with aldehydes and ketones to give
rise to a variety of useful products. This chemical intermediate is used in the synthesis of
insecticides, dyestuff, fungicides, corrosion inhibitors and pigments (Wang et al., 2003). More
details of properties of OPD are given in Table 1.2.



Table 1.1 Properties of Indole

Parameters Indole

Synonyms 1-H-Benzo[b]pyrrole, Benzazole
Physical state Solid

Molecular formula CgH;N

Molecular weight

117.15 g/mole

Colour White crystals
Melting point 51 — 54°C

Boiling point 253 — 254°C
Solubility Soluble in hot water
Density 1.17 g/Cm?3

Source: http://pubchem.ncbi.nim.nih.gov

Table 1.2 Properties of Ortho-phenylenediamine

Parameters

Ortho-phenylenediamine

Synonyms

1,2-Diaminobenzene, 1,2-Phenylenediamine

Physical state

Solid

Molecular formula Ce¢ Hg N,

Molecular weight 108.14 g/mol
Colour Reddish brown
Melting point 102 — 104°C
Boiling point 252°C

Density 1.03g/Cm?3
Solubility Soluble in hot water

Source: http://pubchem.ncbi.nim.nih.gov
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1.3 VARIOUS METHODS FOR REMOVAL OF

PHENYLENEDIAMINE

INDOLE & ORTHO-

For the treatment of Indole and OPD containing wastewater, various physical-chemical

and biological methods are reported. In physical-chemical methods, adsorption, coagulation

membrane separation and biological methods are used.

Table 1.3 Comparative study of the different process for removal

Process Definition Advantages Drawbacks References
Adsorption | Adsorption may be | Potential for | Required Wang et al,
defined as selective | significant heavy | prediction 2003
concentration or | metals removal | knowledge of the
retention of one or more process
components of a
mixture on a solid
surface. The solid that’s
adsorbs a component is
called adsorbent & the
component adsorbed is
called adsorbate
Coagulation | Coagulation is  the | High efficiency | Proess is not | Koohestanian
process of decreasing or effective in | etal., 2008
neutralizing the negative removing low
charge on suspended molecular
particles or zeta disinfection by
potential. This allows products

the force (vander Waals)
of attraction to
encourage initial
aggregation of colloidal

fine

and suspended




materials to form

microflock

Membrane

separation

Membrane is a thin
barrier, placed between
two phases or medium
which allows one or
more constituents to
selectively pass from
one medium to another
medium in the presence
of an  appropriate

driving force  while

retaining the rest.

Clean
Technology,

Energy saving

Fouling,

Low selectivity

Chakraborty et
al., 2014

Biological
method

This method consist of
ensuring contact
between the water to be
treated and bacteria,
which feed on the
organic materials in the
wastewater, thereby
reducing its Biological
Oxygen Demand (BOD)

content.

Biological

methods can
remove 30-50%
dissolved
organic  matter
and avoid using

chemicals.

Complex
treatment,

Very expensive

Sekaran et al.,
2010




Adsorption is known to be simplest and cheap method for the treatment of organic compounds in
waste water. Adsorption of carbon is an extremely versatile technology. It has proved to be the
least expensive treatment option from many water treatment applications. Adsorption is
particularly effective in treating low concentration waste streams. Its ability to remove a wide
variety of toxic organic compounds to non-detectable levels (99.99%) is the one of the major
attributes of activated carbon treatment, its suitability on a specific application will normally
depend on costs as they relate to the amount of carbon consumed. From all of the technologies,
adsorption is the most common for removing pollutants from wastewater with high efficiency

and simple operating conditions.

1.4  ACTIVATED CARBON AS AN ADSORBENT

Adsorption on to activated carbon is one of the most important methods for removal of
dissolved organic matter. It is microcrystalline non-graphitic form of carbon. It is also used in
decolourising solutions of sugar, water purification, textile, clothing, drugs. Activated carbon is
also used in filter tobacco smoke, decolourising sugar solution, gas purification, decaffeination,
water purification, medicine, gold purification, sewage treatment, air filtersin gas mask.
Adsorption capacity of an activated carbon depends on the characteristics of activated carbons
like surface area, pore size distributions, surface chemistry, structural strength and stability, ash
content. Proximate analysis showed the presence of moisture content, volatile matter, ash and
fixed carbon for ACC. Adsorption capacity also depends on adsorbate characteristics like
molecular weight, polarity, molecular size, and functional groups. The adsorption capacity can
be affected by adsorptive concentration, pH and presence of other possible adsorptive
contaminants. The three important parameter attributes of an adsorbent make it suitable and
effective for the separation of a mixture. (1) selectivity (2) reversibility of adsorption, (3)
adsorption capacity. Selectivity is the difference in the rate of diffusion and adsorption. The
adsporption capacity depends only the affinity of adsorption and specific surface area, with the
repeated use and regeneration its adsorption capacity decreases. Reversibility of adsorption is

necessary if the selectively adsorbed substance is to be recovered or the adsorbent is to be reused
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or regenerated. Commercial grade of activated carbon surface area range between 300 and 2000
m?/g (Baker et al., 1997). Some have high surface areas as 5000 m?/g. Size compared to
powdered activated carbon & Granular activated carbon has a relatively larger particle
consequently, presents a smaller external surface of powdered activated carbon. The adsorbate
Diffusion is an important factor. These carbons are suitable for absorption of gases and vapors,
because they diffuse rapidly. For water treatment, deodorization and separation of components of
flow system Granulated carbons are used.

Scanning electron microscope (SEM) was used to examine the morphologies of GAC and found
to have an heterogeneous surface morphology (Mishra et al., 2006). Activated Carbons are a
very versatile group of adsorbents, with capability for selectively adsorbing thousands of
organic, and certain in- organic, material. After indole and opd adsorption surface of GAC to be

smooth as compared to that before adsorption.

Fig. 1.1: Granular activated carbon
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Table 2.1. Adsorption capacities of various adsorbents.

Adsorbent Adsorption capacity (mg/g)
Commercial activated carbon 980.3
Activated carbon produced from New 588
Zealand coal
Filtrasorb 400 476
Activated carbon 400
Activated carbon produced from 380

Venezuelan bituminous coal

Peat 324
Coal 323.68
Filtrasorb 400 299
Norit 276
Picacarb 246
Filtrasorb 300 240
Activated carbon 238
Coal 230
Commercial activated carbon 200
Bituminous coal 176
Charcoal 62.7
Activated carbon 9.81
BFA 6.46
Red mud 2.49
Spent tea leaves 300.5
Zeolite 10.82
Papaya seeds 555.55
Pineapple stem 119.05



CHAPTER-2

ADSORPTION THEORY

2.1 GENERAL

Adsorption occurs due to the imbalance of forces at the surface of a material. This lead to
formation of bonds (Covalent, ionic, Vander Waals, Hydrogen bonds etc.) between the surface
molecules (adsorbents) and the molecules in the fluid phase (adsorbate). One way of
classification of adsorption is based on how strong the interaction between the adsorbent and
adsorbate is. If the interaction is rather weak, then the type of adsorption is called physical
adsorption (also called physisorption). The physical adsorption forces are vander waal’s force (or
dispersion force), hydrogen bonding and electrostatic force. On the other hand, if the interaction
is very strong between adsorbate and adsorbent, a chemical bond may be formed between them.
This is called chemical adsorption (also called chemisorption). The heat of chemisorptions is
considerably larger than that of physical adsorption. Physical adsorption is reversible, but
chemisorption is irreversible in nature. Other criteria, which are helpful in distinguish between
these two type of adsorption, are electrical conductivity and FTIR spectroscopy. Under proper
conditions, physical adsorption can forming multiple layers result in adsorbed molecules.
Chemisorption, is therefore a single-layer process in the typical case, only proceeds as long as
the adsorptive can make direct contact with the surface. As the temperature is raised and is
generally very small above the critical temperature of the adsorbed component the amount of
physical adsorption decreases. The energy of activation for physical adsorption is not more than
1 kcal/g mol. Chemisorption however, is highly selective and occurs only between certain
adsorptive and adsorbent species and only if the chemically active surface is cleaned of
previously adsorbed molecules. If the adsorption has higher activation energy or the heat of
adsorption is very large than the latent heat of evaporation, then the adsorption is clearly
chemisorption. If the heat of adsorption is about 40-50 KJ/mol. In this case, it is very difficult to
determine whether the adsorption is chemical or physical. The chemisorptions name for
describing this second type of combination of gas molecules with solid surfaces, because the
energy possessed by chemisorbed molecules can be substantially different from that of molecules

alone, and also high heat of adsorption.



2.2 PROCESS OF ADSORPTION

The adsorption rate is predicted by the rate of transfer of the adsorbate from the bulk to the
surface of adsorbent. The following steps: film or external diffusion, pore diffusion, surface
diffusion and adsorption on the pore surface, can control transport of components from the
solution phase into the pores of the adsorbent particles. It is necessary to calculate the slowest
step involved among these steps to identify the controlling step during the adsorption process
(Srivastava et al., 2014). To understand the transport of adsorbate from the exterior surfaces to
the pores of adsorbent is better understand by intraparticle diffusion model. The steps for the
external mass transfer control for the adsorption process are: poor mixing, small particle sizes of
adsorbent and higher affinity of adsorbate for adsorbent, dilute concentration of adsorbate.

As the adsorbate concentration increases, adsorption occurs in three stages. First, a single
layer of molecules builds up over the surface of the solid. This monolayer may be chemisorbed
and is associated with a change in free energy that is a characteristic of the forces that hold it.
Second, as the fluid concentration is further increased, second, third etc., (layer form by physical
adsorption). The numbers of layers will be formed this is decided by the size of the pores.
Finally, for adsorption from the gas phase, capillary condensation may occur in which capillaries
become filled with condensed adsorbate, when its partial pressure reaches a critical value relative

to the size of the pore.

The parameters that affect the adsorption process are initial pH ( PH;), adsorbent dose (m),

contact time (t), initial concentration (C,) and temperature (T).

2.3 ADSORPTION KINETICS

Pseudo-first-order model: Pseudo-first order kinetic model was first applied by
Lagergren 1898. Assuming a non-dissociating molecular adsorption of adsorbate molecules on
adsorbent, the sorption phenomenon can be described as the diffusion controlled process. The
adsorption of adsorbate onto adsorbent is considered as a reversible process.

Using first order kinetics it can be shown that with no adsorbate initially present on the
adsorbent, the uptake of the adsorbate by the adsorbent at any instant t is given as (Srivastava et
al., 2014)

10



Ge= 0 [ 1- exp (- ket )] (2.1)

where, g, is the amount of the adsorbate adsorbed on the adsorbent under equilibrium condition,
k¢ is the pseudo-first order rate constant, t is the time, g, is the amount of the adsorbate adsorbed

on the adsorbent in time t.

Pseudo-second-order model: This is represented as (Ho and McKay, 1999):

_ tkgq?
B 1+tk,q,

t

(2.2)

The initial sorption rate, h (mg/g min), att — 0 is defined as

_ 2
h=ks0, (2.3)

Where k, (g mg~'min~1) is the rate constant for pseudo second order adsorption

2.4  Adsorption Isotherm

Chemical as well as physical adsorption may govern the final isotherm step. An increase in
temperature by overcoming the activation energy barrier the mobility of adsorbate into the
adsorbent increases. Therefore it is important to establish the most appropriate correlation for the
equilibrium isotherm curves have discussed the theory associated with the most commonly used
isotherm models (Abdullah et al., 2004). Various isotherms namely Freundlich, Langmuir,
Redlich-Peterson (R-P), Temkin and are widely used Table 3.1.

The R-P isotherm incorporates three parameters and can be applied either in homogenous
or heterogeneous systems. The Freundlich isotherm is derived by assuming a heterogeneous
surface with a non-uniform distribution of heat of adsorption over the surface, whereas in the

Langmuir theory the basic assumption is that the sorption takes place at specific homogeneous

11



sites within the adsorbent. The Temkin isotherm can be applied for heterogenous surface having

maximum adsorbate adsorbent binding energy.

2.4.1 Langmuir Isotherm
The Langmuir isotherm (1918) is based on the simplest model of physical adsorption which
assumptions that (Zhang et al., 2013)

Q) The molecules are adsorbed at discrete active sites on the surface.

(i) Each active sites adsorbed one molecule only (monolayer adsorption).

(iii)  There is no interaction among the adsorbed molecules.

(iv)  The adsorbing surface is energetically uniform.

2.4.2 Freundlich Isotherm
Freundlich (1906) give an empirical equation which representing the isothermal variation of
adsorption of a quantity adsorbate adsorbed by unit mass of solid adsorbent.
This equation is known as Freundlich Adsorption Isotherm (Hassan et al., 2008). The following
assumptions are used in this method.

Q) This isotherm represents adsorption on a surface that is energetically non-uniform

(i) The heat of adsorption at different sites is not the same.

2.4.3 Redlich-Peterson Isotherm

Jossens and co-workers modified the three parameter isotherm first proposed by Redlich and
Peterson (1959) to incorporate features of both the Langmuir and Freundlich equations. At low
concentration the Redlich-Peterson isotherm approximates to henry’s lawand at high

concentration its behavior approaches that of the Freundlich isotherm.

2.4.4 Temkin Isotherm
The Temkin isotherm model assumes that the adsorption energy decreases linearly with the
surface coverage due to adsorbate interactions. It is not suitable for the prediction of liquid phase

adsorption, only suitable for the prediction of gas phase equilibria.

12
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Table 3.1. Various isotherm equations for the adsorption process

Isotherm Equation Reference

Freundlich q, = K.C" (Freundlich, 1906)

Langmuir q. - q,K.C, (Langmuir, 1918)
° 1+K_,C,

R-P q = KxC, (Redlich and Peterson, 1959)
° 1+a,C’/

Temkin 4. = By In (K+C,) (Temkin and Pyzhev, 1940)

Kgr: R—P isotherm constant (I/mg), ar: R—P isotherm constant (I/mg), . Exponent which lies
between 0 and 1, C¢: Equilibrium liquid phase concentration (mg/l), Ke. Freundlich constant
(I/mg), 1/n: Heterogeneity factor, K. Langmuir adsorption constant (I/mg), gm: adsorption
capacity (mg/g). Kr =Temkin isotherm equilibrium binding constant (L/mg), By = Temkin

isotherm constant.

14



LITERATURE REVIEW CHAPTER-3

In this chapter, various adsorption studies for Indole and Orthophenylene diamine on varieties of

adsorbent available in open literature, have been discussed.
Adsorption Studies for Indole:

Abdullah et al., (2004) studied the adsorption of indole and 2-methylindole on ligand-
exchange matrix. The adsorbent such as cobalt (I1)-CDAE-sporopollenin that was modified with
a carboxylated diaminoethyl cobalt complex used as a ligand exchanger material. Adsorption
showed that concentration range was increased with increasing external ligand concentration
capacities for indoles on cobalt (I1)-CDAE-sporopollenin. The adsorption equilibrium were well
represented by Langmuir & Freundlich isotherm. However, the Langmuir model in the case of 2-
methylindole the experimental data did not fit, especially when the high ligand concentration
range was used this was probably due to the nonspecific interactions between the methyl group
present and ligand exchange matrix. The methyl group was played the predominant role in its
hydrophobic interaction with the ligand exchange matrix.

Mishra et al. (2008) studied the Indole sorption from aqueous solution by rice husk ash
(RHA) and granular activated carbon (GAC). The adsorption of Indole onto (GAC) and (BFA)
were the function of such as adsorbent dose (m), initial pH, contact time (t), initial concentration
(Co) & temperature. The indole removal was increases with increasing temperature. The
thermodynamic calculations indicate that the adsorption process was endothermic in nature.The
equilibrium data were well represented by Toth and Redlich—Peterson isotherm equations. The
uptake of Indole on RHA and GAC was found to be in the order of GAC> RHA. For the removal
of heavy metals from wastewaters RHA was found be a very effective adsorbent. The pore
volume and the pore size were calculated by Brunauer-Joyner-Halenda (BJH) method. The
maximum indole adsorption was occur at the pH 6.2 by RHA 90% at time 5 hour and a pH 6.5
by GAC 91% at time 6 hour both at temp 303K.
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Zhang et al. (2012) studied the mechanistic aspects of nitrogen-heterocyclic compound
such as pyridine, indole, and quinoline adsorption on bamboo charcoal. Bamboo charcoal (BC)
was a porous carbonaceous materials. The main objective of bamboo charcoal was (1) To
characterize surface properties of BC and modified BC and the porous structure; (2) To evaluate
nitrogen-heterocyclic compounds (NHC) adsorption performance on BC; (3) To measure the
relative contribution of each interaction to develop an adsorbent—adsorbate derived model. The
nonlinear isotherm models, Freundlich model, Langmuir model was commonly used for fitting
the adsorption isotherms of organic compounds, including BC. The BC mechanism of NHC
adsorption were mainly regulated in the sequence of surface area > hydrophobic interaction >
electrostatic interaction > w — m electron-donor-acceptor EDA interaction. By HNO; & NaOH
treatment as well as by microwave (MW) radiation different structures and surface properties of
BC was created. The maximum adsorption capacities for pyridine, indole and quinoline were
reach 42.92, 93.24, and 91.74 mg/ g respectively, at an initial concentration of 200 mg /.

Mitome et al. (2013) studied the adsorption of indole on KOH-activated mesoporous
carbon. The adsorbent such as mesoporous carbons were synthesized by a soft-templating
Method. To improve their porosity the mesoporous carbon were activated by using KOH. After
KOH activation the surface area and micropore volume were increased for the mesoporous
carbons. Gases such as carbon dioxide and carbon monoxide were generated during KOH
activation. The adsorption equilibrium was well represented by Langmuir isotherm model. In the
buffer solution KOH activated carbon was showed high adsorption rate because of the 3D-
interconnected mesopore structure and the large mesopore volume. For developing a high
performance adsorbent for indole was the main suggest that the precise mesopore size tuning as
well as the increase in the micropore surface area was required.

Srivastava et al. (2014) investigated the comparative studies were performed for the
adsorptive removal of Indole by granular activated carbon (GAC) and bagasse fly ash (BFA) in
the batch system. The adsorption of Indole on GAC and BFA were the function of contact time,
pH, adsorbent dose, and temperature. The equilibrium adsorption data was well represented by
Redlich-Peterson isotherm. The adsorption kinetics of Indole was followed pseudo-second order
model. The adsorbent dose and equilibrium time for BFA were found to 7 g/l and 3 hour and
for GAC were 20 g/l and 7 hour. The adsorption of Indole was found to predominately occur in

the mesoporous of the adsorbent. It was concluded that GAC exhibited lower adsorption capacity
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than BFA for adsorptive removal of Indole. In thermal desorption cycle were showed that the
GAC can be used for more than five cycles whereas it was better to use fresh BFA during the
adsorption process because adsorption capacity decreases sharply during repeated desorption-
adsorption cycle. If BFA was used in single stage adsorption then it showed higher adsorption
capacity. Under optimum condition were found to be at initial pH = 5.7, Indole removal were
found to be 95% for both GAC and BFA. Table 3.2 shows the comparative assessment of various
adsorption studies with Indole & OPD.

Adsorption Studies for OPD:

Wang et al. (2003) studied the effect of ortho-phenylenediamine on Cu adsorption and
desorption in red soil and its uptake by paddy rice. The adsorbent such as paddy rice seeds were
first immersed in cold water for 24 hour, and then soaked in warm water of 52 °C for 10 min
and 40 — 45 °C for 5 min. The effect of pH on Cu adsorption in red soil was studied and the
results that the quantity of Cu adsorbed increased with increasing pH at pH > 6.0. An Cu
complex was formed only when Cu reacted with OPD and solution have pH greater than 5. This
means that no Cu complex was formed in the soil solution at pH < 5.0., with increasing pH the
percentage of Cu desorption from red soil was decreased. The equilibrium isotherm data was
well represented by the Freundlich isotherm equations. The wet weight of paddy rice was
obviously decreased with increasing Cu concentration. When the external Cu concentration in
the red soil was 50 mg/kg, the biomass of paddy rice were increased by 40.7%, 98%, and 114.7%
in the presence of 1.0, 2.0, and 4.0 mmol/kg OPD, respectively.

Lataye et al. (2008) studied the adsorption of orthophenylene diamine onto bagasse fly
ash from aqueous solution. The adsorption of OPD onto BFA were the function of such as
contact time (t), pH, adsorbent dose (m), initial concentration (C,), temperature. The adsorption
of OPD on bagasse fly ash was follows second order kinetics & the equilibrium adsorption rate
was increases with increasing initial concentration. The equilibrium isotherm data were well
represented by the Langmuir and Redlich—Peterson isotherm equations. The total surface area of
the carbons was calculated by the Brunauer-Emmett-Teller (BET) method. The increase in the
equilibrium uptake of OPD on BFA the isosteric heat of adsorption was decrease. The maximum
adsorption capacity was 91% at pH 6.45, 303K temperature for 6 hour. Adsorption was found to
be very fast in the initial 5 min of contact between BFA.
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Peldszus et al. (2008) studied the adsorption of selected pharmaceuticals and an
endocrine disrupting compound by granular activated carbon. The main objective was to
investigate preloading effects by natural organic matter (NOM) on adsorption capacity and
concentration relevant for drinking water treatment, & Kkinetics under condition. In lower
adsorption capacity the granular activated carbon (GAC) with the wider pore size distribution
was greater resulting NOM loading. The equilibrium isotherm data was well represented by the
Freundlich isotherm equations. In this method virgin and preloaded carbon was used. The
preloaded carbon (various time up to 16 weeks) were freeze dried for at least 48 h, and then
sieved to obtain 30 x 40 U.S. mesh fraction used for the isotherm test. The increase in the
preloading time short fixed bed SFB depth was increases. For the nonylphenol (EDC) mass
transport was controlled by both the film and surface diffusion. During the first five weeks and
then slowly thereafter the film diffusion coefficients for all three compounds on both carbons
were rapidly decreased. To control mass transport the Biot number was greater than 50-100 for
the pore diffusion. Comparison of (scanning electron microscope) SEM between virgin and
preloaded carbon, the preloading were effects both the adsorption capacities and mass transfer
and for the very low concentration of contaminants.

Sekaran et al. (2010) studied the biodegradation of endocrine disrupting chemical-
orthophenylene diamine using intracellular enzymes from citrobacter freundii. There was no
report about enzymatic degradation of OPD there is only studies on photocatalytic and biological
degradation of OPD. Zn™2 ion was used to increase the degradation efficiency of mixed
intracellular enzyme. The degradation was best represented by pseudo-second order model
(0.987) as observed greater R? values than the first order rate kinetic model (0.960). The peak at
AM20 nm was corresponds to OPD. The peak A420 nm was disappeared & new peak at A290 nm
was appeared after the degradation. Maximum degradation of OPD by MIE were concentration
of OPD, 5 mg in 100 ml; reaction; Time, 2 hour; temperature, 30 °C; pH, 7.0; and enzyme
concentration, 0.2% (w/v). The degrading efficiency using MIE was enhanced by Zn*? to about
95.87%.
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Table 3.2 Various adsorption studies of Indole and OPD

Adsorbate | Adsorbent Isotherm | Model Results/Conclusion Reference

Indole Granular Redlich- | Pseudo- | Adsorption of indole was found to | Srivastava et
activated Peterson | second- | more occur in the mesopores. GAC al., 2014
carbon & order exhibited lower adsorptive capacity
bagasse fly ash than BFA for adsorptive removal of

indole. GAC was used for more than
five cycles as shown by the Thermal
desorption-adsorption cycle.

Indole Activated Langmu | _ By using KOH activation the | Mitome et
mesoporous ir micropore volume and surface area of al., 2013
carbon the  mesoporous carbons  were

significantly increased. The KOH-
activated carbons was showed high
adsorption capacity for indole

Indole & | Ligand- Langmu | _ In the case of 2-methylindole, the | Abdullah et

2- exchange ir and Langmuir model, experimental data al., 2004

methylind | matrix Freundli did not fit especially when a high

ole ch ligand concentration range is used,;

this is due to the nonspecific
interactions between the methyl group
present & the ligand exchange matrix.

Indole, Bamboo Langmu | _ Different structures and surface | Zhang et al.,

Pyridine charcoal ir and properties of bamboo charcoal are 2012

& Freundli created by HNO;and NaoH treatment

Quinoline ch as well as by microwave (MW)

radiation.

Indole Rice husk ash | Redlich | Pseudo- | The adsorption of Indole on RHA and | Mishra et
(RHA) & | - second - | GAC was found to be in the order of | al., 2008
Granular Peterson | order GAC>RHA.
activated & Toth
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carbon (GAC)

Orthophen
ylene

diamine

Bagasse fly ash

Langmu
irand
Redlich

Peterson

Pseudo-
second -

order

Adsorption is found to be very fast of
OPD removal was achieved in the
initial 5 min of contact between BFA.
Adsorption of OPD from an aqueous
solution onto BFA was exothermic
process, whereas the diffusion of the
OPD molecules into the pores of the

BFA was endothermic process.

Lataye et
al., 2008

Endocrine
disrupting

compound

Granular
activated

carbon

Freundli
ch

Both on adsorption capacities & mass
transfer the preloading was effect. For
very low concentration the film
diffusion was the primary controlling
mass transfer mechanism. For pore
diffusion was predominantly control
mass transport when the Biot number

should be greater than 50-100.

Peldszus et
al., 2008

Orthophen
ylene

diamine

Paddy rice

Freundli
ch

Cu adsorption was directly affected,
by OPD which suggests that the
of OPD

adsorption in soil. When solution pH

presence enhanced Cu
was greater than 5, Cu reacted with
OPD & formed a Cu complex only. In
the soil solution at pH < 5.0, this

means no Cu complex was formed.

Wang et al.,
2003

Mixed
intracellul

ar enzyme

Orthophenylen

e diamine

Pseudo-
second -

order

Maximum removal of 93% in the
degradation rate of OPD by MIE was
achieved. Degrading efficiency was
enhanced by Zn*? using MIE to about
95.87%.
degraded product of OPD by MIE.

Pyruvic acid was the final

Sekaran et
al., 2010
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15 OBJECTIVES
The following aims and objectives have been set for the present work.

1. To study the effect of the initial pH, adsorbent dose, contact time, initial concentration, and

temperatute on the removal of Indole and OPD from the aqueous solution in the batch study.

2. To perform the equilibrium adsorption and the kinetics of adsorption of Indole and OPD onto

ACC and to analyze the experimental data using various kinetic and isotherm models.
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CHAPTER-4

MATERIAL AND METHODS

4.1 Wastewater

Agqueous solution of Indole and orthophenylene diamine (OPD) was taken as wastewater to make
the solution of different concentrations. Initially 50 mg/l of stock solution was prepared which
was used in working solution of desired concentration as per the experiment requirement. The
experimental details of the study have been presented in this chapter. These details include

preparation of adsorbent, batch study for adsorption
4.2 Adsorbent and its BET surface area

Coconut-based granular ACC was supplied by Pneumatic Engineers Spares & Service,
New Delhi, India. It was used as procured. Pores sizes are classified in accordance with the
classification of International Union of Pure and Applied Chemistry (IUPAC) [IUPAC 1982],
that is micro-pores (diameter (d) < 20 A), meso-pores (20 A <d <500 A) and micro-pores (d >
500 A). For larger sizes of liquid molecules, the adsorbents for liquid phase adsorbates should
have predominantly meso-pores in the structure. The BET surface area of ACC was found to be
222.33 m2/g, whereas the BET average pore diameter of ACC is found to be 26.56 A (Singh et al.,
2014).

4.3  Analytical Methods

To determine the concentration of Indole and orthophenylene diamine (OPD) were
analysed by finding out the absorbance characteristics wavelength using UV/VIS
spectrophotometer (Perkin Elmer, Schimadzu, Japan). The wavelength for Indole and OPD
solution corresponding to maximum absorbance ((Amax) Was found to be at 270 nm and 285 nm.
The calibration curve was plotted (Fig. 4.1 and 4.2) between the absorbance and concentration of

Indole and OPD solution.
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4.4  Experimental programme

For each experiment, 100 ml of known indole and OPD mixture solution was taken in 100 ml
stoppered conical flask with pre decided amount of adsorbent and pH. This was kept in a
temperature controlled shaker at a constant speed of 150 rpm at pre-decided constant
temperatures such as 303K, 313K, 323K to attain the equilibrium. After the desired times,
samples were withdrawn from the incubator and the adsorbate and adsorbent was separated by
filtration. Then after, the absorbance was measured with the help of UV-VIS spectrophotometer,
and the residual concentration was calculated form Indole and OPD calibration plot. Percent
removal of Indole & OPD was calculated using the following relationship.

(C, —C,)100

0

Percent removal = (4.2)

Where, Cj is initial concentration and C, is the equilibrium concentration (mg/l).

The adsorption of Indole and OPD was studied over an initial pH (pH;) range of 2-9 at
303K. HCI and NaOH solutions of 1 N were used to adjust the initial pH of the solution. The
adsorbent dose is kept constant at 3 g/100 ml during pH study. Dosage study was carried out by
varying the adsorbent dosages (m,4) in range of 0.5-5 g/100 ml for ACC at optimum (pH;) and
303K.

45  Kinetics of adsorption

Kinetic parameters were calculated by using pseudo-first-order and pseudo-second —order
model at various C, values (25-50 mg/l) at optimum mass of activated carbon as adsorbent and
optimum pH at 303 K. The amount of adsorbate adsorbed, g, (mg/g), at any time t was

calculated as:

— (CO_ Ce)
Q@ =——V (4.2)

Where C; is the Indole and OPD concentration at time t, V is the volume of solution in litre.
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Nonlinear regression was used to check the validity of adsorption experimental data for these
kinetics models. The best model for kinetic model is the Marquardt’s percent standard deviation
(MPSD) (Marquardt’s 1963) to represent the experimental data. The equation of the error

function is given as.

1 (Gt,exp —t,calc )2
MPSD =100 n == 4.3
=2 ST (G ) (43)

Where ‘n’ is the number of measurements and ‘p’ is the number of parameter in the model. The

subscript “exp” and “calc” represent the experimental and calculated values.

4.6  Isothermal study

An increase in temperature the mobility of adsorbate increases. In adsorption process it is
necessary to study the effect of temperature on the adsorption process and isotherm equations at
equilibrium. Equilibrium data in for the present work were performed at 303K, 313K, 323K,
with C, value 10, 20, 30, 40, 50, 60, 80, 100 ppm both for Indole and OPD with initial pH 5.5
and constant value of optimum activated carbon mgq_,,, 0f ACC. Various isotherm such as
Freundlich, Langmuir, Temkin and Redlich-Peterson (R-P) were used to fit Indole and OPD
equilibrium adsorption data.

The equilibrium was reached after 4 hour. The Equilibrium adsorption uptake, gq.

(mg/g), were calculated using the following relationship.

(C — Ce)V
Qo= ——— (4.4)

w

Where w is the mass of adsorbent, Cy & C, are the initial and equilibrium concentration, V is the

volume of the solution.

To find out best fit isotherm model Sum of Square error analysis function was used. It is given

as:

SSE = Z?:l(qe,exp - qe,cal)2 (4-5)
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CHAPTER-5

RESULTS AND DISCUSSION

5.1 GENERAL

Adsorptive removal of Indole and OPD from wastewater in batches using ACC is
reported. Results obtained during the treatment of wastewater containing Indole and OPD, and

interpretations have been discussed.
5.2  Effect of initial pH (pH;)

In the adsorption process, the solution pH plays an important role, and is one of the most
important parameter. At higher pH, concentration of H* ion is very low, where as it increase at
lower pH. The surface charge of the adsorbent as well as degree of ionization affects the pH of
the solution. The Fig 5.1. shows the effect of pH; on the removal of indole and opd from aqueous
solution by ACC at T = 303K, t = 4 hour, C, =50 ppm of each Indole and OPD, adsorbent dose
(mgq) =3 9/100 ml. It can be seen in Fig. 5.1 that increasing pH; increases the % removal giving
maximum removal of 92.4% and 89.34% at pH;=5.5 for Indole and OPD, respectively.
Increasing pH; after pH;=5.5 did not much improve the removal. Therefore pH; = 5.5 was chosen
as optimumpH,_,,. . The natural pH value of Indole and OPD solution was found to be 5.5
approximately. For the experiment with C, = 50 ppm Indole and 50 ppm OPD mixture, the final
pH values (pHy) of the adsorption process are shown as a function of pH; in Fig 5.1. The pH¢

values are greater than the pH; except range for pH; values 6-9.

5.3 Effect of Adsorbent Dosage (m,q)

The effect of adsorbent dosage (ma= 0.5 — 5 g/100 ml) on the adsorption of Indole and
OPD by ACC was studied at €y, = 50 ppm of each Indole and OPD, T = 303K, pHi.qp = 5.5 and
t=4 h. From Fig. 5.2., it is clear that an increase in ACC dosage resulted in an increase in Indole
and OPD removal up to 92.35% and 89.4%, respectively, at m,;=3g/100ml, Thereafter, the

removal efficiency remained almost constant. Therefore, optimum m,; was chosen as mgq _op;
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=3 ¢/100 ml. The increase in m,,; increased the removal due to availability of more adsorption
sites and greater surface area. The removal is nearly constant for myq = m,q_,, because the

removal is limited by the concentration of the solution not by the dose m, .
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Fig. 5.1. Effect of pH; on the Indole and OPD removal by ACC (T =303K,t=4h, C, =
(50, 50) mg/l, adsorbent dosage (mqq—op¢) = 3 9/100ml, RPM = 150)
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Fig 5.2. Effect of adsorbent dosage on the Indole and OPD removal by ACC (T = 303K,
PHopt = 5.5, t=4 h, RPM = 150, C, = (50, 50) mg/l)

5.4  Adsorption Kinetics

Pseudo-first-order and pseudo-second-order kinetic models were used to test their
validity with the experimental Kkinetic adsorption data. Correlation coefficients with model
parameters and MPSD error values for the best fit pseudo-first-order and pseudo-second-order
kinetics models are given in Table 5.1 and 5.2, and Fig 5.3 and 5.4 shows the fitting of pseudo
second-order model with kinetics experimental data shown by solid line for Indole and OPD,
respectively. It can be seen that the Correlation coefficient values for each of fitted model is

nearly same, but the MPSD error values are smaller for pseudo-second-order kinetics model.
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Therefore, it can be concluded that pseudo-second-order kinetics model is suitable for the
experimental Kinetic data fitting.

It was observed that the g, and k, values increases with an increase in the C, of Indole &
OPD, showing that the uptake is limited by the concentration.
Generally, the adsorption rate is limited by C, of Indole & OPD, affinity to the adsorbent, the
pore size distribution of the adsorbent, degree of mixing and diffusion coefficient of the Indole
and OPD in the bulk and solid phases (Mitome et al., 2013; Wang et al., 2003). Increase in the
extent of all these factors increases the driving force to the adsorbate to be adsorbed on to surface
of adsorbent. The increase in C, value increases the driving force, and hence, the rate of

adsorption increases with the increase in C,

Table 5.1. Kinetic parameters for the removal of Indole by Activated carbon (t =5 hour,
Co = 25-50 mg/l, m = 3g/ml, pH; =5.5, T = 303K).

Pseudo-first-order model

Co (mg/l) Geexp(M/9) | Gecar(My/g) ks(min~') | R*(non-linear) | MPSD

50 1.526 46.0526 0.0144 0.984 101.58

25 0.787 24.666 0.0104 0.968 103.51
Pseudo second order model

Co (mg/l) Qecar(Mo/g) | kg (9/mg h (mg/g min) | R%(non-linear) | MPSD
min)

50 1.795 0.01016 0.03276 0.978 60.01

25 1.196 0.00702 0.00880 0.972 53.86
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Table 5.2. Kinetic parameters for the removal of OPD by Activated carbon (t =5 hour, C,
=25-50 mg/l, m = 3g/ml, pH; =5.5, T = 303K).

Pseudo-first-order model

Co (mg/1) Qeexp(MI/Y) | Gecar(MO/Q) k;(min~') | R*(non-linear) | MPSD

50 1.529 1.651 0.007 0.997 99.71

25 0.766 0.908 0.006 0.992 72.94
Pseudo second order model

Co (mg/l) Qecar(Mo/g) | kg (9/mg h (mg/g min) | R%(non-linear) | MPSD
min)

50 5.058 0.00034 0.009 0.994 79.76

25 1.1780 0.00461 0.0064 0.992 72.20
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Fig 5.3. Effect of contact time on the Indole removal by Activated carbon. Experimental

data points given by the symbols and the lines predicted by the pseudo-second-order
model. T =303 K, mgq_op: = 39/100 ml
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Fig 5.4. Effect of contact time on the OPD removal by Activated carbon. Experimental data
points given by the symbols and the lines predicted by the pseudo-second-order model. T =
303 K, Mggq_op: =39/100 ml
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56  ADSORPTION ISOTHERM
5.6.1 Effect of temperature

Temperature significantly affect the adsorption capacity of the adsorbents. To study the
effect of temperature on Indole and OPD adsorption onto ACC, experiments were conducted at
different temperature ranging from 303-323 K, and the result is shown in Fig. 5.5 and 5.6 for
Indole and OPD, respectively. It was found that adsorption onto ACC increases with increase in
temperature. Therefore, it can be concluded that Indole & OPD adsorption onto ACC is an
endothermic in nature. Generally adsorption is not an endothermic, but it is an exothermic
process (kushwaha et al., 2010). However, if the adsorption process is controlled by intraparticle
transport-pore diffusion the adsorption capacity will increase with an increase in temperature.
The increase in molecular mobility of Indole & OPD with increased temperature, resistance
decreases and adsorptive capacity of adsorbent increases. It can also be concluded that
adsorption of Indole & OPD is chemisorptive in nature, because adsorption capacity increases

with increase in temperature.

5.6.2 Isotherm Modeling

For isotherm modeling, various isotherms like Freundlich, Langmuir, R-P isotherm and
Temkin have been tested for their validity with the experimental equilibrium adsorption data.
Table (5.3, 5.4) shows the values of various isotherm parameter, R? and SSE for the fitting to the
experimental data. It may be concluded that Temkin isotherm best fits the equilibrium adsorption
of Indole & OPD onto ACC at all temperature. The validation of various isotherm studied with
experimental data points is shown in Fig 5.5 and 5.6 by solid lines. K and 1/n indicates the
adsorption intensity and adsorption capacity, respectively. Higher value of 1/n indicates the
higher affinity between the adsorbate and adsorbent, and heterogeneity of the adsorption sites.
K value indicates the adsorption capacity. Ky value increases with increase in temperature,
showing adsorption capacity is increasing with temperature. This indicates the endothermic
nature of adsorption of Indole & OPD onto ACC. The gq,, value indicates the affinity of the
Indole and OPD with the ACC. A high g, value indicates a higher affinity. At higher
temperature showing higher affinity because gq,, was found to increased with increase in

temperature.
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Table 5.3. Parameter of isotherm models for Indole (t =5 hour, C, = 10-100 mg/l, m =

3g/ml)
Freundlich 0. =KcC."
T(K) | Ke((mg/g)/(l/mg)/™ |1n R? SSE
303 0.600 0.576 0.969 0.330
313 0.832 0.602 0.961 0.466
323 1.165 0.490 0.967 0.413

q = 9.K.C,
Langmuir T 1+KG,
T (K) K, (I/mg) qm(Mg/g) R? SSE
303 0.11853 4.366 0.990 0.117
313 0.20046 4.653 0.977 0.296
323 0.36367 4.120 0.976 0.324

o Ko

Redlich-Peterson o lral
T(K) Kg(I/mg) ag(l/mg)V/8 | B R? SSE
303 0.525 0.1279 0.980 0.989 0.121
313 0.999 0.2741 0.900 0.975 0.313
323 1.718 0.5730 0.850 0.972 0.358
Temkin q. = By In (K C,)
T(K) K;(1/mg) By (kJ/mol) R? SSE
303 1.239 0.9303 0.9896 0.105
313 1.818 1.073 0.9894 0.124
323 3.075 0.976 0.9833 0.203
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Table 5.4. Parameter of isotherm models for OPD (t = 5 hour, C, = 10-100 mg/l, m =

3g/ml)
Freundlich 0, =K:C,"
T (K) Kp((mg/g)!(l/mg)t/™ | 1in R? SSE
303 0.368 0.766 0.989 0.117
313 0.583 0.667 0.980 0.225
323 1.014 0.598 0.974 0.335

q. = 9.K.C,
Langmuir 1+K.C,
T (K) K, (I/mg) qm(Mg/g) R? SSE
303 0.0444 7.141 0.992 0.085
313 0.0527 8.230 0.981 0.283
323 0.1026 8.330 0.963 0.527

¢ —_KsC.

Redlich-Peterson o lral
T(K) Kz(1/mg) ag(l/mg)VE | B R? SSE
303 0.298 0.0197 1.248 0.992 0.083
313 0.513 0.0609 1.170 0.988 0.140
323 0.902 0.0453 1.617 0.978 0.284
Temkin q. = Br In (K7 C,)
T(K) K1 (l/mg) By(kJd/mol) R? SSE
303 1.061 0.795 0.9819 0.186
313 1.068 1.196 0.9935 0.071
323 1.208 1.946 0.9900 0.124
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Fig 5.5a. Equilibrium adsorption isotherms at different temperature for the Indole
removal by ACC. Experimental data points given by symbols and the lines predicted by
Freundlich isotherm model, t =5 h, C,=10-100 mg/l, myq_ope = 3g/ml.
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Fig 5.5b. Equilibrium adsorption isotherms at different temperature for the Indole

removal by ACC. Experimental data points given by symbols and the lines predicted by
Langmuir isotherm model, t =5 h, C,=10-100 mg/l, mgq_op: = 3g/ml.

37



¢ 303K 0313 K A 323 K

d. (Ma/g)

Ce (mg/l)
Fig 5.5c. Equilibrium adsorption isotherms at different temperature for the Indole

removal by ACC. Experimental data points given by symbols and the lines predicted by
Redlich-Peterson isotherm model, t =5 h, C, =10-100 mg/l, myq_,p: = 3g/ml.
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Fig 5.5d. Equilibrium adsorption isotherms at different temperature for the Indole
removal by ACC. Experimental data points given by symbols and the lines predicted by
Temkin isotherm model, t=5h, C, =10-100 mg/l, myq_qp: = 3g/ml.
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Fig 5.6a. Equilibrium adsorption isotherms at different temperature for the OPD removal
by ACC. Experimental data points given by symbols and the lines predicted by Freundlich
isotherm model, t =5 h, C,=10-100 mg/l, myq_,p; = 3g/ml.
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Fig 5.6b. Equilibrium adsorption isotherms at different temperature for the OPD removal
by ACC. Experimental data points given by symbols and the lines predicted by Langmuir
isotherm model, t =5 h, C,=10-100 mg/l, myq_,p; = 3g/ml.
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Fig 5.6¢c. Equilibrium adsorption isotherms at different temperature for the OPD removal
by ACC. Experimental data points given by symbols and the lines predicted by Redlich-
Peterson isotherm model, t =5 h, C,=10-100 mg/l, myq_,,; = 3g/ml.
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Fig 5.6d. Equilibrium adsorption isotherms at different temperature for the OPD removal

by ACC. Experimental data points given by symbols and the lines predicted by Temkin
isotherm model, t =5 h, C,=10-100 mg/l, myq_,p; = 3g/ml.
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CHAPTER-6
CONCLUSION

On the basis of the experiment, results and discussion presented for the adsorptiove removal of

Indole & OPD onto activated carbon, following conclusions can be drawn:

e Optimum conditions for the adsorptive treatment of Indole and OPD by activated carbon
were found to be pHi.opt = 5.5, adsorbent dose of m,4.o,=30 g/l and contact time = 4 hour,
and at this optimum condition Indole and OPD removal were found up to 92.35% and
89.4%, respectively.

e Pseudo-second-order model was found to best fit the kinetic experimental data.

e |t was found that g, values increases with increase in C, therefore, the uptake of Indole &
OPD is limited by the C,

e Adsorption is chemisorptive in nature, because adsorption capacity increases with
increase in temperature.

e Adsorption process was found to be endothermic in nature and Temkin isotherm model
was generally found to best represent the equilibrium data.

e Ky value indicates the adsorption capacity. K value increases with increase in
temperature, showing adsorption capacity is increasing. This also confirms the
endothermic nature of adsorption of Indole & OPD onto adsorbent.

e Ky value increases with increase in temperature, showing adsorption capacity is
increasing with temperature. This indicates the endothermic nature of adsorption of
Indole & OPD onto ACC.
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