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ABSTRACT

The present research work deals with the treatment of the synthetic wastewater samples
containing various metal ions such as Cd(lI1), Cr(VI), Cu(ll), Ni(l1), Pb(1l) and Zn(1l) by
adsorption. An easily available raw material, neem bark is used to develop six low cost
adsorbent, activated neem barks (ANB1 to ANBG6) for the adsorption of heavy metals at
different activation conditions. The developed ANBs are characterized by FTIR to find
the suitable functional groups available on the surface of adsorbents. The performance of
the developed ANBs are tested for the adsorption of Cr(VI1), Cu(ll) and Zn(ll) from
aqueous solutions by performing equilibrium experiments. The ANB which is having
relevant functional groups and demonstrated the maximum total adsorption capacity for
Cr(VI), Cu(ll) and Zn(Il) adsorption is further tested for the removal of Cd(I1), Ni(Il)
and Pb(Il). The selected ANB is further characterized by SEM, EDS, BET Surface area,
XRD and TGA techniques. The SEM images confirm the availability of nano pores on
the surface of the ANB by which it is further named as nANB.

The batch experiments are conducted to study the effect of various parameters such as
initial metal concentration, contact time, adsorbent dosage, pH, temperature and
interference of other ions on the performance of NnANB for metal adsorption. The
equilibrium data obtained for the removal of Cd(ll), Cr(VI), Cu(ll), Ni(ll), Pb(ll) and
Zn(1l) are tested with the Langmuir isotherm model. The maximum adsorption capacity
(gm) of individual metal ions is obtained as 20.83, 26.95, 21.23, 29.41, 26.32 and 11.90
mg g™ for the removal of Cd(ll1), Cr(\VI), Cu(ll), Ni(l1), Pb(ll) and Zn(ll) respectively.
The equilibrium data for Cr(\VI1), Cu(ll) and Zn(ll) adsorption are also fillted with
Freundlich and Tempkin isotherm models. The removal of metal ions using NANB is
better fitted using the Langmuir isotherm model and supports the monolayer adsorption
of metals on the NANB surface. The experimental Kinetic data are fitted with the pseudo-
first order, second order and Elovich model. The removal kinetics of Cr(V1), Cu(ll) and
Zn(11) is well explained by the second order kinetic model. Weber & Moris and Boyd
model are applied to propose the controlling mass transfer mechanism for the Cr(VI),

Cu(ll) and Zn(I1) adsorption from aqueous phase to the nANB surface.



The interference of other ions on the adsorption of individual metal ions is studied. The
total adsorption capacity of developed nANB for the simultaneous adsorption of Cr(V1),
Cu(ll) and Zn(ll) is obtained as 38.95 mg g™ which is much higher than the one
evaluated for the adsorption of any individual metal ions. In the batch studies, the actual
plating industry wastewater is also treated for the removal Cr(VI) using nANB. The
saturated adsorbents are regenerated by thermal and chemical treatment methods. The
mechanism of Cr(V1), Cu(ll) and Zn(I1) adsorption is proposed with the help of obtained
experimental results, FTIR analysis and available reported studies. The obtained
adsorption capacities of individual metal ions are also compared with the adsorption
capacities of other low cost adsorbents available in the literature.

A generalized mathematical equation is developed using batch experimental data to
correlate the adsorption capacity with the independent parameters. The developed
equation is utilized to get the optimum parameter values using Differential Evolution
(DE) as optimization technique. The cost analysis of the developed nANB is also done to

check the economic viability of the adsorption process.

The continuous experiments are performed in fixed-bed adsorption column for the
removal of Cr(VI), Cu(ll) and Zn(ll) from aqueous solutions. The effect of initial
concentration, inlet flowrate, adsorbent dosage and the interference of other meal ions are
studied on the continuous adsorption of metal ions using NANB. The developed
adsorbent is also used to treat the synthetically developed pulp and paper industry
effluent containing Cd(ll), Cr(VI), Cu(ll), Ni(ll), Pb(ll) and Zn(ll). The various
adsorption parameters are estimated to analyze the performance of fixed-bed adsorption
process. The Yan and Yoon-Nelson models are used to fit the fixed-bed adsorption

experimental data.

Keywords: Heavy metal removal; Hexavalent chromium; Divalent Copper; Divalent
Zinc; Low-cost adsorbent; Activated neem bark; Adsorption isotherms; Adsorption
kinetics; Regeneration; Modeling; Optimization; Differential Evolution; Industrial
effluent; Pulp and paper industry; Breakthrough curves; Intra-particle diffusion; Film

diffusion; Mass transfer mechanism.
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CHAPTER 1
INTRODUCTION

1.1 Water Crisis

Water is a primary natural resource. This is required for a number of purposes ranging
from drinking, irrigation, industrial, construction, etc. (Perlman, 2014). In the present
scenario, it is very hard to meet the growing demand with short supply and diverse
claims on the water resources (Gupta, 2008a). According to 2012-13 annual report of
Central Water Commission (CWC), India is having 24 river basins which along with
ground water contribute to 1869 Billion Cubic Meters (BCM) of total water. Out of
this amount, only 1121 BCM (690 BCM of surface water and 431 BCM of
groundwater) is available for usage (Pandaya, 2013). According to the data published
by CWC, the requirement of water for several applications such as industrial,
domestic, irrigation, etc. will increase from 813 BCM in 2010 to 1093 BCM in 2025
(Jha, 2010). This growth in the demand of water will lead to the shortage of fresh
water for drinking and industrial uses. According to India Infrastructure Report 2011
by IDFC, the requirement of the water for the industrial purpose was 41.4 BCM in
2010 which is estimated to increase up to 80 BCM by 2025 (Aggarwal and Kumar,
2011). This increased demand of fresh water for the industry as well as domestic
purpose is not only limited to India, but also the similar situations are arising around

the globe.

In the developing nations, particularly in India, the monitoring of the pollution is
concentration based, which allows the industries to meet the pollutant discharge limit

in the effluent by diluting it with the addition of fresh water. The industries prefer to



go for the dilution of the effluent streams to meet the standards in place of the
treatment as the cost of water is quite low in India. This exercise leads to the
utilization of more amount of fresh water and is leading to the discharge of higher
quantity of pollutants to the water bodies. This is contributing to a more severe water

pollution situation in India (Gupta, 2008b).

In the present scenario, the regulatory agencies are very much concerned about water
pollution and its abatement techniques for controlling the water pollution. The most
encouraging and well accepted method to achieve the discharge limits of various
pollutants is to utilize cost effective effluent treatment technique. The proper
treatment of effluent will lead to the large quantity of reusable water. This water may
be reused by the industry itself or for the other utility purposes, such as cooling, steam
generation, and so on. This will significantly reduce the use of fresh water and also
help in reduction of the cost of fresh water utilized by the industries. The major
pollutants present in the various industrial effluents ranges from metal pollutants,
sludge, suspended solids, sulphates, halides, etc. Out of these pollutants, heavy metals

are considered as most harmful and toxic for the living organisms.
1.2 Heavy Metal lons in Wastewater

With an increase in the industrialization and urbanization, there is a tremendous rise
in the usage of several heavy metals in the industrial operations. The various
industries which are dealing with the heavy metals range from textile, pulp & paper,
leather tanning, welding, chromate production, electroplating, pigments, fertilizers,
metallurgical, metal cleaning, washing of brass units, mining drainage, etc. The range
of these metals varies from Arsenic (As), Calcium (Ca), Cadmium (Cd), Chromium

(Cr), Copper (Cu), Cobalt (Co), Lead (Pb), Iron (Fe), Manganese (Mn), Magnesium



(Mg), Mercury (Hg), Nickel (Ni), Molybdenum (Mo), Selenium (Se),Potassium (K),
Tungsten (W), Vanadium (V) to Zinc (Zn). Many, among these metals such as Cr, Cu,
Ni, Pb, Zn, etc. are being characterized as the priority pollutants from the various
health organizations (Metcalf and Eddy, 2005). However, most of these metals such
as Ca, Co, Cr, Cu, Fe, K, Pb, Mg, Mn, Mo, Ni, Se, Na, W, V and Zn are essential for
the growth of the biological organisms on a macro or micro scale (Metcalf and Eddy,
2005). The trace amount of metals like Cu, Se and Zn is crucial to support the
metabolism of the human beings. Although the metals are required in the micro/macro
level. The excess of these metals can negatively affect the biological organisms by
interfering with some of the body processes due to their toxic nature. The permissible

range of various heavy metals in the water is given in Table 1.1.

The effluents coming out from the pulp & paper, tanning and textile industries are the
principal source of heavy metal pollutions as they consist Cr, Cu, Zn, Ni, Pb, etc. in a
significant amount. Disposing of these effluent streams to the outer water bodies like
lakes, rivers, ponds, oceans, etc.,, lead to the significant increase of metal
contamination in water. Sometimes, the metal content in discharge streams is very
high which does not dissolve and settles down either on the surface or the bottom of
the water bodies. This contributes to the significant water contamination and

deterioration in the water quality.

The heavy metals are particularly non-degradable, highly toxic and having
carcinogenic effects due to which it adversely affects the biological ecosystem. Out of
all the available metals in the industrial effluents, Cr, Cu and Zn are primarily present
among most of the metal industries. These metals have significant presence in the
effluent streams of textile, tanning and pulp & paper industries. The properties,

sources and harmful effects of Cr, Cu and Zn metals are illustrated in Table 1.2.



1.3 Treatment Methods

The effluents from the industries must be treated well before discharging the effluents
to the outer water bodies. Identification of a proper method for the multiple metal ions
removal is a matter of research today. There are several methods available for the

metal ions removal and are tabulated in Table 1.3.

Most of these methods are having various drawbacks. The cost of the resin utilized in
the ion-exchange process makes the process expensive (Dabrowski et al., 2004;
Mahmoud et al., 2015). Similarly the membranes used in the membrane separation,
ultra-filtration, reverse osmosis process are very costly and are also found ineffective
for the heavy metal removal at high concentrations (Ujang and Anderson, 1996;
Cooper et al., 2004; Qiu and Mao, 2013). On the other hand, the methods like
chemical precipitation and flotation are helpful in removal of high concentrations of
heavy metals, however, they have associated problems like the disposal of the formed
sludge and leads to a long term environmental problem (Meunier et al., 2006;
Mahmoud et al.,, 2015). Other methods such as chemical coagulation, electro-
coagulation and solvent extraction are not capable of complete removal of heavy
metals from effluent streams and also require large amounts of reagents which make
these processes cost intensive. The toxic sludge generated during the processes also
lead to the negative impact on the environment (Aksu and Gonen, 2004; Aliabadi et
al., 2006; Gupta, 2008b). Among all the above mentioned treatment methods,
adsorption is a promising method for the removal of heavy metals in a simple,
efficient and economical manner. This is a very effective method for the removal of
heavy metals from the industrial effluents (Bailey et al., 1999; Babel and Kurniawan,
2003; Demirbas, 2008; Gupta, 2008b; Wan Ngah and Hanafiah, 2008;
Ahmaruzzaman, 2011). Adsorption is a useful method for the removal of low and
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high concentration heavy metals from industrial effluents. This method may be more
economical, if low-cost adsorbents are utilized for the adsorption of heavy metals

from the effluent streams.
1.4 Adsorption

Adsorption is one of the primary mass transfer operations which utilize the surface of
the solid material to segregate out the liquid or gaseous molecules. One of the very
important applications of the process is the removal of a variety of organic and
inorganic chemicals from the industrial effluents. Suitable adsorbents are utilized for
the removal of specific liquid and gaseous chemicals (Wan Ngah and Hanafiah, 2008;
Wasewar, 2010; Xu et al., 2012). The properties of the material and their affinities
towards pollutants are the determining factor for their usage as a suitable adsorbent.
All the solid materials are having an adsorption affinity for one or other compound
irrespective of their structure. The adsorption process is a surface phenomenon
therefore the capacity of the adsorbent to adsorb the adsorbate depends on the surface
area available for the process. The porous materials are certainly having a higher
surface area leading to a higher adsorption capacity in comparison to a non-porous
material. Hence, the selection of a suitable adsorbent is a primary task to be
performed before using the adsorbent for the treatment of multiple metal ions from
the industrial effluents (Cooney, 1999). There are a number of commercial adsorbents
such as activated carbon, activated charcoal, activated alumina, etc. are available in
the market for the adsorption of the pollutants. The higher costs of the commercial
adsorbents lead to the further increase in the cost of the removal process. Hence, there
is a dire need for a low-cost processing technique and material (low-cost adsorbent)
which can be utilized for the simultaneous removal of multiple metal ions from the
industrial effluents (Babu and Gupta, 2008a; 2008b; Gupta, 2008a; 2008Db).
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In the recent past, a number of researchers have reported the use of different solid
materials as the adsorbent for the removal of heavy metals and other impurities (Table

1.4).

However, many of these adsorbents are having very low metal adsorption capacity
and are also limited to the adsorption of single metal ions. The effluents from the
industries are containing multiple metal ions. Very few adsorbents are reported in the
literature for the adsorption of multiple metal ions (Moreno-Pirajan et al., 2011;
Sheela et al., 2012; Patel et al., 2013; Awual et al., 2014). These adsorbents are not
showing the good adsorption capability when multiple metal ions are considered for
adsorption. Therefore, there is a need to identify a low-cost material which can be

utilized effectively for the adsorption of multiple metal ions from effluent streams.



Table 1.1: Permissible limits of heavy metals in waste water (WHO, 2008;
USEPA, 2009; Kumar and Puri, 2012).

Metals Permissible Limit (mg L™)

USEPA WHO 1SI ICMR CPCB
Arsenic No Relaxation | 0.05 0.05 0.05 | No Relaxation
Cadmium 0.005 0.005 | 0.01 0.01 | No Relaxation
Calcium - 75 75 200 200
Chromium (Total) 0.1 - 0.05 - No Relaxation
Copper 1.0 1.0 0.05 1.5 1.5
Iron - 0.1 0.3 1.0 1.0
Lead No Relaxation | 0.05 0.1 0.05 | No Relaxation
Magnesium - 50 30 - 100
Mercury 0.002 0.001 | 0.001 | 0.001 | No Relaxation
Nickel 0.1 - - - -
Selenium 0.05 0.01 - - No Relaxation
Zinc 5.0 5.0 5.0 0.1 15.0




Table 1.2: Sources, properties and harmful effects of Cr, Cu and Zn.

Metal | State | Effect Sources (Natural/Industrial) Harmful Effects References
Fresh vegetables, fruits, meat, grains Tan et al. (1993); Namasivayam and
11| Neutral | and yeast and is frequently added to | No effect Yamuna (1995); Labor (2006); Garg et
vitamins as a dietary supplement al. (2007); Malkoc and Nuhoglu
cr Rocks, as well as in various industrial (2007); Mor et al. (2007); Suksabye et
processes such as welding, chromate | Non-biodegradable and having | &l (2007); Babu and Gupta (2008);
VI | Harmful | production, electroplating, pigments, | toxic, mutagenic and carcinogenic | Namasivayam  and  Sureshkumar
leather tanning, textile, pulp & paper, | effect on the living organisms (2008); Orozco et al. (2008); Gupta
fertilizers, metallurgical, etc. and Babu (2009); Labor (2014)
Unstable in nature and react to form Kazemipour et al. (2008); Nadaroglu et
Cu I Neutral No effect

the stable Cu(ll)

al. (2010); SenthilkKumar et al. (2011);




Metal | State | Effect Sources (Natural/Industrial) Harmful Effects References
Carcinogenic and  mutagenic Shah et al. (2013); Rafiqg et al. (2014);
) ] ] properties, due to which one of Kyzas et al. (2015)
Electroplating, metal cleaning, textile, )
) ) the health problems associated
pulp & paper, washing of brass units, | ) )
Cu I Harmful ] ) ] ] with copper is lung cancer, which
boiler pipes and cooking utensils, |
- ) iIs common for the workers who
fertilizer production, etc.
are exposed to the copper
containing spray
Digestive problem, fever, cough, | Kazemipour et al. (2008); Plum et al.
Galvanizing, pigments, mining | stomach upset, Lowered immune | (2010); Senthil Kumar et al. (2010);
Zn I Harmful

drainage, textile, pulp & paper, etc.

function, Reduced sense of taste

or smell, etc.

Das et al. (2012); Lim et al. (2012);
Pehlivan et al. (2012); Lassonde (2013)




Table 1.3: Abatement techniques for metal removal from wastewater.

S.No. | Techniques References

1 lon exchange Juang et al. (2003); Dabrowski et al. (2004)

2 Flotation Polat and Erdogan (2007); Mahmoud et al. (2015)

3 Chemical precipitation | Charerntanyarak (1999); Meunier et al. (2006)

4 Membrane separation Cooper et al. (2004); Walkowiak and Kozlowski
(2009)

5 Chemical coagulation Charerntanyarak (1999)

6 Ultra filtration Camarillo et al. (2012); Qiu and Mao (2013)

7 Electro-coagulation Meunier et al. (2006); Akbal and Camc1 (2011)

8 Solvent extraction Demopoulos and Gefvert (1984); Li et al. (2008a)

9 Reverse 0smosis Ujang and Anderson (1996); Sheikholeslami and
Bright (2002)

10 | Adsorption Babu and Gupta (2008a); Gupta and Babu(2009a)
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Table 1.4: List of various low-cost adsorbents utilized for metal removal.

S.No. | Adsorbent Reference
1 Rice husk Ajmal et al. (2003)
2 Sea nodule residue Agrawal et al. (2004)
3 Immobilized activated sludge | Aksu and Génen (2006)
4 Coconut shell Alaerts et al. (1989)
5 Spent animal bones Al-Asheh et al. (1999)
6 Lignocellulosic solid wastes Aliabadi et al. (2006)
7 Shale oil ash Al-Qodah (2000)
8 Walnut Shells
9 Hazelnut Shells Altun and Pehlivan (2007)
10 | Almond Shells
11 Prawn shell Arulkumar et al. (2012)
12 | Chitosan—clay Auta and Hameed (2014)
13 | Activated Neem Leaves Babu and Gupta (2008b)
14 | Activated Tamarind Seeds Babu and Gupta (2008a)
15 | Activated weed Baral et al. (2009)
16 | Sunflower leaves Benaissa and Elouchdi (2007)
17 | Tunisian date stones Bouhamed et al. (2012)
18 | Wheat bran Bulut and Baysal (2006)
19 Fly ash Gupta and Babu (2010a)
20 De-oiled Allspice husk Cruz-Olivares et al. (2010)
21 | Soya cake Daneshvar et al. (2002)
22 Pomegranate peel El-Ashtoukhy et al. (2008)
23 Coir pith Ewecharoen et al. (2008)
24 Rice husk Kausar et al. (2013)
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1.5 Motivation to Present Study

Adsorption of metal ions depends on the porosity, surface area and the nature of the
surface available for the adsorption. A higher adsorption capacity of the adsorbent can be
achieved by undergoing proper physical and chemical activation procedures. The
chemical activation of the adsorbent enhances the surface property such as the positive
charge on the surface which enhances the affinity for the metals to be adsorbed on the

surface.

In the present scenario, nanotechnology has shown a great potential for the effluent
treatment. Immense work has been conducted on the nano-structured materials due to
their unusual physical and chemical properties. Nano-porous materials can meet the
requirements for a good adsorbent due to the availability of large surface area for
adsorption. A number of researchers are working on the production of nano-structured
pure metal oxides and activated carbons for the removal of heavy metals from wastewater
which are expensive (Deliyanni et al., 2007; Li et al., 2010; Rajiv Gandhi et al., 2011,
Gong et al., 2012; Xu et al., 2012). Hence, there is a need to develop a nano-porous low-
cost adsorbent from abundantly available raw material for the removal of various heavy

metals from wastewater.

The adsorption of the metal ions depends on the various parameters such as initial
concentration, pH of the solution, adsorbent dosage, temperature, contact time, particle
size, etc. The efficiency of the adsorption process is also affected by the interference of
other metal ions available during the adsorption process. The performance of the
adsorbent is characterized using the adsorption capacity, which is estimated using the

batch adsorption experiments. The effect of other parameters is also evaluated in the
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batch experiments. The batch experiments will be further used to evaluate the design
parameters such as adsorption rate constant, equilibrium constants, mass transfer

coefficients, etc.

The applicability of the developed adsorbent is very much required for the industrial use.
The batch experiments are ineffective and cost intensive process when the commercial
scale operations are concerned. Hence, to treat a large amount of wastewater on a
commercial scale, there is a need to carry out a cost effective adsorption operation in
continuous mode. The fixed-bed adsorption process can be an efficient way of
conducting the adsorption process for the wastewater treatment at the industrial scale
(Liao and Shiau, 2000). Thus, a fixed-bed adsorption column for the removal of metal
ions is required to be designed using the design parameters obtained from the batch
experimental data. The design of the column depends on various factors such as flow
rate, initial concentration, bed height, etc. The treated effluent from the adsorption
column must be containing the metals in the allowable limits. The adsorption column is
stopped when the treated effluent approaches the allowable limit. The design of the fixed-
bed column is more complex when it is utilized to treat the effluent from industries
containing multiple metal ions. Hence, there is a need to evaluate the performance of the
developed adsorbent for the simultaneous removal of multiple metal ions in the

continuous fixed-bed column.

The completion of the adsorption process leads to the metal loaded saturated adsorbent.
This saturated adsorbent is considered to be toxic and hazardous when released into the
environment. Hence, the prior treatment of saturated adsorbent is necessary to recover the

adsorbed metal ions before it discharge into the environment. The environmental
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constraints further emphasize the need to develop a suitable method for regeneration of

the saturated adsorbent.

A thorough understanding of the adsorption phenomena and its mechanism is important.
The break point time, the amount of solute treated, saturation loading, etc. are some of
the parameters which need to be evaluated before the process scale-up. The effective
utilization of the column can be very well explained by the modeling of the fixed-bed

adsorption column. These models can be further utilized for the process scale-up.

The common trend followed by most of the researchers is that the effect of a parameter is
examined by varying that parameter while keeping the other parameters constant. In the
present scenario, there is a desperate need to optimize the process. The objective of the
optimization can vary from the minimization of the cost and energy consumption to
maximize the performance, profit or efficiency. Nowadays, optimization of the process
becomes significantly vital due to the limitations on the time and resources. In a number
of cases, even one has to gratify with the suboptimal or yet viable solutions which are
safe enough and realistically attainable in a reasonable time scale. There are few studies,
have been reported for estimating the maximum removal efficiency as a function of all
the dependent parameters (Ahmadi et al.; VVazquez et al., 2009; Saadat and Karimi-Jashni,
2011; Mabher et al., 2014; Vuk¢evi¢ et al., 2014). There is a need to propose a generalized
mathematical equation which can be utilized to provide an optimal set of parameter

values resulting in the maximum removal efficiency or adsorption capacity.

Modeling of the adsorption process will help the researchers to know well in advance the

behavior of the adsorbent for the specific parameters. This also indicates the importance
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of the process modeling which will later help in the process development, scaling up and

optimization of the process parameters.

In summarizing the chapter, there is a need for the development of a low-cost nano-
porous adsorbent which can be utilized for the removal of multiple metal ions from the
industrial effluent. Extensive batch and continuous experimental studies are required to
be performed to evaluate the performance of the developed adsorbent. The used
adsorbent is required to be regenerated using proper technique to maximize the utilization
of the developed adsorbent. The obtained experimental data are required to be modeled to
get the optimum parametric values. Batch experiments are ineffective for the industrial
effluent treatment. So, there is a need to check the applicability of the developed nano-
porous adsorbent for the continuous removal of multiple metal ions. The continuous
experimental data would also be helpful in estimating the design parameters required for

the scale-up of the process.
1.6 Objectives

Thus the objectives of the present study are:

i. To develop the low-cost adsorbent using a biodegradable waste material and to

characterize using various techniques.

ii. To carry out the batch and continuous experiments to determine the performance of
developed low-cost adsorbents for removal of individual and multiple metal ions

[Cd(1D), Cr(\V1D), Cu(ll), Ni(ll), Pb(I1), Zn(I1), etc.] from wastewater.

iii. To apply various adsorption isotherms and rate Kinetic models to estimate the

adsorption parameters using batch experimental results.
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iv. To model and optimize the batch experimental results to get the optimum parametric

values.

v. To validate the mathematical models available in the literature with the obtained
continuous experimental results to estimate the design parameters for further scale-up

of the process.
1.7 Organization of the Thesis

The objectives of the present study are achieved by carrying out a thorough literature
survey on the removal of metal ions using low-cost adsorbents and are given in the
subsequent Chapter 2. The details of the experimental studies and setup are explained in
Chapter 3. The batch and continuous experiments results are better analyzed with the use
of various theoretical models which are presented in Chapter 4. The obtained
experimental results for both, the batch and the continuous experiments are discussed and
analyzed in Chapter 5. This chapter also includes the development and validation of
existing mathematical models using the experimental results. Finally, Chapter 6 deals

with the summary and conclusions of the overall work done during the study.
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CHAPTER 2
LITERATURE REVIEW

Several studies were reported in literature for the removal of heavy metals using various
commercial and low-cost adsorbents. The reported batch and continuous studies are

discussed in subsequent sections.
2.1 Batch Studies

A number of studies reported the batch experiments for the removal of several metal ions
using different adsorbents. Many of them have tried to utilize low-cost materials as the
precursor to the adsorbents. The experiments were performed to examine the effect of
few/several parameters such as initial concentration, pH, contact time, temperature,
adsorbent dosage and particle size. Few of the recent studies, carried out for the removal
of various metal ions, especially Cr(VI), Cu(ll) and Zn(ll), are being discussed in the

subsequent paragraphs.
2.1.1 Cr(VI) Adsorption Studies

Gupta and Babu (2009b) and Itankar and Patil (2014) used saw dust as adsorbent for the
removal of Cr(VI). Gupta and Babu (2009b) utilized fresh sawdust while Itankar and
Patil had activated the sawdust using L cysteine. Itankar and Patil (2014) studied the
variation of adsorbent dosage, initial concentration and pH of the solution while Gupta
and Babu (2009b) studied the effect of initial concentration, pH, adsorbent dosage and
contact time. The adsorption capacity for the fresh sawdust used by Gupta and Babu

(2009b) was found to be 41.52 mg g™ while for the activated sawdust used by Itankar and
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Patil (2014) was obtained as 15.42 mg g™*. Regeneration of saw dust was also studied and
discussed briefly by Gupta and Babu (2009b) to estimate the overall utilization ability of

the adsorbent.

Wang et al. (2010) utilized the black carbon isolated from the burning residuals of the
wheat straw for the removal of Cr(V1). Batch experiments were performed to study the
equilibrium and kinetic behavior of the process. The effect of parameters such as pH,
temperature and supportive electrolyte concentration were also being investigated on the
removal of Cr(VI). It was observed that the kinetic data of the adsorption process
followed the pseudo-second order equation and equilibrium was well described by
Freundlich isotherm. The Cr(VI) adsorption was temperature-dependent and almost

independent on the sodium chloride concentrations.

Rao and Rehman (2010) studied the removal of Cr(VI1) from wastewater using the fruits
of Ficus glomerata as an adsorbent. The effect of various parameters such as
temperature, pH, initial Cr(VI) concentration and time was investigated. The main
objective of the work was to utilize the adsorbent for the removal of Cr(VI) from

electroplating wastewater.

Suksabye and Thiravetyan (2012) used modified coir pith samples for the removal of
Cr(V1) from electroplating wastewater. The maximum adsorption of 196 mg g* was
achieved at pH 2, contact time of 22 h, temperature of 30°C, particle size of <150um and
1171 mg L™ of intial Cr(V1) concentration. This study showed that the adsorption
capacity was found to be better for fresh coir pith as compared to modified coir pith. This
may be due to the grafting of the coir pith with the acrylic acid, which enhanced the

presence of carbonyl groups on the adsorbent surface.
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Ali Khan Rao et al. (2012) utilized the fruit peel of Litchi chinensis for the removal of
Cr(VI). The parameters investigated in this study were temperature, pH, initial Cr(\V1)
concentration and time. Fourier Transform Infra Red (FTIR) spectrophotometer was used
in the study to identify the groups responsible for the adsorption of Cr(\V1). The Langmuir

isotherm model was found suitable to describe the equilibrium data.

Liang et al. (2013) studied the removal of Cr(VI) from wastewater using lignin based
resin. The adsorbent was developed by the condensation polymerization. The effect of
pH, initial metal ion concentration, adsorbent dose, contact time and temperature on the
removal of Cr(VI) were studied. Freundlich isotherm model was found suitable to
describe the adsorption phenomena for the Cr(VI) removal. The maximum adsorption
capacity of the resin for the removal of Cr(VI) was obtained as 57.681 mg g*. The
adsorption behavior was found to be spontaneous and endothermic in nature. The

adsorption process was validated by the pseudo-first order kinetic model.

Kaya et al. (2014) used wheat barn and modified wheat barn for the removal of Cr(VI).
This study reported the effect of initial concentration, contact time and pH for the
removal of Cr(V1) using developed adsorbents. The equilibrium data for the study was
very well explained by the Freundlich isotherm model. The maximum adsorption
capacities of wheat barn and modified wheat barn as adsorbents for the removal of Cr(VI)

were obtained as 4.53 and 5.28 mg g™*.

Liang et al. (2014) used spruce bark for the removal of Cr(VI) ions from aqueous
solutions. The three types of bark were prepared by treating it with the different
chemicals i.e. formaldehyde, dilute and concentrated sulfuric acid. The study reported the

increase in the percentage removal when the pH of the solution is decreased. It was also
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found that the temperature increases the rate of adsorption. The adsorption capacity for

the three adsorbents were found to be 423, 503 and 759 mg g™ for the removal of Cr(VI).

Avila et al. (2014) in their study utilized functionalized Polyacrylonitrile nanofibers for
the removal of Cr(VI). The effect of initial concentration, contact time and pH were
studied. The adsorption capacity of functionalized polyacrylonitrile nano-fiber for the
removal of Cr(VI) was obtained as 156.3 mg g™*. Langmuir isotherm model explained
well the adsorption behavior of the process. The pseudo-second order kinetic model
explained the kinetic phenomena during the adsorption process. This study also
emphasized the regeneration of adsorbent and recovery of Cr(VI) from regenerated

solution.
2.1.2 Cu(ll) Adsorption Studies

Benaissa and Elouchdi (2007) studied the removal of Cu(ll) using the sunflower leaves.
The effect of various parameters such as contact time, initial metal concentration, initial
pH of the solution and nature of copper salt on the metal removal Kinetics were
investigated. The pseudo-second order and Langmuir isotherm model were showing
better agreement with the kinetic and equilibrium experimental data respectively. The
maximum adsorption capacity obtained for the Cu(ll) removal using sunflower leaves

was 89.37 mg g™.

Liang et al. (2010) studied the removal of Cu(ll) with the use of Mg?/K" type orange
peel adsorbents. In this study, the effect of pH, solid/liquid ratio, contact time and metal
ion concentration on the Cu(ll) adsorption were studied. Monolayer adsorption was
suggested in both the adsorbents as the Langmuir model described well the adsorption

process. Pseudo-second order kinetic model was found suitable to describe the adsorption
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process. The thermodynamic studies showed that the adsorption of Cu(ll) was

spontaneous and exothermic in nature.

Senthil Kumar et al. (2010) investigated the efficiency of cashew nut shell as an
adsorbent for the removal of Cu(ll) by performing batch experiments. The effect of
various parameters such as pH of the solution, initial concentration, contact time,
temperature and adsorbent dosage were evaluated. It was found that the removal
efficiency decreases with an increase in the temperature of the process. The equilibrium
was attained in 30 minutes and the experimental kinetic data were following the pseudo-

second order kinetic model.

Rafiq et al. (2014) studied the utilization of magnesium and zinc oxide nano-adsorbents
as the potential materials for treatment of copper electroplating industry wastewater. The
maximum adsorption capacities obtained were 226 and 593 mg g™ for the removal of
Cu(Il) using ZnO and MgO respectively. The effect of initial concentration, pH,
adsorbent dosage, contact time and temperature were studied. Freundlich isotherm model
and pseudo-first order kinetic model well defined the adsorption of Cu(ll) on ZnO and

MgO adsorbents.

Cai et al. (2014) studied the removal of Cu(ll) and nitrate from the kaolinite-Fe/Ni
nanoparticles. The primary focus of this study was to simultaneously remove the heavy
metals and inorganic pollutants from the wastewater. The adsorbent was found to have
more affinity to reduce the metal contaminant in comparison to the inorganic pollutant.
The adsorbent was characterized using surface area, XRD and SEM for better

understanding of the adsorption mechanism.
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Wen et al. (2015) used carbonaceous sulfur-containing chitosan as a novel material for
the removal of Cu(ll). This study found that the developed adsorbent shown a good
performance in Cu(ll) removal due to its fast kinetic behavior, high adsorption capacity
and relatively good ability to resist acidic conditions. The adsorption capacity was found
as 413.2 mg g™ for the removal of Cu(ll). This study confirmed the applicability of the

Langmuir isotherm model in the adsorption process.
2.1.3 Zn(Il) Adsorption Studies

Lim et. al. (2012) utilized the powdered fish bones as the adsorbent for the removal of
Zn(Il). The effects of selective parameters such as solution pH, adsorbent dose and
contact time on the adsorption of Zn(ll) were investigated by conducting batch
experiments at room temperature. The results revealed that up to 98% of Zn(Il) was
removed at optimum adsorption conditions. The optimum values of pH, adsorbent dosage

and contact time were obtained as 5.0, 18 g L™ and 12 h respectively.

Kyzas et al. (2015) focused on the simultaneous removal of Zn(ll) and cationic dye using
the grafted Chitosan. The equilibrium and kinetic data for Zn(ll) and dye removal were
validated by the Langmuir & Freundlich isotherm models and the pseudo-second order
kinetic model respectively. This study also demonstrated the reuse of the adsorbent by

successive adsorption and desorption studies.
2.1.4 Multiple Metal lons Adsorption Studies

El-Ashtoukhy et al. (2008) studied the utilization of raw and activated pomegranate as an
adsorbent for the removal of Cu(ll) and Pb(Il). This study demonstrated the effect of

activation of the adsorbent on the removal efficiency. The performance of activated
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adsorbent was evaluated by performing batch adsorption experiments as a function of pH,
contact time, solute concentration and adsorbent dose. The adsorption phenomena was
well explained by the Langmuir model for the Pb(Il) removal while the Cu(ll) removal
was better demonstrated by the Freundlich model. The kinetic study was well understood

by the second order kinetic model for the removal of Cu(l1) and Pb(Il) ions.

Kazemipour et. al. (2008) utilized the activated forms of nutshells of walnut, hazelnut,
pistachio, almond and apricot stone for the removal of Cu(ll), Zn(11), Cd(11) and Pb(ll).
Selection of the metals was based on their presence in the industrial effluents. The
removal efficiency was optimized with respect to the initial pH, flow rate and adsorbent
dosage. The use of the developed adsorbent on the actual Cu(ll) industrial effluent
concluded that the removal efficiency was much more in real samples as compared to the

aqueous samples.

Li et al. (2008b) used the orange peel cellulose as an adsorbent for the removal of Cd(ll),
Zn(11), Co(I1) and Ni(ll). The orange peel was chemically modified before being used as
an adsorbent. This study incorporated the effect of various acid and alkali treatment on
the orange peel for the metal removal. The equilibrium was attained in 60 minutes. The
experimental kinetic data were fitted with the Lagergren first-order kinetics model. Both
the Langmuir and Freundlich isotherm models describe well the equilibrium adsorption

behavior of the orange peel.

Argun et. al. (2009) and Cutillas-Barreiro et.al. (2014) studied the utilization of modified
pine bark and pine bark respectively. The developed adsorbent was utilized for the
removal of Cd(I1), Cu(ll), Ni(I), Pb(Il) and Zn(Il) ions. The researchers had performed

the stirred flow and the batch-type experiments. The rate of adsorption was found high at
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the initial stages of the adsorption process. It was also observed that the uptake capacity
was higher for Pb(1l) followed by Cu, Cd, Ni and Zn. It was being deduced that the pine

bark can be used effectively to remove Pb(I1) and Cu(ll) from polluted streams.

Pehlivan et al. (2009; 2012) studied the use of modified barley straw as an adsorbent for
the removal of Pb(Il) and Cu(ll). The straw was first activated using citric acid and then
utilized as an adsorbent. The batch experiments were performed by varying various
parameters such as pH, contact time, initial concentration and adsorbent dosage. The
maximum adsorption capacities for the Cu(ll) and Pb(Il) adsorption were obtained as
4.64 and 23.22 mg g™ respectively. It was concluded that the carboxyl groups available
on the surface of the modified barley straw were responsible for the better Cu(ll) removal

efficiency.

Ofomaja et al. (2010) studied the competition for the removal of Cu(ll) and Pb(ll) ions
from the single and the binary mixtures. This study reported the utilization of the
Mansonia wood sawdust as an adsorbent for the Cu(ll) and Pb(Il) adsorption. The
equilibrium adsorption for Pb(Il) was well described by the Langmuir isotherm model
while the Cu(ll) ion sorption was explained by the Freundlich and BET isotherms. It was
observed that the removal of one metal in the presence of the other metal reduces the

adsorption capacity of the either metal ion.

Moreno-Pirajan et al. (2011) studied the use of activated carbon developed from the
coconut shells for the removal of Mn, Fe, Ni and Cu ions. The effect of adsorbent dosage,
contact time, solution pH and initial metal concentration on the metal removal were
studied. It was noted that the Langmuir isotherm model well describes the equilibrium

adsorption while the pseudo-second order kinetic model describes the Kinetics of the
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adsorption process. The solution pH was obtained as a determining factor during the

adsorption process.

Lugo-Lugo et al. (2012) evaluated the performance of pretreated orange peel as an
adsorbent for the removal of Cr(l11) and Fe(l11). The applicability of developed adsorbent
was checked for single and simultaneous removal of both metal ions. It was observed that
the rate of Cr(l11) and Fe(lll) adsorption in single and binary systems was significantly
high and mutual interference effects in the competitive binary Cr(I11)-Fe(l11) adsorption
system. The binary systems were well described by the multi-component Langmuir
isotherm model. The maximum adsorption capacities of pretreated orange peel for Cr(111)

and Fe(111) adsorption were estimated as 9.43 and 18.19 mg g™* respectively.

Patel et al. (2013) investigated the two different types of husk (Rice and pigeon pea) for
the removal of Cd(Il) and Zn(Il). It was observed that the percentage of adsorption for
both, Cd(Il) and Zn(ll), was decreased with the increase in metal ion concentration while
it increased with the increase in the solution pH (in acidic range). The developed
adsorbents viz. pigeon pea and rice husks were characterized and confirmed to be

excellent materials for treating wastewaters containing low concentrations of metal ions.

Morcali et al. (2014) studied the removal of Cu(ll) and Zn(l1) from sulfate media using
commercial adsorbent. Various parameters such as sorbent quantity, contact time,
temperature and acidity were studied by performing the batch experiments. The
Langmuir isotherm model fitted well with the equilibrium adsorption data and the
maximum adsorption capacities for Cu(ll) and Zn(l1) adsorption were estimated as 68.5

and 73.0 mg g™ respectively.
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Sikder et al. (2014) prepared Chitosan—carboxy-methyl-g-cyclodextrin entrapped nano-
zero-valent iron composite for the removal of Cu(ll) and Cr(VI) from wastewater. The
rate of adsorption was expressed by pseudo-second order reaction kinetics. The
equilibrium data were well described by both, Langmuir and Temkin isotherms. This
confirmed the monolayer adsorption of Cu(ll) and Cr(VI) and chemisorption nature of
the processes. The application of film diffusion and intraparticle diffusion models

indicated that the intraparticle diffusion may be the rate limiting steps.

Sankararamakrishnan et al. (2014) developed composite nano-floral clusters of carbon
nano-tubes and activated alumina for the removal of Cr(VI) and Cd(ll). Batch
experiments were employed to examine the effect of pH and contact time on the Cr(VI)
and Cd(Il) removal. The saturation sorption capacities of nano-floral clusters for Cr(\V1)

and Cd(11) removal were obtained as 264.5 and 229.9 mg g™ respectively.

Pumice-Supported Nanoscale Zero-Valent Iron was utilized by Liu et al. (2014) for the
removal of Cr(VI) and Hg(ll). The adsorption capacities of Hg(ll) and Cr(VI) were
evaluated as 332.4 mg g* and 306.6 mg g, respectively. The removal of Hg(ll)
increased while the removal of Cr(VI) gradually decreased with an increase in the pH
value. In this study, X-ray photoelectron spectroscope analysis (XPS) indicated that
Hg(ll) and Cr(VI) were removed by a quick physical adsorption in the initial stage of

adsorption.

Zhong et al. (2014) utilized an amphoteric adsorbent based on the cellulose rich biomass
for the removal of Cu(ll) and Cr(\V1). The adsorbent was prepared using the wheat straw
which contains both cationic and anionic properties. In this study, kinetic and equilibrium

experiments were performed to determine the performance of the adsorbent. This study
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concluded that the removal of Cu(ll) obeyed the Langmuir model while the Cr(VI)

removal was well defined by the Freundlich model.

Water bamboo (Zizania caduciflora Turcz.) was utilized by Asberry et al. (2014) for the
removal of five heavy metals ranging from Cu(ll), Cr(111), Ni(ll), Pb(ll), and Fe(lll).
Adsorption isotherms were applied and breakthrough studies were conducted to evaluate
the performance of water bamboo adsorbent for the removal of Fe(Il) and Ni(ll) at low
metal concentrations. It was also observed that the adsorption capacity of water bamboo
in continuous mode was 2-3 times higher than that of the adsorption capacity obtained

from batch mode.

Arshadi et al. (2014) studied the utilization of barley straw ash as the adsorbent for the
removal of Ni(Il), Cd(ll), Cu(ll) and Co(ll). The effect of initial concentration, contact
time, temperature and initial pH was investigated on the metals removal. The various
kinetic (Pseudo-first order, pseudo-second order) and equilibrium (Langmuir, Freundlich,
and Langmuir-Freundlich) models were utilized for understanding the kinetic and
equilibrium behavior of the adsorption process. This study concluded that the adsorption

process was favorable, spontaneous and endothermic in nature.

Various other works for the removal of different metal ions are being reported in Table

2.1.
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Table 2.1: List of various adsorbents available in the literature used for different metal removal.

Om . Equilibrium o
Metal | Adsorbent .. | Parameters Studied Rate Kinetics Reference
(mgg™) Isotherm
Pseudo-first order
Lagergren equation,
. impl nd order
Azadirachta pH, adsorbent dosage, ) simple second orde
o ) o Langmuir, Kinetics, Sharma and
indica (Neem) 158 | contact time, initial ) _ ]
) Freundlich Elovich equation, Bhattacharyya (2005)
leaf powder concentration, temperature o .
liquid film diffusion
model, intraparticle
diffusion mechanism
caiy Sawdust F’r.o'cess time, type of |o.n, .
. initial metal concentration, | Langmuir, .
(Deciduous 2.8 ) Pseudo-second order | Bozi¢ et al. (2009)
pH, adsorbent Freundlich
tree) .
concentration
pH, adsorbent dosage, ) _
Annona o Langmuir, Pseudo-second order, | Isaac and Sivakumar
71 contact time, initial ) ]
squamosa shell ) Freundlich pseudo-first order (2013)
concentration, temperature
Electroactive o )
Initial concentration, ) _ _
polypyrrole 71.4 ) Langmuir Pseudo-first order Seid et al. (2014)
_ contact time, temperature
(PPy) particles

28




Om ] Equilibrium o
Metal | Adsorbent .. | Parameters Studied Rate Kinetics Reference
(mgg™) Isotherm
Modified
) o ) ) Pseudo-second order
magnetic Initial concentration, pH, Langmuir, ] ]
406.6 | ) model, intraparticle | Zeng et al. (2015)
mesoporous ionic strength Freundlich o
diffusion model
carbon
Cd(1r) _
) pH, adsorbent dosage, Pseudo-first order,
Chemically o ]
- ) contact time, initial Langmuir, pseudo-second order,
modified maize 196.1 ) ] _ Guo et al. (2015)
concentration, Freundlich Intraparticle
straw o
Temperature diffusion model
pH, initial concentration
Tea factory of Cr (VI) ion, Langmuir, _ Malkoc and Nuhoglu
39.62 o ) First-order
waste temperature, agitating rate, | Freundlich (2007)
adsorbent mass
Oak(Quercus ) Langmuir,
Cr(VI) ) Shaking speed, adsorbent o
coccifera) 1.7 ] Dubinin- Pseudo-second order | Argun et al. (2007)
mass, contact time, pH _
sawdust Radushkevich
) Contact time, pH, ) _
Activated Neem o Langmuir, Pseudo-first order,
62.97 | adsorbent dosage, initial ) Babu and Gupta (2008b)
leaves ) Freundlich second order
Cr (V1) concentration
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Om ] Equilibrium o
Metal | Adsorbent .. | Parameters Studied Rate Kinetics Reference
(mgg™) Isotherm
) Contact time, pH, ) )
Activated o Langmuir, Pseudo-first order,
) 29.08 | adsorbent dosage, initial ) Babu and Gupta (2008a)
Tamarind seeds ) Freundlich second order
Cr (VI) concentration
Cr(VI) ) Langmuir,
. pH, contact time, )
Activated Fly o ) Freundlich,
21 initial concentration, Second order Gupta and Babu (2010a)
ash Koble-
adsorbent dosage ]
Corrigan
Oak (Quercus ) Langmuir,
] Shaking speed, adsorbent o
coccifera) 3.22 ) Dubinin- Pseudo-second order | Argun et al. (2007)
mass, contact time, pH _
sawdust Radushkevich
) pH, initial concentration, )
Sawdust(Acacia Langmuir, Lagergren pseudo-
) 5.64 | adsorbent dose, contact ) _ Meena et al. (2008)
arabica) ) Freundlich first order
cu(l) time, temperature
Sphagnum peat - pH, initial concentration Freundlich Pseudo-second order | Kalmykova et al. (2008)
Eucalyptus pH, contact time, initial )
) ) Langmuir,
camaldulensis 28.6 | metal concentration, Ereundlich Pseudo-second order | Patnukao et al. (2008)
reundlic
Dehn. bark temperature
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Om . Equilibrium o
Metal | Adsorbent .. | Parameters Studied Rate Kinetics Reference
(mg g™) Isotherm
Powdered Contact time, pH, ) Terdkiatburana et al.
] 19.2 ] Langmuir -
activated carbon adsorbate concentration (2009)
Process time, type of ion,
Sawdust o ) )
] initial metal concentration, | Langmuir, Pseudo-second order
(Deciduous 2 ) ] Bozi¢ et al. (2009)
adsorbent concentration, Freundlich
tree)
Cu(In pH
Langmuir,
Initial cation Freundlich and | Thomas model,
Chestnut shell 5.48 | concentration, Redlich— Clark model, Yoon - | Vazquez et al. (2009)
temperature, pH Peterson Nelson model
isotherms
) pH, particle size, surface Langmuir, _
Date pits 35.9 ) - Al-Ghouti et al. (2010)
area Freundlich
Oak (Quercus Optimum shaking speed, Langmuir,
Ni(l1) coccifera) 3.29 | adsorbent mass, contact Dubinin- Pseudo-second order | Argun et al. (2007)
sawdust time, pH Radushkevich
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Om . Equilibrium o
Metal | Adsorbent .. | Parameters Studied Rate Kinetics Reference
(mgg™) Isotherm
Sphagnum peat - pH, initial concentration Freundlich Pseudo-second order | Kalmykova et al. (2008)
Sawdust Time, type of ion, pH, )
) o Langmuir, Pseudo-second order
(Deciduous 1.2 initial metal, adsorbent ) Bozi¢ et al. (2009)
) Freundlich
tree) concentration
Langmuir, Pseudo-first order,
Alkaline- pH, initial concentration, Freundlich, pseudo-second order, _
. _ ] _ ] Akpomie and Dawodu
modified 200 adsorbent dosage, particle | TemkKin, Elovich equation, (2014)
Ni(I1) montmorillonite size, contact time Dubinin— intraparticle
Radushkevich | diffusion model
Langmuir, _
o ) ) Pseudo-first order,
o pH, initial metal ion Freundlich,
Nigerian ) ) pseudo-second order, _
o concentration, sorbent Temkin and _ ) Dawodu and Akpomie
kaolinite 166.67 ) _ o Elovich equation,
dose, particle size, contact | Dubinin— _ _ (2014)
clay ) ) _ intraparticle
time, temperature, ligand | Radushkevich o
diffusion model
(D-R)
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Om . Equilibrium o
Metal | Adsorbent .. | Parameters Studied Rate Kinetics Reference
(mg g™) Isotherm
pH, initial metal ion
) ) concentration, sorbent Langmuir, Pseudo-first order,
Ni(l1) Scrap tire 25 ) ) ) Gupta et al. (2014)
dose, particle size, contact | Freundlich pseudo-second order
time, temperature
Initial concentration,
adsorbent dose, particle ]
] o Langmuir, Pseudo-second order
Wheat bran 87 size, agitation speed, ] Bulut and Baysal (2006)
) Freundlich
temperature, contact time,
solution pH
pH, initial metal )
Pb(I1) Sphagnum peat - ) Freundlich Pseudo-second order | Kalmykova et al. (2008)
concentration
Langmuir,
Initial cation Freundlich and | Thomas model,
Chestnut shell 8.5 concentration, Redlich— Clark model, Yoon - | Vazquez et al. (2009)
temperature, pH Peterson Nelson model
isotherms
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Om . Equilibrium o
Metal | Adsorbent .. | Parameters Studied Rate Kinetics Reference
(mggr) Isotherm
pH, adsorbent dosage, ]
) o Pseudo-first order,
. i contact time, initial )
Pine bark (Pinus ) Langmuir, pseudo-second
) 76.8 | concentration, ) _ ) Gundogdu et al. (2009)
brutia Ten.) o Freundlich order, intraparticle
temperature, co-existing o
) ) diffusion models
ions, desorption
o Lagergren-first
Contact time, initial metal ]
Corncobs 43.4 ) Langmuir order, Lagergren- Tan et al. (2010)
concentration, pH
second order
Pb(11) pH, adsorbent dosage, _ _
Annona o Langmuir, Pseudo-second order, | Isaac and Sivakumar
90.93 | contact time, initial ] ]
squamosa shell ) Freundlich pseudo-first order (2013)
concentration, temperature
Carboxylated
cellulose Pseudo-first order,
nanofibrils- pH, initial concentration, Langmuir, pseudo-second order,
) ) 171 ) ) _ _ (Zhou et al. (2014)
filled magnetic contact time Freundlich intraparticle
chitosan diffusion models
hydrogel beads
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Om . Equilibrium o
Metal | Adsorbent .. | Parameters Studied Rate Kinetics Reference
(mg g™) Isotherm
Wheat straw o ) )
) pH, initial concentration, Langmuir, o
pulp fine 248.64 ) ) - Suopajérvi et al. (2015)
contact time Freundlich
Pb(ll) | cellulose
pH, initial concentration, Langmuir, )
Cow bone 50.1 ) ] Pseudo-second order | Cechinel et al. (2014)
contact time Freundlich
Sphagnum peat - pH, initial concentration Freundlich Pseudo-second order | Kalmykova et al. (2008)
Process time, type of ion,
Sawdust o _ ]
) initial metal concentration, | Langmuir, Pseudo-second order .
(Deciduous 1.6 ) ) Bozi¢ et al. (2009)
adsorbent concentration, Freundlich
tree)
Zn(I1) pH
Langmuir,
Initial cation Freundlich and | Thomas model,
Chestnut shell 2.41 | concentration, Redlich— Clark model, Yoon - | Vazquez et al. (2009)
temperature, pH Peterson Nelson model
isotherms
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2.2 Continuous Studies

Very few researchers employed the low-cost adsorbent for the removal of heavy metals
in a continuous mode. The following paragraphs discuss the work carried out by various

researches for the continuous removal of different metal ions.

Goel et al. (2005) utilized the granular activated carbon prepared using the coconut shell
for the Pb(Il) adsorption. In this study, the performance of the activated carbon and
treated activated carbon for the removal of Pb(ll) was investigated by performing the
batch and continuous experiments. The selection of the adsorbent for the column studies
was done based on the results obtained from the batch experiments. Continuous
experiments were performed to assess the effect of various process variables such as the
bed height, hydraulic loading rate and initial feed concentration on the breakthrough time
and the adsorption capacity. This study also included the regeneration of the used

adsorbent using HNOs.

Issabayeva et al. (2008) considered the removal of lead ions in the fixed-bed column
using the commercial, granular and un-pretreated palm shell activated carbon. This study
focused on the effect of pH and flow rates. Issabayeva used malonic and boric acids as
the complexing agents. It was deduced from the study that the removal was more at the
higher pH value of the solution. The increase in the flow rate was leading to a faster
saturation of the adsorption bed. The model proposed by Wang et al. (2003) was

validated with the obtained experimental results.

Pumice and Brown coal were used as an adsorbent for the removal of Cr(111) and Cr(V1)

by Gode and Moral (2008). This study was conducted at room temperature with an initial
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concentration of Cr(111) and Cr(VI) as 1x10°® mol L™. The column study was performed
as a function of pH, concentration of Cr(lIl) and Cr(VI) ions, volume of samples and
flow rate. The dynamic breakthrough capacities of the adsorbents for Cr(lll) and Cr(VI)
were evaluated. It was observed that the maximum adsorption was taking place at a flow
rate of 5 ml min™. This study provided a satisfactory result for the use of pumice and

brown coal as an adsorbent for the removal of Cr(111) and Cr(V1).

Suksabye et al. (2008) studied the removal of Cr(VI) from the electroplating wastewater
using coir pith as an adsorbent packed in the fixed-bed column. The effect of bed height
and flow rate was investigated. It was found that the breakthrough volume was increased
as the flow rate was decreased and the bed depth was increased due to an increase in the
empty bed contact time (EBCT). Thomas model was found suitable to explain the
experimental data. It was also observed that the adsorption capacity estimated from the
bed depth service time model (BDST) model was reduced with increase in the flow rate.
In this study, saturated adsorbent packed into the column was also regenerated with the
use of 2M HNO;. However, the obtained results had not confirmed the successful

regeneration of the adsorbent.

Mohan and Sreelakshmi (2008) studied the performance of low-cost adsorbent such as
raw rice husk (RRH) and phosphate treated rice husk (PRH) for the removal of different
heavy metals (Pb, Cu, Zn and Mn). The materials adopted were found to be an efficient
adsorbent for the removal of heavy metals in continuous mode using the fixed-bed
column. The parameters evaluated during the study were the bed height and the flow rate.
It was observed that the breakthrough time increased with an increase in the bed height.

In this study, various column design parameters such as the adsorption rate, adsorption
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capacity and depth of exchange zone were evaluated. It was found that there were
increase in the adsorption capacity and the rate of adsorption with the decrease in the

minimum column bed length by the use of phosphate treated rice husk.

Gupta and Babu (2009c; 2010b) had evaluated the performance of saw dust and activated
tamarind seeds as the potential adsorbent for Cr(VI1) removal by performing continuous
experiments in a fixed-bed adsorption column. The effects of parameters such as flow
rate, mass of adsorbent, initial Cr(VI) concentration were examined and the
corresponding breakthrough curves were obtained. The process parameters such as
breakthrough time, total percentage removal of Cr(\V1), adsorption exhaustion rate and
fraction of unused bed-length were estimated. This study also proposed a mathematical
model for fixed-bed adsorption column by including the effect of velocity variation along
the bed-length in the existing model. Pore and solid diffusion models were used to
describe the intraparticle mechanism of Cr(VI) adsorption. The proposed mathematical
model was validated with the literature data and the experimental data obtained in the
present study. The improved model was found to be good for explaining the behavior of

breakthrough curves.

Sousa et al. (2010) studied the use of green coconut shells as an adsorbent for the
continuous removal of toxic metals (Cu, Pb, Cd, Zn and Ni). It was found that a flow rate
of 2 mL min™ and height of 10 cm may be the most feasible system for the metal
removals. It was also concluded that the removal efficiency obtained for the different
metal ions from the fixed-bed was in the order of Cu> Pb> Cd> Zn> Ni. Experimental
results also confirmed that a larger quantity of the single ion effluent can be treated in

comparison to a multiple ions effluent.
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Escudero et al. (2013) investigated the applicability of the grape stalks waste as an
adsorbent for the single and multiple ions [Cu(l1), Cd(I1), Ni(I1) and Pb(Il)] adsorption. It
was observed that the adsorption of Pb(I1) was not affected by the presence of other metal
ions, while Cu(ll) adsorption was affected by the presence of Pb(ll), and was not by
Cd(I1) and Ni(ll). Also, Ni(ll) and Cd(Il) adsorption was effected in the presence of
Cu(I1) and Pb(I1). Homogeneous Surface Diffusion Model (HSDM) was also developed

to describe the characteristics of breakthrough curves.
2.3 Gaps in Existing Research

The literature survey in the proposed research area revealed that in the present industrial
era, the presence of toxic metals in the effluent streams of different industries is a
growing environmental concern. There are various physical and chemical methods
available for the removal of toxic metals from these effluent streams. It is also observed
that few adsorption studies were reported for the purification of industrial effluent
streams. However, economical treatment of effluent streams is the most important
criteria. The reported low-cost materials used as adsorbents do not possess the higher
adsorption capacity for the metal adsorption. In addition to that, most of the reported
adsorbents were utilized for the removal of single metal ion. Very few adsorbents have
been reported for the simultaneous removal of two metal ions. However, the actual
industrial effluents contain multiple metal ions which are also required to be treated
before discharging the effluent streams to the outer water bodies. Therefore, there is a
need to develop a low-cost adsorbent prepared from biodegradable material capable of

simultaneous adsorption of multiple metal ions with higher metal uptake. The removal of
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single metal ion, with the use of specific adsorbent in the presence of other metals affects

the adsorbent performance.

Very few studies have reported the regeneration of metal loaded adsorbent for the
reutilization of adsorbent. The regeneration is very much required to make the adsorption
process more economical and environmentally friendly. Most of the researchers follow a
common trend of performing batch experiments to study the effect of a single parameter
on the adsorption removal efficiency by keeping the other parameters constant. Only few
studies have been reported for the estimation of the maximum removal efficiency as a
function of all the independent parameters (Ahmadi et al.; Vazquez et al., 2009; Saadat
and Karimi-Jashni, 2011; Maher et al., 2014; Vukcevic et al., 2014). Whereas, no study is
found where the researchers have performed experiments at the optimum parametric

condition.

The literature survey also revealed that very few studies have reported the continuous
adsorption experiments using the low-cost adsorbents. The lab/pilot scale continuous
experiments are required to design/scale up the process to the industrial scale. The studies
related to the removal of multiple metal ions using fixed-bed column are scarce. The
mathematical models are used to scale-up the adsorption process from laboratory scale to
pilot scale and subsequent to the industrial scale. There are a significant number of batch
studies reported the use of various isotherm and kinetic model to fit the obtained
experimental data and the estimation of model parameters. However, very few studies
attempted the validation of available mathematical for the fixed-bed adsorption by the

continuous experimental data.
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2.4 Scope of Work

There is a need to develop a low-cost adsorbent from the naturally available waste
material which can be utilized as a potential adsorbent for the removal of multiple metal
ions. It is required to find the optimum activation conditions for the development of the
suitable low-cost adsorbent having more surface area and higher adsorption capacity for
the multiple metal ions. The batch experiments are needed to be performed at different
parametric values to evaluate the performance of developed adsorbent. There is an ample
scope of performing the continuous experiments using the developed low-cost adsorbent
for the removal of Cu(ll), Cr(VI) and Zn(ll) to demonstrate the use of the developed
adsorbent for the treatment of industrial effluent streams. A suitable method for the
regeneration of metal loaded adsorbent is required to be developed to make the

adsorption process more environmentally friendly.

The industrial effluents from pulp & paper and plating industries are mainly containing
multiple metal ions ranging from Cu(ll), Cr(VI), Cd(Il), Pb(Il), Ni(ll) and Zn(ll). Hence,
there is a need to evaluate the application of the developed low-cost adsorbent for the

simultaneous removal of multiple metal ions in a continuous column.

There is a need to propose a generalized mathematical equation which can be used by
most of the reported studies in the literature to find an optimal set of parameters which
results in the maximum removal efficiency or adsorption capacity. Batch and continuous
experimental results are required to be analyzed by the use of appropriate mathematical
models available in the literature. The obtained design parameters from the model
validation can be further utilized to propose a design of adsorption column in pilot and
industrial scale.
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CHAPTER 3
MATERIALS AND METHODS

This chapter deals with the detailed description of the methodology applied to carry out

the experimental studies and is discussed in the following sections.
3.1 Preparation of the Nano-porous Adsorbent

Neem is having its botanical name as Azadirachta indica and belongs to the mahogany
family Meliaceae. It shows the similar property to its close family member, Melia
azederach. The word Azadirachta is derived from the Persian ‘azaddhirakt' which means

'noble tree’. The taxonomic positions of neem are as follows:

Order ; Rutales

Suborder ; Rutinae

Family : Meliaceae
Subfamily : Melioideae

Tribe ; Melieae

Genus ; Azadirachta
Specie : Indica

Latin ; Azadirachta indica

It is a tough, fast-growing evergreen tree along with a straight stem, extended spreading
branches and fairly thick, coarse, longitudinally fissured bark (Ogbuewu et al., 2011).
The various parts of neem are used for different medicinal and other uses. The chemical
composition of bark ranges from bitter principles, essential oils and polysaccharides.
These inflammatory polysaccharides consist of glucose, arabinose and fructose which are

water soluble in nature (Puri, 2006). The neem bark is used for the treatment of skin
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infections, scabies, eczema, cancer, allergies, etc. (Hashmat et al., 2012). The proximate
and ultimate analysis of neem bark (Table 3.1) support its carbonaceous and
biodegradable nature. It is a well established fact that the carbonaceous materials are
more suitable adsorbents for metals removal (Shen et al., 2010). The use of neem leaves
for the Cr(VI) adsorption was established by Babu and Gupta (2008b). In the view of
above mentioned factors, neem bark is selected as the raw material for the development

of adsorbent for the heavy metals adsorption.

Neem bark, obtained from the trees of Birla Institute of Technology and Science, Pilani,
Rajasthan, India is utilized for the preparation of the nano-porous adsorbent. The neem
bark is repeatedly washed with distilled water for removing dust and other soluble
impurities. Washed material is dried in a shade for 24 h. The dried neem bark is then
crushed into smaller pieces by passing it through a roller crusher, jaw crusher and ball
mill sequentially. The crushed material is then screened through 12-14 BSS mesh
screens. The particles passed through 12 mesh and retained on 14 mesh are considered
for the experiments. Therefore, the average size of 12 and 14 mesh screens [(dy)~ 1.20
mm] is considered as the average particle size of the developed adsorbent. The activated
procedure reported by Babu and Gupta (2008b) is followed in the present study for the
activation of neem bark. These particles are further activated by chemical and physical
treatment at different activation conditions as given in Table 3.2. Finally, activated
materials (ANB1 to ANBG6) are repeatedly washed in distilled water for removing free
acid and color impurities. Now the activated neem barks (ANBSs) obtained from different
activation procedures are ready as adsorbent for the adsorption process. The stepwise

images of the evolution of ANB from neem bark are provided in Plate 3.1.
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Table 3.1: Proximate and ultimate analysis of neem bark (Shen et al., 2010;

Srivastava and Rupainwar, 2011).

Proximate Analysis (% by mass, dry basis)

Fixed carbon 12.19
Volatile material 85.86
Ash 1.93

Ultimate Analysis (% by mass, dry basis)

C 48.26
H 6.27
N 0.93
@) 43.46

Table 3.2: Activation conditions for the preparation of activated neem bark.

Neem Bark : H2SO4 | Activation Temp. | Time
S. No. ID .

(Wt. %: wt. %) (©) (h)
1 ANB1 1:1 70 24
2. ANB2 4:3 70 24
3. ANB3 4:5 70 24
4. ANB4 1:1 50 24
S. ANB5S 1:1 90 24
6. ANBG6 1:1 70 12
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Plate 3.1: Photograph of (a) Fresh Neem Bark; (b) Neem bark after first crusher;
(c) Neem bark after final crusher; (d) Neembark after activation; the

different stages of preparation.
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3.2 Characterization

Characterization is performed to study the various characteristics of the developed
adsorbents from neem bark. The characterization is an important activity when a new

material is developed as an adsorbent for the removal of specific pollutants.

The six developed ANBs (ANB1 to ANBG6) are characterized using the Fourier
Transform Infrared (FTIR) Spectroscopy (Frontier, Perkin Elmer) which is performed in
a range of 4000 to 400 cm™ to analyze the vibration mode of the available functional
groups. Out of the six developed adsorbents, the one which is having the relevant
functional groups on the surface and shows the maximum adsorption capacity for the
removal of Cr(VI1), Cu(ll) and Zn(ll) is being utilized for the further study and is termed

as NANB.

The nANB is further characterized using five more techniques. The first characterization
technique used is Scanning Electron Microscope (SEM) which captures various images
by focusing a very high energy beam of electrons on the surface of nano-porous
materials. Energy Dispersive Spectroscopy (EDS) is used to detect the specific elements
present in the test material. This characterization technique provides the elemental
composition of the materials in weight percent. The SEM and EDS analysis of fresh
nANB, saturated nANB by Cr(VI), regenerated nANB from Cr(V1) and used nANB for
plating industrial effluent are done using Field Emission Gun-Scanning Electron
Microscopes (FEG-SEM, JSM-7600F, IIT Bombay). The SEM and EDS of nANB used
on pure Cu(ll), Zn(I1) and combined solution of Cu(ll), Cr(VI) & Zn(Il) are performed
using Scanning Electron Microscopes (JSM 6510LVat University Sophisticated
Instruments Facility (USIF), Aligarh Muslim University). The SEM and EDS of the used
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nANB on the synthetically prepared pulp & paper industrial effluent is done using ZEISS

EVO Series SEM Model EVO 50 at Indian Institute of Technology (I1T), Delhi.

The available specific surface area is another important characteristic of developed
adsorbent as the adsorption process is a surface phenomenon. Hence, the specific surface
area of the nANB is determined using the Brunauer-Emmet-Teller (BET) surface
analyzer (Smart Sorb 92/93, Smart instruments Co. Pvt. Ltd.). The X-ray diffraction
(XRD) analysis of the developed nANB is carried out using Rigaku MiniFlex Il desktop
X-ray Diffractometer. The XRD analysis offers the phase analysis of the developed
NANB. The developed nANB is also characterized by Thermo-Gravimetric Analysis
(TGA) which is performed on TGA-4000, Perkin Elmer. This technique helps in

determining the thermal stability of the newly developed nANB.
3.3 Preparation of Stock Solution

The 1000 mg L™ of stock solutions are prepared by dissolving the specific amount of the
respective metal complex salts in the distilled water and the volume of the solution is
made upto 1000 mL. The details of the salts and the amount used are being tabulated in

Table 3.3. All the chemicals used during the study are of analytical grade.
3.4 Batch Experiments

Equilibrium experiments are performed for the removal of different metal ions from
aqueous solutions using developed ANB1 to ANBG6. In this study, the initial
concentration of different metal ions [Cr(\V1), Cu(ll) and Zn(Il)] is varied from 5-200 mg

L™ by keeping other parameters constant (Table 3.4). Out of six developed adsorbents,
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the one which is having more adsorption capacity for the removal of Cr(VI), Cu(ll) and

Zn(11) is being used for the further study.

Batch experiments are performed in 100 mL conical flask with working volume of 25 mL
(Fig 3.1). The stock solutions are diluted using distilled water to prepare different metal
ion concentration solutions ranging from 5-200 mg L™. The specified amount of
adsorbent is added to the solutions and kept in agitation at a speed of 150 rpm on a rotary
shaker (Julabo make, Plate 3.2) for a predetermined period. Parametric studies are
performed to evaluate the effect of initial metal ion concentration, adsorbent dosage,
contact time, pH and temperature on the removal of Cr(VI1), Cu(ll) and Zn(Il) using
nANB. The ranges of various parametric values are provided in Table 3.4. The batch
equilibrium experiments are also conducted for the removal of Cd(l1), Ni(ll) and Pb(II)
based on the composition of the pulp & paper industry effluent (Thippeswamy et al.,
2012). All the experiments are performed twice and the averaged values are considered in

the further evaluation.
3.5 Column Experiments

Continuous experiments are performed for the removal of heavy metals from aqueous
solutions using NANB as a packing material in a fixed-bed column. The schematic
diagram of the experimental setup is shown in Fig 3.2. The photograph of the
experimental setup is provided in Plate 3.3. A glass column of 2.53 cm inner diameter is
employed as a fixed-bed column. The column is packed with the nANB in a stepwise
manner. Primarily, a known quantity of nANB is filled into the column and is shaken
manually in order to have intense packing. The pattern is extended till the total amount of
the adsorbent is packed into the column. Later, 500 mL of distilled water passes through
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the bed to ensure an added dense packing. The aqueous solution of different metals is
passed through the fixed-bed column in the down flow mode. In the present study, the
effect of various parameters such as the mass of adsorbent, the inlet flow rate and the
inlet metal concentration on the continuous metal ion removal are studied. The range of
different parametric values used in the present study are given in Table 3.5. An optimum
pH value (2.2) obtained from the batch experiments is maintained throughout the
continuous experiments. The selected value of pH is also justified by the fact that the
industrial effluent streams such as chromium plating effluent (pH=1) (Selvaraj et al.,
2003), tannery (=2) (Aksu and Gonen, 2004), electroplating (= 2.2) (Kumar et al., 2008)

and other literatures (Malkoc and Nuhoglu, 2007) are having low pH.

Continuous experiments are also performed for the synthetically prepared multiple metal
ions solution [50 mg L™ each of Cr(V1), Cu(ll) and Zn(I1)] to check the performance of
the developed nANB. Although the batch studies are conducted out at actual chrome
plating industrial effluent sample, however, due to its unavailability, continuous studies
are not performed with this sample. Therefore, the nNANB is utilized for the treatment of
synthetically prepared pulp & paper industry effluent which contains multiple metal ions
[Cd(ID), Cr(V1), Cu(ll), Ni(Il), Pb(I1) and Zn(Il)]. The composition of the synthetically
prepared multiple metal ions solution is given in Table 3.6. The flow rate and mass of the

adsorbent is maintained as 10 mL min™ and 75 g respectively during the experiment.
3.6 Analysis of Metal lons

The concentration of total metal ions left in the liquid phase is determined spectro-
photometrically using the Atomic Absorption Spectrophotometer (AA-7000, Shimadzu)
shown in Plate 3.4 (Memon et al.,, 2009). Subsequently, the amount of metal ions
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adsorbed by the nANB s calculated using the following Eq. 3.1 (Babu and Gupta, 2008b;
2009a).

- \Y
(G, -C.) 51)
w

where . is the adsorption capacity (solid phase concentration of metal ion on the
adsorbent) (mg g?), Co is the initial concentration of metal ion (mg L™), C. is the

concentration of metal ion at equilibrium (mg L™), V initial volume of metal solution (L)

and W weight of the adsorbent (g).
3.7 Regeneration

In the present study, two types of desorption techniques have been applied. In the first
technique, a simple thermal approach is considered. In this technique, the used adsorbent
is kept for the shaking in a distilled water at 70°C. It is a well known fact that the
adsorption of metals is favored at low pH. Therefore, the other technique is based on the
base and acid treatment (Gupta and Babu, 2009b; Kapur and Mondal, 2013). The
regeneration process is carried out by treating the saturated NANB with 1 N NaOH for 24
h and followed by 1N HCI treatment for 24 h. After the treatment, the regenerated nANB
is washed thoroughly with distilled water to remove the traces of acid from the nANB

surface (Gupta and Babu, 2009a).
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Table 3.3: Different salts and their respective amounts used to prepare 1000 mg L™

metal stock solutions.

Amount
Mol. Wit.
Metal | Complex Salt Formulae Used
(9)
(9)
Cd(I1) | Cadmium nitrate tetra-hydrate | Cd(NOs),. 4H,O | 236.4208 2.7442
Cr(VI) | Potassium dichromate K2Cr,07 294.1846 2.8287
Cu(Il) | Copper sulphate penta-hydrate | CuSO4.5H,0 249.685 3.9293
Ni(ll) | Nickel nitrate hexa-hydrate (NiNOg),. 6H,0 290.79 4.9545
Pb(ll) | Lead nitrate Pb(NO3); 331.2 1.608
Zn(I1) | Zinc sulphate hepta-hydrate ZnS04.7H,0 287.54956 4.397

Table 3.4: Various parameters considered during the batch experimental study.

Parametric Study Initial Metal | Adsorbent | Contact pH Temp.
Concentration Dosage Time (°C)
(mg L) (9L (h)
Initial metal concentration 5-200 6 48 2.70 35
Adsorbent dosage 100 4-28 48 2.70 35
Contact time 100 6 0-48 2.70 35
pH 100 6 48 1.2-12 35
Temperature 100 6 48 2.70 35-70
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Fig 3.1: Batch experimental setup.

Plate 3.2: Photograph of Batch Experimental setup.
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Fig 3.2: Fixed-bed experimental setup for continuous adsorption process.
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Plate 3.3: Photograph of experimental setup for continuous adsorption process.
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Table 3.5: Various parameters considered during the column study.

Initial Metal | Adsorbent
) ) Inlet Flowrate
Parametric Study Concentration | Amount 4 pH
1 (mL min™)
(mg L") (9)
Initial metal concentration 50, 100 75 10 2.20
Adsorbent amount 50 25-175 10 2.20
Inlet flow rate 50 75 5-15 2.20

Table 3.6: Composition of synthetically developed pulp & paper industrial effluent
(Thippeswamy et al., 2012).

Concentration
Metals
(mg L™

Cr(VvI) 59.02
cu(ll) 7.72
Zn(I) 2.9
Pb(11) 1.54
Ni(I1) 3.49
cd(ll) 1.44
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Plate 3.4: Photograph of Atomic Absorption Spectrophotometer (AA-7000).
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CHAPTER 4
MATHEMATICAL MODELING

The batch adsorption experimental data are used to evaluate various parameters with the
help of different isotherm and kinetic models available in the literature. Batch
experiments are not suitable for large scale treatment processes, however, the parameters
evaluated from this study are helpful in designing the column for continuous
experiments. The mathematical models available for the fixed-bed columns are also
useful to estimate the design parameters by validating them using laboratory scale
continuous experimental results. In the following sections, various available adsorption
isotherm, kinetic and mass transfer models are described. Development of a generalized
mathematical equation using the batch experimental data to estimate the optimum
parametric values is also discussed. Mathematical equations to calculate various design

parameters of adsorption column are also presented in the subsequent sections.
4.1 Adsorption Isotherm Models

In order to understand the distribution of the metal ions in the liquid and solid phases at
equilibrium, there is a need to fit the different isotherm models with experimental
equilibrium data. In the present work, the data are fitted with the Langmuir, Freundlich
and Tempkin isotherm models. The linear form of these isotherm models are given in
Table 4.1. These are applied to the equilibrium experimental data to estimate the different

parameters of isotherms.
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4.1.1 Langmuir Isotherm

The Langmuir isotherm model (Table 4.1) is one of the basic isotherm models which has
been extensively used for the adsorption of heavy metals, dyes, organic pollutants, etc.
(Gupta and Babu, 2009b). This isotherm model is principally valid for the mono
molecular layer adsorption. It supports the homogeneous adsorption which states that all
the adsorption sites are equally capable of adsorbing pollutants irrespective of the status
of the adjacent sites. The Langmuir isotherm is also utilized to evaluate the maximum
adsorption capacity (gm) which represents the capacity produced from the complete single
layer coverage of adsorbent surface. Another parameters evaluated using Langmuir
isotherm models are b and R.. The b is an adsorption equilibrium constant representing
the adsorption energy while R, represents the dimentionless equilibrium parameter and is
calculated using Eq. 4.1 (Langmuir, 1916; 1918; Bozi¢ et al., 2009; Gupta and Babu,

2009a; 2009b; Huang et al., 2009).

R, = L
1+bC,

(4.1)

4.1.2 Freundlich Isotherm

The Freundlich isotherm (Table 4.1) model which supports the heterogeneous adsorption
process. This isotherm model illustrates that the ratio of the amount of solute adsorbed
onto a given mass of adsorbent to the concentration of solute in the solution is not
constant at different concentrations. For many systems, the heat of adsorption decreases
in magnitude with increasing the extent of adsorption. This aspect has been incorporated
in the Freundlich isotherm. K and ng represents the Freundlich isotherm constants where

Kr indicates the relative adsorption capacity of the adsorbent related to the bonding
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energy and ng is the representation of the heterogeneity of the process (Freundlich, 1932;
Bhattacharya et al., 2008; Gupta and Babu, 2009a; 2009b; Wang and Li, 2009; Al-Ghouti

et al., 2010).
4.1.3 Tempkin Isotherm

The Tempkin isotherm model (Table 4.1) contains a factor that takes into account of the
adsorbent—adsorbate interactions. It is based on the assumption that the heat of adsorption
of all the molecules in the layer decreases linearly with the coverage of molecules due to
the adsorbate—adsorbate repulsions. It also assumes that the adsorption of adsorbate is
uniformly distributed. The fall in the heat of adsorption is more linear rather than
logarithmic, as implied in the Freundlich isotherm. The applicability of the Tempkin
isotherm plot can be validated with the plot of ge vs. In C.. The slope and intercept of this
plot provide the Tempkin isotherm constants, Ar and Br. Here, At represents the
equilibrium binding constants and Br is related with the value of bt (Bt = RT/br) which
provides the information of the heat of adsorption (Tempkin and Pyzhev, 1940; Gupta

and Babu, 2009a; 2009b; Mittal et al., 2009).

4.2 Adsorption Kinetic Models

The kinetic experimental data are used to evaluate the rate and kinetic behavior of the
adsorption process. The kinetic parameters are useful in predicting the rate of adsorption
which is an important information in designing and modeling of the adsorption process.
The various rate models used to study the kinetic behavior of the metals adsorption are

pseudo-first order, second order and Elovich model. The linear forms of these models
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(Table 4.2) are utilized to estimate the rate kinetic parameters and constants by the use of

experimental data.

In the pseudo-first order kinetic model, the Lagergren (1898) showed that the adsorption
capacity is an important factor affecting the adsorption of the solute on the adsorbent.
The variation of true first order with the pseudo-first order are having two major
consensus: (1) the parameter ki(ge - ;) does not represent the number of available sites;
(2) the parameter log g. which is an adjustable parameter and often found not to be equal
to the intercept of the plot of log(ge—q:) versus t. While, it should be equal to the intercept
when the true first order model is considered (Ho and McKay, 1998; Gupta and Babu,
2009a). The applicability of pseudo-first order kinetic model is evaluated by plotting
graphs of log (ge-q¢) Vvs t. The obtained slope and intercept from the linear fit are used to
estimate the value of g, and kag. The second order rate kinetic model is used to calculate
the value of ge. The applicability of the second order kinetic model is evaluated by
plotting a graph of 1/(ge-q:) vs. t. The best fit straight line helps in estimating the value of
ge and ko. A graph of g; vs. In t is plotted to check the applicability of Elovich model. The
slope and intercept of the best fit straight line would be used to estimate the Elovich

model constants, « and .
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Table 4.1: Isotherm models along with their linear representative equations.

Isotherm Model | Linear Equation Reference
Langmuir C, 1 C, Langmuir (1916)
6. ba, g,
Freundlich log(q,)=log(K.)+n. log(C,) | Freundlich (1906)
Tempkin d.=B; InA, +B; InC, Tempkin and Pyzhev (1940)

Table 4.2: Kinetic models along with their linear representative equations.

Kinetic Model

Linear Equation

Reference

Pseudo-first order

log(q, —a;)=logq, - kad(

o)
2.303

Lagergren (1898)

Second order

L :i+k2t

(qe - qt) Q.

Ho and McKay (1998); Ho
(2006)

Elovich model

0 =% ln(aﬂ)+% Int)

Zeldowitsch (1934)
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4.3 Mass Transfer Model

In the adsorption process, the movements of the adsorbate molecules occur from the fluid
phase to the solid phase via different mechanisms. Initially, the molecules of the
adsorbate transport from the bulk phase of the liquid to the surface of the adsorbent
which is called as the Film diffusion. Further, molecules transport from the surface to the
interior of the particle which is termed as the intraparticle diffusion. The molecule is
finally adsorbed in the interstitial sites of the porous adsorbent. In the present study, the
Weber & Moris (Weber and Morris, 1963; Malash and El-Khaiary, 2010; Kapur and
Mondal, 2013) and the Boyd (Boyd et al., 1947; Malash and El-Khaiary, 2010; Kapur
and Mondal, 2013) models are used to study the rate-limiting mechanism for the metal

adsorption on nANB adsorbent.
4.3.1 Weber & Morris Model

In the adsorption process, the rate of mass transfer of adsorbate molecules is controlled
by the film diffusion or intraparticle diffusion or both. Weber & Moris (Weber and

Morris, 1963) proposed the intraparticle diffusion model and is given by Eqg. 4.2:

d, :Kidtll2 +1 (4.2)

where Kig (mg g™ min™?

) and | represents the intraparticle diffusion rate constant and
thickness of the boundary layer respectively. According to this model, a straight line
passing through the origin for a plot of solute adsorbed versus the square root of time

represents the perfect intraparticle diffusion. However, if the line does not pass through

the origin, then there is a possibility of film diffusion mass transfer mechanism.
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4.3.2 Boyd Model

An apparent differentiation between the intraparticle and film diffusion has to be made
for the clear understanding of the adsorption mechanism. Boyd model is used for the film

diffusion and is represented by Eqgs. 4.3 and 4.4 (Boyd et al., 1947).

6
F=l-— e (-Bt) (4.3)
Fol (4.9)
g,

where, the F is the fraction of solute adsorbed at a time t, and B is a function of F. Eq. 4.3

can be rearranged in the linear form and is given by Eq. 4.5.
Bt =[-0.4977 —In(1- F)] (4.5)

The applicability of the Boyd model can be confirmed by fitting the experimental data
linearly for [-0.4977 - In(1-F)] versus time. If the linear plot of the graph is not passing

through the origin, then it confirms that the process is film diffusion controlled.
4.4 Conceptualization of the Model

In process analysis, modeling is of great interest. It is essential for forecasting the
response and behavior of the system on the basis of reliant input parameters. Any
experimental data can be well fitted by a suitable polynomial function. In the present
study, the initial concentration, contact time, pH and the adsorbent dosage are being
considered as input parameters for the modeling of the system. The experimental data are
utilized to obtain 1%, 2" 3", 4™ 5" order polynomial equation. It is observed that the

regression correlation coefficient (R?) value increases with the order of the polynomial,
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while it is found unchanged after the 4™ order polynomial. Therefore, the polynomial of
fourth order (Eg. 4.6) is utilized to anticipate the response of the system in terms of the

adsorption capacity of the adsorbent.
Upe =8 + D @ X, D a X7+ a X +> a X/'s (4.6)

where i represents the number of independent variables and can vary from 1 to n
depending on the number of parameters, qpre represents the predicted adsorption capacity,
ap represents the intercept coefficient and ai1, a2, ais and ais are the constants for 1%, 2",
3™ and 4™ order variables and X; represents the normalized value of i dependent

variable.

The experimental data obtained during the various experiments for each parameter are
normalized on the basis of maximum parametric value considered in all the
experimentations for that parameter. The normalized experimental values of all
parameters are regressed using Microsoft Excel 2007 to fit the fourth order polynomial
(Eq. 4.6). The generalized form of obtained regressed equation is represented by Eq. 4.7.

— 2 2 2 2
qpre - a'0 +allxl +a21)(2 +a31X3 +a41><4 +a12xl +a'22)(2 +3.32X3 +a42x4

3 3 3 3 4 4 4 4
+a,2) +8,, X, + 8, X +a,, X, +a, X +a,, X, +a5, X, +a,,X, 4.7)

where X1, X2, X3 and X, are representing the inlet concentration, pH, contact time and
adsorbent dosage respectively. Also the ay is the intercept coefficient and as;, a,i, asi and
aqi are the coefficients for the first order, second order, third order and fourth order
variables respectively. This equation leads to a mathematical model which can be used to
predict the adsorption capacity of the adsorbent on substituting the various independent

parameters.
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4.5 Optimization

In the last few decades, there has been an increase in the interest towards the optimization
of the parameters to make the process more efficient. There are various optimization
algorithms available in the literature which can be used to solve the mathematical
modeling equations and to obtain the optimum values for the dependent parameters.
These algorithms are being examined on the belief of evolution, which states the survival
of the fittest. The various algorithms available are Differential Evolution, Microsoft
Excel Solver, Genetic Algorithm, Genetic Programming, Evolutionary Programming and
Evolution Strategies (Nath and Das, 2011; Datta and Kumar, 2012; Fakhri, 2014). A
conceptualized description of the evolutionary computation procedures is being presented

by Babu (2007).

Differential Evolution (DE) is one of the most robust technique which utilizes the
population based technique and is very much competent with other processes (Kumar et
al., 2011a). The DE is having various advantages such as it is bare and straight forward to

use arrangement, high speed and rugged nature (Storn and Price, 1997; Babu, 2007).

In the present study, the focus is to optimize a single equation with a single objective
function. DE is used to solve the modeled equation. An algorithm is developed using the
basic aspects of DE (Fig 4.1) and a code is developed to implement the developed
algorithm using the platform of MATLAB 7 (Kumar et al., 2011b; Buehren, 2012). A
minimization approach is taken for the optimization process. The function utilized here

for the optimization is given in Eq. 4.8.

Z =0Ocatc ~Upre (48)
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where qcac IS the adsorption capacity obtained by varying individual parameters in DE

and qpre is the value obtained using the Eq. 4.7.
4.6 Mathematical Modeling of Fixed-bed Adsorption Column

The design of fixed-bed adsorption column is very complicated. The proper
understanding and suitable design could be proposed by having the better understanding
of the mathematical models. The behavior of the adsorption column can be explained in
terms of the effluent concentration and the time profile, which is seldom termed as the
breakthrough curve. The response of the column is very well explained by important
parameters like breakthrough time and the shape of the curve. Breakthrough time
corresponds to the time required to reach the outlet concentration of pollutant to its
permissible limit. In most of the cases, the breakthrough concentration is in the range of
1-5 % of the feed concentration. Generally, the primary factors affecting the
breakthrough time are the mass of adsorbent or the column height, the flow rate and the
feed concentration. With the passage of time, the effluent concentration will suddenly
increase from zero/low metal concentration to the inlet concentration. These results
would be helpful in estimating the column adsorption capacity (Aksu and Génen, 2004;
Chu, 2004; Keshtkar et al., 2012). The data obtained from the laboratory scale continuous
adsorption experiments are helpful in estimating the important design parameters which

are discussed in the following paragraphs.

The total amount (stoichiometric) of metal adsorbed (g, mg) for a given initial metal

concentration and flow rate for the column is obtained using Eqg. 4.9.

G = (4.9)

J‘t ttoIaI
1000 1000 t
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The quantity of A, i.e. the area underneath the curve is acquired by plotting a graph of
the adsorbed concentration (Caq, mg L™) with respect to the time (t, min). The Q in the
Eq. 4.8 is representing the flow rate during the process in mL min™. The amount of the

total metal ion passed through the column (m;) can be evaluated using Eq. 4.10.

L (4.10)

‘1000

where, t; is the time equivalent to the total stoichiometric capacity of the fixed-bed

column and is given by Eq. 4.11.

t, = (4.11)

where t; is representing the total time of the process. The amount of total metal removed

in terms of percentage removal is calculated using Eq. 4.12.

Totalpercentage removal of metalion (S) =% %100 (4.12)

t

The total time needed to reside in the empty column is determined as the empty bed

residence time (EBRT) and is calculated using Eq. 4.13.

EBRT — Bed volume (4.13)

Volumetric flow rate of liquid

An additional parameter determined in the continuous experiments is the adsorbent
exhaustion rate (R,) which indicates the amount of the adsorbent (W) utilized on the basis

of a unit volume of liquid treated till the breakthrough time. It is estimated by Eq. 4.14.

Adsorbent exhaustion rate(R, )= mass of adsorbent in column (4.14)

volume treated at breakthrough

67



The fraction of the unused bed length (y) is evaluated using Eq. 4.15.

y=i-1 (4.15)
tt

where t;, is the breakthrough time of the process.

Due to the complex nature of the fixed-bed adsorption process, Yoon-Nelson and Yan
mathematical models are utilized for predicting the dynamic behavior of the column

(Aksu and Gonen, 2004; Salamatinia et al., 2008; Keshtkar et al., 2012).
4.6.1 The Yoon-Nelson Model

A simple model was developed by Yoon-Nelson (Yoon and Nelson, 1984) which
addresses the adsorption and the breakthrough process of the vapors or gases on the
activated carbon. The probability of adsorption is directly proportional to the solution
breakthrough on the developed adsorbent (Calero et al., 2009). The Yoon-Nelson

equation with respect to a single component system is expressed as Eq. 4.16.
C, exp(KYN,i Xt_KYN,iXTi)

- (4.16)
Coi 1+exp(Kyy, xt—Ky;xz;)

where Kyn i represents the Yoon-Nelson rate constant of i component (h™), 7 represents
the time required for 50% of i adsorbate breakthrough (h), and t is the sampling time
(h). The analysis of the breakthrough curves with the help of the model requires the

evaluation of the model parameters Kyn; and ;.
4.6.2 The Yan Model

The basis of the Yan model is the statistical analysis of the experimental results along

with some of the simplifications (Yan et al., 2001). Yan model is more realistic than other

68



models as it explains the entire breakthrough curve with more precision. The model can

be represented by Eq. 4.17.

Ci 4 1 (4.17)

Co, ((0.0le C.; XQJ Jai
1+ ’ xt
qo,i x M

where, a; and qp; are the Yan model parameters. Here, the relation between the model

parameters with the experimental condition is impossible which leads to an impossible

scaling up of the process (Keshtkar et al., 2012).
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CHAPTER 5
RESULTS AND DISCUSSION

In the present study, the neem bark is activated by different activation procedures. The
performance of six developed ANBs are evaluated for the removal of Cr(V1), Cu(ll) and
Zn(I1) by performing equilibrium batch experiments. The ANB, which has shown a better
adsorption capacity for the Cr(\V1), Cu(ll) and Zn(Il) adsorption has been considered for
further characterization and experimental studies. The results obtained for batch and

continuous experimental studies are discussed in detail in the following sections.
5.1 Selection of NANB

The equilibrium experiments are performed to evaluate the performance of six (ANB1 to
ANBG6) developed adsorbents for the removal of Cr(VI), Cu(ll) and Zn(Il) using neem
bark as the raw material. The inlet concentration is varied from 5 to 200 mg L™ for all the
experiments while keeping other parameters constant (Table 3.3). The results obtained
for the Cr(VI), Cu(ll) and Zn(Il) removal using six ANBs are plotted as ge vs. Ce (Figs
5.1, 5.3 and 5.5) and percentage removal vs. Ce (Figs 5.2, 5.4 and 5.6). The solid phase
concentration of ANB1 for Cr(VI) adsorption is approximately double to that calculated
for the other ANBs (Fig 5.1). The percentage removal of Cr(VI) using ANBL is also
found significantly higher than other ANBs (Fig 5.2). The solid phase concentration with
the use of ANB2 and ANBS6 is observed to be higher than that obtained by ANB1 for the
removal of Cu(ll), however, the obtained value for the ANBL is nearly same to the ANB2
and ANB6 (Fig 5.3). Similar results are obtained for the removal of Cu(ll) using ANB2,
ANB5 and ANBG6 in comparison to that of ANB1 (Fig 5.4). Similarly, ANB2, ANB5 and
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ANBG6 are showing higher solid phase concentration of Zn(ll) as compared to ANB1,
ANB3 and ANB4 (Fig 5.5). However, ANB1 shows better capacity for Zn(11) adsorption
as compared to ANB3 and ANBA4. Likewise, percentage removal is higher for Zn(ll)
removal using ANB2, ANB5 and ANBG as compared to that for ANB1 (Fig 5.6). In the
real scenario, the industrial effluent streams contain several metal ions, hence, the
adsorbent employed must have significant capacity to simultaneously adsorb multiple
metal ions. On a whole, ANBL1 is found to have better adsorption capacity for Cr(VI),
comparatively good for Cu(ll) and significant for Zn(Il) as compared to other developed
ANBs. The maximum adsorption capacity obtained during equilibrium experiments using
ANBL1 to ANBG for the removal of Cr(VI), Cu(ll) and Zn(Il) are tabulated in Table 5.1. It
is observed that the overall adsorption capacity of ANB1, ANB2 and ANBG6 are very
close. However, the adsorption capacity of ANB1 for Cr(VI) adsorption is significantly
higher (= 50%) as compared to ANB2 and ANB6. Cr(VI) is more harmful as compared to
other metals [Cu(ll) and Zn(I1)]. Hence, the selection of suitable adsorbent is mainly
dominated by the adsorption capacity for Cr(\V1). Although the adsorption capacities of
ANB2 and ANBG6 are better for Cu(ll) and Zn(Il) adsorption, however, based on the
above mentioned fact, ANB1 is selected for different heavy metals adsorption. The
equilibrium data obtained for ANB1 to ANBG6 for the removal of Cr(VI), Cu(ll) and
Zn(1l) are fitted with Langmuir isotherm and the estimated isotherm parameters are
reported in Table 5.2. The maximum adsorption capacity of ANB1 for the adsorption of
Cr(VI1), Cu(ll) and Zn(I1) are found to be 26.95, 21.23 and 11.904 mg g™ respectively

which are maximum among all the ANBs. Based on the experimental and theoretical
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evaluation of developed ANBs, ANBL1 is considered as suitable adsorbent for the single

and multiple metal ions adsorption from wastewater streams.

The ANBL is also tested for the removal of other metal ions such as Cd(ll), Ni(ll) and
Pb(ll) to check its wider industrial applicability. The equilibrium experiments are
performed for Cd(Il), Ni(ll) and Pb(ll) removal and results are plotted in Fig 5.7. The
solid phase concentration for Cd(11), Ni(ll) and Pb(ll) adsorption using ANB1 are found
to be 13.43, 22.28 and 8.42 mg g™ respectively for the initial concentration of 200 mg L
! The maximum adsorption capacity parameter of Langmuir isotherm is also estimated
and is obtained as 20.833, 29.412 and 26.316 mg g for Cd(I1), Ni(ll) and Pb(ll)
adsorption respectively (Table 5.2). Thus, this study supports the capability of ANB1 to
be used for the adsorption of Cr(VI), Cu(ll), Cd(Il), Ni(ll), Pb(ll) and Zn(Il) and is

considered for further experimental studies and is termed as NANB.
5.2 Characterization

The developed ANBs (ANBL1 to ANB6) are characterized using FTIR and the analysis is
shown in Fig 5.8. It is observed that the ANBL is showing two extra peaks in comparison
to the ANB 2 to ANBG6. The specific peaks which are making ANB1 different than others
are at 3300 and 1027 cm™ which are corresponding to the O-H and C-O bond
respectively. The presence of O-H and C-O bonds on the adsorbent surface confirms the
acidic nature of the surface, which favors the metal adsorption (Depci et al., 2012; Kaya
et al.,, 2014). This also supports the applicability of ANB1 as compared to the other
ANBs for the multiple metals adsorption. The FTIR analysis of ANB1(nANB) is
separately shown in Fig 5.9 for better understanding of the available functional groups on
the surface.
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Fig 5.1: ge vs. C, for the removal of Cr(V1) using various ANBs.
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Fig 5.5: ge vs. C. for the removal of Zn(l1) using various ANBs.
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Table 5.1: Maximum solid phase capacity obtained from equilibrium experiments.

Adsorbent Maximum ge from Experiments
(mg g™)

Cr(VIl) | Cu(ll) | Zn(ll) | Total
ANB1 24.37 16.87 10.50 51.74
ANB2 15.29 19.78 15.02 50.09
ANB3 9.92 19.10 12.28 41.30
ANB4 14.09 13.92 8.06 36.07
ANB5 15.71 15.76 15.95 47.42
ANBG6 16.28 19.10 15.76 51.14
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Table 5.2: Langmuir isotherm parameters for the removal of Cd(I1), Cr(\VI1), Cu(ll)
Ni(l1), Pb(11) and Zn(I1).

Langmuir Parameters
Metal | Adsorbent R?

b gm(mg g™) RL

ANB1 0.144 26.95 0.034 - 0.104 | 0.995

ANB2 0.113 13.158 0.042 - 0.639 | 0.999

ANB3 0.105 9.901 0.045 - 0.656 | 0.995

Cr(VI)
ANB4 | 0.040 14.286 | 0.111-0.833 | 0.997
ANB5 | 0.016 25000 | 0.238-0.926 | 0.999
ANB6 | 0.015 23.810 | 0.250 - 0.930 | 0.999
ANB1 | 0.045 21.23 | 0.100-0.270 | 0.976
ANB2 | 0.089 17.241 | 0.053-0.692 | 0.997
ANB3 | 0.130 20.001 | 0.037 - 0.606 | 0.999

cu(ll
ANB4 | 0.022 19.231 | 0.185-0.901 | 0.995
ANB5 | 0.030 17.857 | 0.143-0.870 | 0.996
ANB6 | 0.230 11.628 | 0.021-0.465 | 0.992
ANB1 | 0.045 11.904 | 0.100-0.270 | 0.991
ANB2 | 0.166 9.174 | 0.029 - 0.546 | 0.963
ANB3 | 0.023 9.346 | 0.179-0.897 | 0.987

Zn(11)

ANB4 0.016 11.494 0.238 -0.926 | 0.996

ANB5S 0.032 11.495 0.135-0.862 | 0.978

ANBG6 0.009 11.364 0.357 -0.957 | 0.969

Cd(ll) ANB1 0.0153 20.833 0.246 - 0.521 | 0.995

Ni(1l) ANB1 0.0386 29.412 0.115-0.302 | 0.982

Pb(Il) ANB1 0.0037 26.316 0.575-0.818 | 0.989
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A wavy spectrum is obtained in place of a smooth one which confirms the amorphous
nature of the developed ANB1. According to the peaks identified at 670 & 2900, 1120,
1540, 1620 and 2152 cm™ confirms the presence of C-H, C-O, C=0, C=C and C=C
stretching vibrations respectively. The availability of water molecules (i.e. O-H stretching
mode of hydroxyl groups) is supported by the presence of a peak at 3300 cm™ (Bakiler et
al., 1999; Kaya et al., 2014). The presence of C-O and C=0 suggests the existence of

various acidic groups on the surface of ANB1 (Depci et al., 2012; Kaya et al., 2014).

In the present study, the selected nANB is further characterized by SEM, EDS, BET
Surface area, XRD and TGA to study the characteristic behavior of the developed nANB.
SEM and EDS analysis of fresh nANB is shown in Fig 5.10. The SEM image in Fig
5.10(a) provides the morphology of the surface of the fresh nANB. The presence of
different size of the pores on the surface of fresh nANB are clearly visible [Fig. 5.10(a)].
The comparison of the size of the pores with image resolution, confirms the presence of
significant number of 10-100 nm size pores along with other pores. This supports the
nano-porous characteristics of the nANB adsorbent. The heavy metals selected for the
adsorption in the present have ionic diameter less than 20 nm which is lesser then the
pore size of developed adsorbent. This confirms the possible utilization of these pores for

the heavy metals adsorption.

The SEM and EDS analysis of used nANB for Cr(VI), Cu(ll) and Zn(ll) removal are
shown in Figs 5.11, 5.12 and 5.13 respectively. The surface morphology of the used
nANB shows clearly the utilization of the nano-pores for the metal adsorption while
comparing with the surface morphology of the fresh nANB [Figs 5.10(a) to 5.13(a)]. The

EDS analysis of fresh nANB [Fig. 5.10(b)] confirms the absence of any metal at the
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surface of the fresh adsorbent. The highest peak is observed for carbon (C), which is
approximately 55.35% of the total adsorbent by weight. This may be due to the utilization
of the carbonaceous material (neem bark) for the preparation of the adsorbent. The EDS
analysis of the surface of the used nANB shows the presence of Cr(V1), Cu(ll) and Zn(ll)
[Figs 5.11(b) to 5.13(b)]. The EDS analysis of used nANB suggests the presence of 10, 3
and 2 wt.% of Cr(VI), Cu(ll) and Zn(I1) respectively. This also supports the significant
adsorption of Cr(VI), Cu(ll) and Zn(Il) on the nANB. The presence of Potassium (K) (1
wt%) can be clearly seen in the Cr(V1) saturated adsorbent [Fig 5.11(b)] which may be
due to the use of Potassium dichromate as a preparatory chemical for Cr(VI1) stock

solution.

The surface area of the developed nANB is analyzed using the BET surface area
analyzer. The measured value of specific surface area of NnANB is found as 36.64 m* g*
which is higher in comparison with some of the other adsorbents reported in Table 5.3.
Higher surface area of the adsorbent supports higher adsorption capacity for metal

removal (Hossain et al., 2010).

The phase of the developed nANB is also characterized using XRD. In the present study,
diffractometer uses Cu-K, radiation. The wavelength considered is 1.54 A and angle 260
has varied in a range of 10 to 90° at a step size of 0.01°. The XRD pattern for the nANB
is shown in Fig 5.14. There is no sharp peak observed in the spectrum and therefore, the
particle size of developed adsorbent cannot be estimated using the Scherrer's formula.
This also confirms the amorphous nature of the adsorbent. Taha and Ibrahim (2014) also

reported the similar FTIR analysis for the Nano zero-valent iron particles.
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Spectrum 1

Fig 5.10: (a)SEM and (b)EDS for fresh nANB.

Spectrum 1

Fig 5.11: (a)SEM and (b)EDS for used nANB on pure Cr(VI) solution.
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Fig 5.13: (a) SEM and (b) EDS for saturated nANB on Zn(ll) solution.
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TGA analysis of the developed nANB is shown in Fig 5.15. It can be seen that there is a
slow decrease upto 90 wt.% by increasing the temperature upto 100°C and further
decrease to 82 wt.% when the temperature rises upto 240°C. The initial dip in the weight
percent may be due to the removal of surface moisture. Further increase in the
temperature (>240°C) results in the slow rate of pyrolysis and burning of the adsorbent.
Finally, nANB completely converts into ash, when the temperature has reached to
approximately 550°C. Further increase in temperature will not affect the weight of NANB
as there will be only ash left in the analysis chamber. The result of TGA analysis
indicates that the developed adsorbent is thermally stable up to 200°C. TGA results also
suggests that the saturated adsorbent can be regenerated at higher temperatures (upto

200°C) without any degradation of adsorbent.
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Table 5.3: Surface area of various developed low-cost adsorbents.

S.No. | Adsorbent Surface Area | References
(m*g™)
1 nANB 36.64 Present Study
2 Alkaline-activated 30.7 Akpomie and Dawodu
montmorillonite (2014)

3 Oak bark char 25.4 Mohan et al. (2014)

4 Rice husk biochar 25.161 Samsuri et al. (2013)

5 Montmorillonite 23.2 Akpomie and Dawodu
(2014)

6 Activated Neem Leaves 15.284 Babu and Gupta (2008b)

7 Magnetic oak bark char 8.8 Mohan et al. (2014)

8 Tamarind seeds 2.61 Gupta and Babu (2009a)

9 Coir pith 2.3 Namasivayam and
Sureshkumar (2008)

10 | Empty fruit bunch biochar 1.89 Samsuri et al. (2013)

11 | Water bamboo husk 1.87 Asberry et al. (2014)

12 | Formosa papaya seed powder 1.38 Pavan et al. (2014)

13 Kolubara lignite 1 Milicevic et al. (2012)

14 | Sawdust 0.86 Gupta and Babu (2009b)
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5.3 Batch Experiments

5.3.1 Effect of Contact Time

The effect of contact time will be helpful to acquire the kinetic parameters and to propose
the rate kinetics for the metal removal. The effect of contact time is evaluated by
performing Kkinetic experiments for the removal of Cr(VI), Cu(ll) and Zn(ll). Fig
5.16 shows the effect of contact time on the percentage removal and adsorption

capacity for the Cr(V1), Cu(Il) and Zn(Il) removal using NANB.

It is observed that for the removal of Cr(V1), Cu(ll) and Zn(ll), the percentage removal
rapidly increases with the increase in contact time up to 4 h and later it increases
gradually with the further increase in contact time. With an increase in the contact time
from O to 40 h, the percentage removal increases and reaches to a stable value of
approximately 35.3, 54.6 and 65.3% for the removal of Cu(ll), Zn(Il) and Cr(VI)
respectively. In 40 h of contact time, the solid phase concentration increases and reaches
to 11.604, 5.91 and 9.146 mg g™ for the adsorption of Cr(VI), Cu(ll) and Zn(Il)
respectively. Increase in contact time from 40 to 48 h shows a little change in the solid
phase concentration and percentage removal. Therefore, 48 h is considered as the

equilibrium time for further studies.

In the initial stages, the metal adsorption rate is faster due to the large concentration
gradient between the bulk fluid and the solid surface metal concentration. This may be
due to the availability of free active sites for adsorption in the initial period. In later
stages, the rate of metal adsorption onto nNANB decreases, as the intraparticle diffusion

becomes more dominant. This leads to an increase in mass transfer resistances for solute
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transfer from the solid surface to the internal adsorption sites. In the later part of the
adsorption, the active sites get saturated with time leading to the decrease in the

adsorption rate.
5.3.2 Effect of Adsorbent Dosage

The effect of NANB dosage on the Cr(VI), Cu(ll) and Zn(ll) ion removal is studied to
obtain the optimal value of adsorbent dosage (Fig 5.17). The solid phase concentration
decreases from 10.54 to 2.22, 6.01 to 1.20 and 5.69 to 1.61 mg g™ for the removal of
Cr(VI), Cu(ll) and Zn(Il) respectively with an increase in adsorbent dosage from 4 to 40
g L™. The percentage removal increases from 42.15 to 88.98, 24.02 to 45.53 and 22.76 to
50.25% with an increase in the adsorbent dosage from 4 to 40 g L™ for the removal of
Cr(VI), Cu(ll) and Zn(I1) respectively. The decrease in adsorption capacity may be due to
the increase in the adsorbent amount, which leads to the increase in the number of active
sites available for the adsorption process. As the amount of metal ions to be adsorbed is
fixed, an increase in number of active sites results to an increase in percentage removal.
There is a trade-off between solid phase concentration and percent removal with an
increase in the adsorbent dosage for metal adsorption. The trade-off curves provide that
6, 8 and 10.5 g L™ are obtained as the optimal adsorbent dosage for the removal of

Cr(VI), Cu(ll) and Zn(l1) adsorption.
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5.3.3 Effect of Initial Concentration

The effect of inlet concentration on the performance of the developed nANB for the
removal of Cr(VI), Cu(ll) and Zn(ll) is already discussed in Sec. 5.1 and shown in Fig
5.18. It is observed from Fig 5.18 that the percentage removal decreases while the solid
phase concentration increases with an increase in the inlet concentration. The trade-off
between solid phase concentration and percentage removal suggests the optimum intial
concentration as 174, 148 and 106 mg L™ for Cr(VI), Cu(ll) and Zn(ll) adsorption

respectively.

The increase in the solid phase concentration may be due to the utilization of the more
active sites available for adsorption at higher initial metal concentration. The decrease in
the percent removal may be due to the availability of insufficient active sites for
adsorption. These active sites become saturated beyond a certain concentration limit of
adsorbate. On further increasing the metal concentration, no adsorption takes place and

will remain in the final solution.
5.3.4 Effect of pH

The other significant parameter studied is the effect of pH on the removal of Cr(VI),
Cu(Il) and Zn(1l). The range of pH values considered during the study are 1.2 to 12. The

effect of pH on the Cr(V1), Cu(ll) and Zn(Il) removal is shown in Fig 5.19.

It is observed that the solid phase concentration decreases from 16.26 to 1, 15.83 to 2.13
and 9.99 to 1.05 mg g™ for the removal of Cr(\V1), Cu(ll) and Zn(I1) with an increase in
the pH value from 1.2 to 12 (Fig. 5.19). This supports the adsorption of metal ions at

lower pH.
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It is also observed that during the Cr(VI1) adsorption, the pH of the different solutions
increases from 2.16 to 4.62, 4.04 to 5.39 and 6.14 to 6.38. During the removal of Cu(ll),
the pH of the solutions decreases from 2.04 to 1.41, 3.05 to 2.37, 5.09 to 3.89. Similarly,
for the removal of Zn(l1), the pH of the solutions decreases from 1.16 to 1, 2.77 to 2.48,

5.28 t0 3.16, 6.96 to 3.46, 9.2 t0 4.61.

The chromium ion exists in various forms at different solution pH as represented in Eqg.

5.1 (Gupta and Babu, 2009b).
2H"+2HCrO; « 2 2HCrO, «<»2H,0+Cr,02 «2* 2Cr0, +H,0 (5.1)

The dominating form of Cr(VI) at lower pH (pH = 2) is HCrO4 (Gupta and Babu, 2009b;
Kapur and Mondal, 2013). The surface of the adsorbent is positively charged at low pH
value of the solution. This favors the adsorption of negatively charged HCrO, molecules
onto the positively charged adsorbent surface. A decline in the adsorption capacity is
observed with increase in the solution pH value. This may be due to the shifting of
HCrO4 in other forms like CrO4* and Cr,O;*. Furthermore, this can also be attributed to
the dual competition between CrO4% and OH™ ions available for adsorption, out of which

OH" predominates (Babu and Gupta, 2008b; Muthukumaran and Beulah, 2011).

The copper is present in different ionic forms in the solution during the adsorption
process. At lower pH, the active sites for adsorption are positively charged. The
neutralization of these active sites are completed with the adsorption of negatively
charged copper ions [Cu(OH); ] at low pH. At higher pH, the copper is present in
hydroxide form which gets precipitated as per Eq. 5.2 (Kim et al., 2008; Eloussaief

et al., 2009; Wang et al., 2014).
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Cu?" +20H" < Cu(OH), (5.2)

In the aqueous solution, the zinc ions exist in various forms. The stability of these
forms is very much dependent on the pH of the solution. It is reported that, at pH
value above 6, there is a chance of metal precipitation over the surface of the NANB
due to nucleation reaction (Eq. 5.3). This decreases the tendency of the Zn(Il)
adsorption to occur on the adsorbent surface (Agrawal et al., 2004). The lower pH
favors the Zn(Il) adsorption which might be due to the replacement of the metal ion
with the hydrogen ions available on the nANB surface (Gabaldon et al., 1996;

Wasewar, 2010).
Zn?" +20H" < Zn(OH), (5.3)

The critical pH of Cu(ll) and Zn(ll) precipitation can be evaluated using the

following Egs. 5.4, 5.5 and 5.6.

c(OH™)=,/K, /c(Cu®") (5.4)
c(OH)=\/K,, /c(Zn*") (5.5)

pH =—logc(H")=log(1x107** /c(OH")) (5.6)

To estimate the critical pH for Cu(ll) and Zn(ll) precipitation, the initial
concentration of Cu(l1) and Zn(I1) is taken as 1.563 and 1.539 mmol L™ respectively
which is equivalent to 100 mg L™ of initial concentration of both ions. The solubility
(Ksp) at 25°C of Cu(OH), and Zn(OH), are considered as 2.2x10?° and 6.8x10™"

respectively.
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The critical values of pH for Cu(ll) and Zn(ll) precipitation are found to be 5.57 and
7.32 respectively. Hence, for the adsorption of Cu(ll) and Zn(ll), the pH of the

solution should be maintained lower than the critical value of precipitation.
5.3.5 Effect of Temperature

The effect of the temperature on the adsorption of heavy metals is evaluated by
performing equilibrium batch experiments at 35, 50 and 60°C. The effect of
temperature for the removal of Cr(\V1), Cu(ll) and Zn(l1) is shown in Fig. 5.20, 5.21

and 5.22 respectively.

For the initial Cr(VI) concentration of 60 mg L™, there is a reduction in solid phase
concentration (ge) and percentage removal from 9.42 to 7.39 and 94.2 to 73.85%
respectively by increasing the temperature from 35 to 60°C. The ge and percentage
removal decreases from 7.37 to 4.55 and 73.7 to 45.5% respectively as the process
temperature increases from 35 to 60°C for the initial Cu(ll) concentration of 60 mg L™.
Likewise, with the change in the adsorption temperature from 35 to 60°C, there is a
decrease in ge and percentage removal from 6.38 to 5.78 and 63.75 to 57.59%,
respectively for the 60 mg L™ of initial Zn(I1) concentration. Similar results are obtained

for the different initial metal concentration ranging from 80 - 200 mg L™.
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The equilibrium experimental data at different temperature are also fitted with the
Langmuir isotherm model. There is a decrease in the maximum adsorption capacity from
26.95 to 12.87, 21.23 to 9.43 and 11.9 to 7.19 mg g™ for the removal of Cr(V1), Cu(ll)

and Zn(I1) respectively with an increase in temperature from 35 to 60°C.

The mechanism of adsorption can be well understood by the thermodynamic behavior of
the operation. The thermodynamic parameters such as AG, AH and AS are evaluated

using Eg. 5.7, 5.8 and 5.9 (Liang et al., 2013).

C
K =—4 5.7
°=C. (5.7)
AG=-RTInK, (5.8)
InK, _AS AH (5.9)
R RT

The values of AH and AS are evaluated by calculating the slope and intercept from the
plot of In K¢ vs. 1/T (Figs 5.23 to 5.24). The estimated values of AH, AG and AS for the

removal of Cr(VI), Cu(ll) and Zn(l1) are given in Table 5.4.

The values of AG are found to be negative at 308 K. This suggests the spontaneous nature
of the adsorption process. The values of AG are increasing from negative to positive
values with an increase in the temperature. This increase in AG values also supports the
decrease in the metal adsorption capacity. The adsorption of metals on nANB is
confirmed to be an exothermic process by the obtained negative values of AH. The
negative values of AS support less randomness of the adsorption process at the solid

liquid interface (Liang et al., 2013; Rajamohan et al., 2014; Wang et al., 2014).
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5.3.6 Regeneration Studies

In the present study, there are two techniques considered for the regeneration of the
utilized adsorbent. The first technique is based on the thermal approach. The Cr(VI),
Cu(Il) and Zn(I1) utilized adsorbents are thoroughly stirred in hot water at 70°C. It is
observed that approximately 40, 36, 33% of the Cr(VI), Cu(ll) and Zn(l1) are desorbed

respectively from the corresponding saturated nANB.

The other technique followed is the base and acid treatment. The utilized nANB is treated
for 24 h with 1IN NaOH followed by 24 h treatment with 1IN HCL. The recovery of
Cr(V1), Cu(ll) and Zn(Il) are found to be 91.4, 86 and 72% respectively from the used

nANB for respective metal ions.

The EDS analysis of regenerated nANB by base and acid treatment is shown in Fig 5.26.
This confirms a significant reduction in the Cr(\VVI) amount as compared to that present in
saturated nANB [Fig 5.11(b)]. Approximately 1.14 % of Cr(VI) is remaining on the
regenerated NANB surface which supports the recovery of 91.4% of Cr(VI). This also

shows the regenerability and re-usability of the nANB.
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Table 5.4:

Thermodynamic parameters for the removal of Cr(V1), Cu(ll) and Zn(Il).

For Cr(VI) For Cu(ll) For Zn(11)

Co| T | Kc AG AH AS Kc AG AH AS Kc | AG AH AS
308 | 16.26 | -7.14 2.80 | -2.64 1.76 | -1.45

60 [323| 342 | -330 | -62.19 | -179.72 | 0.84 0.48 | -49.94 | -15423 | 1.37 | -0.84 | -27.27| -83.27
333| 2.82 | -2.87 0.68 1.06 0.76 | 0.77
308 | 13.14 | -6.59 261 | -2.45 1.14 | -0.34

80 [323| 1.92 | -1.75 | -75.61 | -225.34 | 0.57 1.53 | -53.67 | -167.53 | 0.61 | 1.32 | -35.19| -113.10
333| 1.57 | -1.25 0.59 1.44 0.41 | 250
308 | 11.09 | -6.16 259 | -6.63 0.90 | 0.26

100 [ 323 | 1.42 | -095 | -81.70 | -246.58 | 047 | -1.26 | -55.28 | -173.18 | 0.68 | 1.02 | -29.72| -96.73
333 1.11 | -0.30 0.58 | -1.60 0.36 | 2.82
308 7 -4.98 238 | -2.22 0.79 | 0.62

120|323 | 1.04 | -010 | 7247 | -22048 | 046 | 209 | _g224 | -196.03 | 065 | 117 | _2105| -69.92
333| 0.93 | 0.22 0.42 2.41 0.41 | 2.46
308| 46 | -3.91 2.08 | -1.88 061 | 1.28

140323 | 1.05 | -013 | 63.16 | -193.13 0.43 229 | 5903 | -186.73 | 033 | 1.71 | -14.37| -50.53
333| 0.76 | 0.75 0.40 2.51 0.39 | 2.61
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For Cr(VI) For Cu(ll) For Zn(l11)

Co | T Kc AG AH AS Kc AG AH AS Kc AG AH AS
308 | 357 | -3.26 1.50 -1.03 0.58 | 1.40

160 | 323 | 0.87 0.38 -59.91 -184.69 0.42 2.31 -48.62 -155.40 | 0.47 | 2.03 -23.02| -78.81
333 | 0.65 1.19 0.38 2.65 0.28 | 3.48
308 3 -2.81 1.23 -0.54 0.51 1.75

180 | 323 | 0.77 0.69 -57.04 -176.80 0.40 2.46 -45.05 -145.18 | 0.29 | 3.33 -18.39| -65.91
333 | 0.60 1.44 0.35 2.93 031 | 3.27
308 | 2.72 -2.56 1.02 -0.06 046 | 1.99

200 | 323 | 0.69 1.01 -57.01 -177.56 0.38 2.59 -45.17 -146.84 | 0.23 | 3.93 -24.71| -87.17
333 | 0.54 1.70 0.28 3.52 0.23 | 4.04
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5.3.7 Interference Studies

The performance of the developed nANB is also evaluated for the removal of
synthetically developed multiple metal ion aqueous solution. The aqueous solution
contains equal amounts of Cr(VI), Cu(ll) and Zn(Il). It is observed that the solid
phase concentration for the simultaneous adsorption of Cr(VI), Cu(ll) and Zn(Il) is
less than the one obtained from the respective pure aqueous solutions (Fig. 5.27).
This decrease in the solid phase concentration may be a result of the utilization of the
active sites for the removal of other metal ions. It is also observed that the total solid
phase concentration of developed nANB for the simultaneous removal of all the
metal ions is coming to be 38.95 mg g™. This solid phase concentration value is
much higher than the one evaluated for the removal of any individual metal ions. The
EDS image (Fig 5.28) of the used nANB for the simultaneous adsorption of Cr(VI),
Cu(l1) and Zn(ll) confirms their presence on the surface of the saturated nANB. The
increase in the adsorption capacity may be also a result of some of the active sites
which are not having affinity towards specific metal ion, however, has good
adsorption characteristics for other metal ions. For example, in the adsorption of
Cr(VI), there may be some active sites which are not utilized for the adsorption of

Cr(VI) may be occupied by either Cu(ll) or Zn(l1) during multiple metal adsorption.
5.3.8 Utilization on Actual Chrome Plating Industrial Effluent

The developed nANB is also utilized for the treatment of actual chrome plating
industrial effluent. The chrome plating industry effluent is mainly contaminated with
large amount of Cr(VI) along with the traces of other metal ions. Hence, in this

study, Cr(VI) is targeted to be removed from plating industry wastewater using
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NANB as an adsorbent. The concentration of Cr(VI) in the industrial sample is
measured and is found as 1850 mg L™ which is further diluted to maintain 100 mg L"
! of Cr(VI) concentration. The diluted sample is treated for a contact time of 48 h

with an adsorbent dosage of 18 g L™.

The removal of Cr(VI1) from the industrial sample is found as 62.77%, while it is
79.33% for 100 mg L™ of initial concentration of pure Cr(VI) aqueous solution. The
adsorption capacity of nANB for Cr(VI) removal from plating industry sample is
found as 3.49 mg g™ while that of an aqueous solution is 4.53 mg g™*. This decrease
in adsorption capacity may be due to the presence of other metal ions (Aluminum,
Nickel, etc.) along with other impurities (Chlorine, etc.) in the industrial effluent.
These ions and impurities occupy the active sites available for Cr(\VI1) adsorption.
This may be one of the reasons for decreased adsorption capacity. This is also
supported by the EDS analysis of used nANB utilized for the treatment of industrial
sample [Fig 5.29(b)]. The SEM image of used nANB [Fig 5.29(a)] confirms the
utilization of all the pores available for Cr(VI1) adsorption. Hence, the results
obtained from this study established the fact that the developed nANB can be
successfully utilized for the treatment of industrial wastewater which contain Cr(VI)

along with other metal ions and impurities.
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Fig 5.28: EDS for saturated nANB on synthetic industrial solution [Cr(VI), Cu(ll) &

Zn(11)].

Spectrum 1

Fig 5.29: (a)SEM and (b)EDS for used nANB on actual chrome plating industrial

effluent.
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5.3.9 Adsorption Isotherms

Adsorption isotherms are an important tool in adsorption process which helps in
understanding the adsorption mechanism in term of the interaction of the metal ions with
the solid adsorbent surface. The applicability of the various isotherm models help in
evaluating different isotherm constants that provide the information about the surface
property and affinity of the adsorbent towards the metal removal. The obtained
equilibrium experimental results are fitted with the isotherm models available in the
literature. In the present work, Langmuir, Freundlich and Tempkin isotherm models are
considered and are discussed in the subsequent sections. The various isotherm parameters

are estimated and tabulated in Table 5.5.
5.3.9.1 Langmuir Isotherm

The linearized Langmuir isotherm model (Table 4.1) is utilized to fit the experimentally
obtained g. and C. for the removal of Cr(VI), Cu(ll) and Zn(ll) using nANB and are
shown in Fig 5.30. The Langmuir parameters, i.e. gm, b and R are estimated and are
given in Table 5.5. The maximum adsorption capacity estimated for nANB is 26.95,
21.23 and 11.904 mg g™ for the removal of Cr(V1), Cu(ll) and Zn(ll) respectively. The
value of g obtained from Langmuir isotherm model for the removal of Cr(VI), Cu(ll)
and Zn(Il) using nANB is also in accordance with the maximum ¢, obtained from the
experimental results (Table 5.5). Similarly, the value of b, which represents the
adsorption energy is found in the range of 0.045 to 0.144 for the metal removal. The
dimensionless equilibrium parameter, R, is also calculated. The minimum and maximum
value of R_ are estimated as 0.034 and 0.27 respectively for the metals removal. The

values of R are lying between 0 and 1 which also confirms the favorable adsorption of
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different metal ions using nANB. The regression correlation coefficient (R?) values for
fitting of the Langmuir isotherm model on all the equilibrium adsorption studies is found
to be in the range of 0.976 to 0.995. The high R? value supports the agreement of
experimental values with Langmuir isotherm model. This also suggests the monolayer

adsorption of metal ions on the surface of NANB.
5.3.9.2 Freundlich Isotherm

The equilibrium experimental data for the removal of Cr(VI1), Cu(ll) and Zn(Il) using
nANB are fitted with the linearized form of the Freundlich isotherm model (Table 4.1).
The Freundlich isotherm parameters Kg and ng are obtained using the linear plot of log ge
vs. log C. (Fig 5.31) and are tabulated in Table 5.5. The regression correlation
coefficients (R?) obtained for Cr(VI1), Cu(ll) and Zn(l1) adsorption using Freundlich
model are estimated as 0.961, 0.8404 and 0.982 respectively. The obtained value of R?
for Cr(VI) and Cu(ll) adsorption do not support the possibility of heterogeneous
adsorption. However, the heterogeneity cannot be ignored in case of Zn(l1) adsorption (R?
= 0.982). The value of ng is found as 0.324, 0.401 and 0.26 for the Cr(VI), Cu(ll) and
Zn(11) adsorption respectively. The obtained values of ng are obtained to be less than 1
which supports the chemisorption phenomena during metal adsorption on nANB

(Daneshvar et al., 2002; Gupta, 2008b).
5.3.9.3 Tempkin Isotherm

The equilibrium studies for the removal of Cr(V1), Cu(ll) and Zn(1l) using nNANB are also
fitted with the Tempkin isotherm model. The linear plot of ge vs. In Ce (Fig 5.32) helps in
estimating the Tempkin adsorption isotherm parameters, At & br. The estimated values

of Ar and br are given in Table 5.5. The Tempkin isotherm model takes the adsorbent—
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adsorbate interactions in consideration (Foo and Hameed, 2010). The regression
coefficient of Tempkin isotherm model is found to be 0.989, 0.889 and 0.973 for the
removal of Cr(VI), Cu(ll) and Zn(ll) respectively. The R? values obtained are less than
that for the Langmuir model while values are more when compared with Freundlich
isotherm model. The Tempkin isotherm model is found suitable for describing the
behaviour of equilibrium experiments in comparison to that of the Freundlich isotherm

model.

The ge values obtained from the experiment and from the three isotherm models for the
removal of Cr(VI), Cu(ll) and Zn(ll) are plotted and compared in Figs 5.33, 5.34 and

5.35 respectively.
5.3.9.4 Concluding Remarks

The calculated values of regression correlation coefficient (R?) of the three isotherm
models for the adsorption of Cr(VI), Cu(ll) and Zn(Il) indicate that the equilibrium
experimental data are best fitted with the Langmuir isotherm model (Table 5.5). This also

supports the monolayer adsorption of Cr(VI), Cu(ll) and Zn(11) on nANB surface.
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Table 5.5: Isotherm constants for removal of Cr(V1), Cu(ll) & Zn(ll) using nNANB.

Metal Max Langmuir Isotherm Freundlich Isotherm Tempkin Isotherm
Ge(exp) Constants Constants Constants
(mgg™) [ R R R’
1 b R. Ke n At bT
(mgg”)
Cr(VI) | 2437 26.95 | 0.144 | 0.034-0.104 | 0.995 | 6.896 | 0.324 | 0.961 | 1.906 | 490.89 | 0.989
Cu(ll) 17 21.23 | 0.045 0.1-0.27 0.976 | 2.942 | 0.401 | 0.840 | 0.380 | 519.67 | 0.890
Zn(I) 10.51 11.90 | 0.045 0.1-0.27 0.991 | 2.877 | 0.260 | 0.982 | 0.849 | 1186.09 | 0.973
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5.3.10 Adsorption Kinetics

In order to understand the kinetic behavior of the adsorption process for the removal of
Cr(VI), Cu(ll) and Zn(I1) using nANB, the pseudo-first order, second order and Elovich
models are considered to fit the kinetic experimental data. The different parameters are

evaluated and tabulated in Table 5.6.
5.3.10.1 Pseudo-first Order Kinetic Model

The applicability of the pseudo-first order Kinetic model (Lagergren, 1898) to the
experimental data are tested by plotting a graph of log (Qe-q:) vs. t (Fig 5.36). The
estimated values of the pseudo-first order kinetic parameters, kaq and ge along with the
regression correlation coefficient (R?) are tabulated in Table 5.6. The values of R are
estimated as 0.953, 0.922 and 0.956 for the removal of Cr(VI), Cu(ll) and Zn(Il)
respectively using pseudo-first order kinetic model. These values indicate the non-
agreement of the pseudo-first order kinetic model with the experimental data. The
obtained values of the equilibrium adsorption capacity for Cr(\VI) and Cu(ll) are 9.099
and 4.454 mg g™ respectively. The predicted values of adsorption capacities for Cr(V1)
and Cu(Il) are approximately half of the value obtained from the experimental results.
The predicted adsorption capacity for Zn(l1) adsorption is estimated as 11.04 mg g™
which is better than the obtained experimental values (9.15 mg g™), however, the R? =
0.956 is not supporting the applicability of pseudo-first order kinetic model for the Zn(ll)

adsorption. This also suggests that the pseudo-first order kinetic model cannot explain the

Kinetic behavior of the metals adsorption on nANB.
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5.3.10.2 Second Order Kinetic Model

The kinetic experimental data are also fitted with the second order kinetic model (Ho and
McKay, 1998; Ho, 2006). The second order kinetic parameter, k; and . are calculated
using the slope and intercept of the plot between t/q; and t (Fig 5.37). The obtained values
of kz, ge and R? for Cr(VI), Cu(ll) and Zn(l1) adsorption are given in Table 5.6. The
predicted equilibrium adsorption capacity is close to the one obtained from the
experimental data. The values of k, obtained are 0.0102, 0.07 and 0.01363 for the
removal of Cr(V1), Cu(ll) and Zn(Il) respectively. The estimated values of k, are found to
be less than 1 which suggests the higher rate of adsorption of metal at initial stage and
further decreases with the lapse of time. High values of R? (0.992-0.996) obtained for the
removal of Cr(VI), Cu(ll) and Zn(ll) using nANB show the agreement between
experimental data and the second order Kkinetic model. This also confirms the

chemisorption of Cr(VI), Cu(ll) and Zn(I1) on nANB during the adsorption process.
5.3.10.3 Elovich Kinetic Model

The Kkinetic experimental data are also fitted with the Elovich kinetic model (Zeldowitsch,
1934). The experimental data are plotted as g; vs. In t and the Elovich constants, a and f
are estimated from the slope and intercept of the plot (Fig 5.38). The evaluated constants
along with R? are tabulated in Table 5.6. The R? for the Elovich model are found as
0.966, 0.933 and 0.967 for the removal of Cr(\V1), Cu(ll) and Zn(ll) respectively. These
correlation coefficient values are higher than the values obtained from pseudo-first order
kinetic models, however, these values are less than the values obtained for the second
order kinetic model. The values of 4 are obtained as 0.425, 1.5576 and 0.4697 for the

removal of Cr(\V1), Cu(ll) and Zn(l1) respectively. The lower value of § (<5) supports the
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higher adsorption capacity for the metal adsorption using nANB (Chien and Clayton,

1980; Gupta, 2008b; Kumar and Kirthika, 2009).

The comparison of the solid phase concentration obtained from experimental results and
by using the three models is shown in Figs 5.39, 5.40 and 5.41 for the removal of Cr(VI),

Cu(ll) and Zn(11) respectively.
5.3.10.4 Concluding Remarks

Comparison of solid phase concentration (Figs 5.39, 5.40 and 5.41) and the correlation
coefficients for the removal of Cr(VI), Cu(ll) and Zn(ll) (Table 5.6) supports the
applicability of the second order kinetic model during the adsorption process. The results
suggest that the chemisorption is the primary rate-limiting step in the process which leads

to the possibility of covalent bond formation between adsorbent surface and metal ions.

The kinetic relationship is also important to predict the rate at which the adsorption is
taking place. This prediction is helpful in designing the fixed-bed adsorption column. The
mass transfer coefficients and the equilibrium capacity of the adsorbent are estimated
using the adsorption rate kinetics. The design parameters for the fixed-bed adsorption
process such as the shape of breakthrough curve and breakthrough time also depend on
the rate of adsorption (Babu and Gupta, 2008b; Gupta and Babu, 2009a; 2009b; Kumar

and Kirthika, 2009).
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Table 5.6: Kinetic parameters for the removal of Cr(V1), Cu(ll) and Zn(Il) using

NANB.

Pseudo-first Order Second Order Elovich Model

k Qe k Qe

" R? : R a B R?

() | (mg g™ () | (mgg?)
Cr(VvIl) | 0.07 9.10 0.95 0.01 12.67 0.99 6.71 0.43 0.97
Cu(ll) | 0.12 4.45 0.92 0.07 6.10 0.99 | 121.11 | 1.56 0.93
Zn(ll) | 0.13 11.04 0.96 0.01 11.31 0.99 3.46 0.47 0.97
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Fig 5.36: Applicability of pseudo-first order kinetic model for Cr(VI), Cu(ll) and
Zn(I1) removal.
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Fig 5.37: Applicability of second order kinetic model for Cr(V1), Cu(ll) and Zn(ll)

removal.
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5.3.11 Mass Transfer Mechanism

Adsorption is a mass transfer process, hence, it is very important to understand its
mechanism of metal transfer from liquid phase to nANB surface. The movement of the
solute from bulk fluid to surface can be supported by either the film diffusion or
intraparticle diffusion or maybe both. Weber & Moris and Boyd models are applied in the

present study to establish the mechanism of metal transfer (Figs 5.42 and 5.43).
5.3.11.1 Weber & Morris Model

Kinetic experimental data are further utilized to study the mass transfer mechanism using
the Weber & Morris mass transfer model (Weber and Morris, 1963). The experimental
data considered for the evaluation are those which are showing a high mass transfer rate
i.e. the initial experimental data i.e. till t = 19, 32 and 25 h for Cr(\VI), Cu(ll) and Zn(II)
respectively. Rate of adsorption becomes very slow in the later part of the adsorption
process. The applicability of the Weber & Morris model is evaluated using a plot of g vs.
t'/2 (Fig 5.42). The slope and intercept of the linear fit helps in calculating the value of Kig
and | (Table 5.7). The Weber & Morris model supports the intraparticle diffusion
mechanism of mass transfer, if the best fit line passes through the origin. The best fit
linear plots when passed through the origin are giving the R? value as 0.996, 0.889 and
0.995 for Cr(VI), Cu(ll) and Zn(Il) removal. The values of R? are very near to 1 for
Cr(VI) and Zn(Il) removal confirming that the adsorption of these metals on nANB is
controlled by the intraparticle diffusion. The data for Cu(ll) adsorption data are not
showing good agreement with the linear fit, which indicates the possibility of other mass

transfer mechanism for Cu(ll) adsorption on NANB (Bhatnagar et al., 2010). The value of

I which corresponds to the boundary layer thickness is obtained as 0.137, 3.003 and 0.656
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for the Cr(VI), Cu(ll) and Zn(Il) adsorption respectively. The value of I also confirms the
absence of boundary layer which supports that the film diffusion is not a controlling
mechanism for adsorption of Cr(VI) and Zn(ll). However, the thickness of boundary
layer is reasonable in case of Cu(ll) adsorption which suggests the possibility of film
diffusion along with intraparticle diffusion as controlling mechanism for adsorption

(Ogata and Kawasaki, 2013; Chatterjee and Schiewer, 2014).
5.3.11.2 Boyd Model

Boyd model (Boyd et al., 1947) is also utilized to evaluate the mass transfer mechanism
during the adsorption process. The same set of experimental data considered for Weber &
Morris model are used to fit the Boyd model. The applicability of the Boyd model is
evaluated by plotting a graph of [-0.4977-In(1-(q+/qe))] vs. t (Fig 5.43). The slope of the
linear fit curve passing through the zero is used to evaluate the value of Boyd constant B
(Table 5.7) (Chatterjee and Schiewer, 2014). The value of the Boyd constant, B is
obtained as 0.069, 0.094 and 0.067 for Cr(\V1), Cu(ll) and Zn(ll) adsorption respectively.
The values of the R? using Boyd model for the removal of Cr(VI), Cu(ll) and Zn(ll)
adsorption are obtained as 0.856, 0.941 and 0.849 respectively. The value of R? for Cu(ll)
adsorption also supports the presence of film diffusion along with intraparticle diffusion.
However, Boyd model is not found suitable for describing the mechanism of Cr(V1) and

Zn(11) adsorption (Boyd et al., 1947).
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Table 5.7: Mass transfer coefficients and correlation coefficients for the removal of
Cr(V1), Cu(ll) and Zn(l).

Boyd Model Weber & Morris Model

Metals
B R? Kig I R?

Cr(V) |0.069 | 0.856 | 2.324 0.137 0.996

Cu(ll) | 0.094 | 0.941 | 0.477 3.003 0.889

Zn(l) | 0.067 | 0.849 | 1.856 | 0.656 | 0.995
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5.3.11.3 Concluding Remarks

The applicability of the Weber & Morris and Boyd mass transfer models (Figs 5.42 &
5.43 and Table 5.7) are tested in the present work. It is observed that the adsorption of
Cr(VI) and zZn(Il) using NANB are intraparticle diffusion controlled whereas the Cu(ll)

adsorption on nANB is due to the both, film diffusion and intraparticle diffusion.
5.3.12 Modeling and Optimization
5.3.12.1 Model Development

The batch experimental data for the removal of Cr(VI), Cu(ll) and Zn(Il) are utilized to
develop the model for the prediction of the optimum parameter values for attaining
maximum adsorption capacity. The maximum values of individual parameters are
identified by tabulating all the related experimental studies of that parameter for a
particular metal ion. In all the experiments of three metal ions, the maximum values of
contact time, initial concentration, pH and adsorbent dosage are obtained as 48 h, 200 mg
L?, 12.3 and 40 g L™ respectively. The independent parameters along with the adsorption
capacity (ge) are normalized using their respective maximum values. Furthermore, the
normalized values of experimental data are calculated according to the Eqg. 4.7 and are
regressed using the Microsoft Excel 2007 software. The modeled equations obtained for
the removal of Cr(VI), Cu(ll) and Zn(ll) are provided in Eg. 5.10, 5.11 and 5.12

respectively.

(a, ), =1.6031—6.7863X, ~11.9281X, +1.7652 X, + 6.8039 X , +17.0896 X ?

+34.8511X7 —2.803 X 7 — 25.4028 X 7 —15.4701 X} —41.1095 X § + 1.3957 X}
+32.6020X ;] + 4.8622 X, +16.3088 X, +0.1264 X —13.8564 X ;

(5.10)
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(@, )., =5.1154 - 26.6715 X, ~9.1814 X, —0.2065 X , — 0.886 X, +64.5636 X ?

+26.6576 X 2 +3.0046 X2 — 4.5693 X 7 —62.096 X,) —31.5315 XS —6.1278 X}
+10.3155X ] + 21.0209 X, +12.6430 X ; +3.6425 X, —5.5455 X ;

(5.11)

(a,), =1.7632-4.0155X, ~5.3391X, +3.7152 X, ~3.5182 X, +7.5819 X ?

+14.3923X 2 —8.282 X2 +2.2237 X 2 — 4.0253 X ? —18.0854 X 3 +10.148 X 3
+3.2327X 3+ 0.1755 X' +7.8070 X} —4.9397 X/ — 2.9448 X }

(5.12)

The regression correlation coefficient coefficients for Eqs. 5.10, 5.11 and 5.12 are
obtained as 0.957, 0.921 and 0.927 respectively. This indicates the better fit of the
developed equation with the experimental results. The values of predicted g from
developed model are compared with the experimental ge in the Fig 5.44 as most of the
values are well aligned with the 45° line, this also shows the better agreement between

model and experimental data.
5.3.12.2 Optimization

The modeled equations presented in Egs. 5.10, 5.11 and 5.12 are optimized using the
Differential Evolution (DE) method. The range of parameters selected for the
optimization study are based on the experimental study of present work. The range of
parameters considered are 5 to 200 mg L™ for initial Cr(V1) concentration, 4 to 40 g L™
for adsorbent dosage, 0.17 to 48 h for contact time and 2 to 12 for pH value of the
solution. The values of each parameter are normalized using the same maximum values

of the experimental parameters.
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The convergence plots obtained during the optimization of the models given by Egs.
5.10, 5.11 and 5.12 are provided in Figs 5.45(a-d), 5.46(a-d) and 5.47(a-d) for the
removal of Cr(V1), Cu(ll) and Zn(Il) respectively. From Figs 5.45 - 5.47, it is evident that
the parameters (1) and (3), i.e. initial concentration and contact time must be maximized
to attain the maximum adsorption capacity. Whereas the parameters (2) and (4), i.e. pH
and mass of adsorbent must be minimized to attain maximum adsorption capacity. The
similar results are also obtained from the batch experimental studies for the removal of

Cr(V1), Cu(ll) and Zn(1).

The optimum values of the initial concentration, contact time, pH and mass of adsorbent
for Eq. 5.10 are 200 mg L™, 48 h, 2.04 and 8.24 g L™, respectively. These values are in
accordance with the optimum values obtained from the experimental results for the
individual parameters (Table 5.8). The experimental result shows that the maximum
adsorption capacity is obtained when the inlet concentration and contact time is
maximized while the pH of the solution and adsorbent dosage is minimized. The
optimization results are in alignment with the experimental outcomes. Similarly, the
models obtained for the removal of Cu(ll) and Zn(Il) presented in Egs. 5.11 and 5.12 are
optimized and the optimized values of parameters are tabulated in Table 5.8 along with

the optimum values of respective parameter obtained from experimental study.

The sensitivity analysis is also carried out to find the dominant parameters for the
adsorption process. The optimum values of parameters are made as twice and a half to
see the effect of these changes in the adsorption capacity. For the Cr(\VI1) adsorption
model equation, when the initial concentration increases from 100 to 200 mg L™ and

decreases from 100 to 50 mg L™, the g value increases by 62.31% and decreases by
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14.05% respectively. Similarly, when the contact time increases from 24 to 48 h, the g
value increases by 11.99 %. However, ge decreases by 7.31% when the contact time
decreases to 12 h. Also, when the pH of the solution is made double and half from the
initial value of pH = 4, the g. value decreases by 1.11% and increases by 22.79%
respectively. Likewise, with the increase in the adsorbent dosage from 16 to 32 g L™, the
ge value decreases by 19.33% whereas it decreases by 20.1% when the adsorbent dosage
is decreased from 16 to 8 g L™. Similar results are obtained for the Cu(ll) and Zn(lI)
adsorption model equations. Based on the sensitivity analysis of four independent
parameters for Cr(\V1), Cu(ll) and Zn(Il) adsorption, it is concluded that the adsorption
capacity highly depends on the inlet concentration and is more or less equally dependent
on the other three parameters. The order of sensitivity for four parameters is initial

concentration > adsorbent dosage > pH > contact time.
5.3.13 Mechanism of Adsorption

It is very important to understand the mechanism of metal adsorption onto the surface of
developed adsorbent. The adsorbent used in the present study is prepared from neem bark
as raw material. The neem bark is activated by acid and thermal treatment which develop
the acidic oxides groups on the surface of prepared nANB adsorbent (Gupta and Babu,
2009b). The surface of NANB is positively charged due to the presence of these groups.
This is also supported by the fact that the nANB is a carbonaceous substance and forms
positively charged hydroxides (CxOH,2*) on the surface when it comes in contact with an

aqueous solution (Eg. 5.13) (Gupta and Babu, 2009b; 2010a).

C,0, + 2H,0 < C OH? + 20H" (5.13)
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The FTIR spectra of nANB (Fig 5.6) also confirms the presence of acidic groups on the
adsorbent surface. The solution pH and the pHzc (Zero Point Charge) value of the
adsorbent can also be related to the type and ionic state of the functional groups present
on the adsorbent surface. The pH,,c value of NANB is found to be 2.80. The surface of
the adsorbent is positively charged by maintaining the pH of the solution lower than the

value of pHy, (Gupta and Babu, 2009c; Kapur and Mondal, 2013).

The FTIR of the used adsorbent for the removal of Cr(\VI), Cu(ll) and Zn(ll) are
performed to establish the mechanism of metal adsorption and is shown in Fig 5.48 along

with the FTIR of the fresh nANB.

While comparing the FTIR spectrum (Fig 5.48) of the fresh nANB and the used nNANB
for Cr(VI), Cu(ll) and Zn(Il) adsorption, it is observed that the intensity of the peaks at
1120, 1620 and 3300 cm™ are reduced. This indicate the utilization of C-O, C=C and O-H
bonds for metal bonding on the surface of adsorbent during the metal adsorption process.
There is no change observed in other peaks present in the spectrums. This also supports
the better metal adsorption capability of NANB due to the presence of acidic groups on

the surface.

Adsorption of Cr(VI) is more favorable for an acid treated adsorbent (Gupta and Babu,
2009b; 2010a). At a lower pH, the more stable form of Cr is HCrO, which is favorable
for adsorption (Kapur and Mondal, 2013). The applicability of nANB for the adsorption
of Cr(VI) may be due to the electrostatic attraction between the HCrO, and the positively

charged surface of the nANB as per the reaction given by Eq. 5.14:

C,OH? + HCrO; = C,0,H,Cro; (5.14)
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Egs. 5.13 and 5.14 are combined to get Eq. 5.15 as follows:
C,0, + 2H,0 + HCrO, < C,0,H,CrO; + 20H" (5.15)

As per Eq. 5.15, the adsorption of one mole of HCrO,, liberates two moles of hydroxyl
ions which further raises the pH of the solution (Babu and Gupta, 2008b; Gupta and
Babu, 2009c; 2010b). In the present study, the increase in pH of the solution is observed
after the adsorption of Cr(VI) on the surface of nNANB (Section 5.3.4). This also supports

the proposed mechanism of Cr(V1) adsorption on nANB surface.

The mechanism of Cu (11) and Zn (1) adsorption on nANB can be commonly represented

by Egs. 5.16, 5.17, and 5.18 (Wasewar, 2010; Zhao et al., 2012; Jellouli Ennigrou et al.,

2014):

RCOOH —»RCOO™ +H" (5.16)
2RCOO" +M?* — (RCOO), M (5.17)
2RCOOH+M?* — (RCOO0),M+2H" ¢ (5.18)

As per the above reactions, the adsorption of each metal ion liberates the two H" ions in
the solution. This results in the decrease of the pH of the solution. The results discussed
in Sec. 5.3.4 indicate that the pH of solution is decreased after the adsorption of Cu(ll)
and Zn(1l) ions on nNANB surface. This also supports the above described mechanism for

Cu(Il) and Zn(11) adsorption on NANB surface.
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Fig 5.45: Convergence plot for various parameters versus the evaluated value of g.
(a) Parameter 1 (Initial concentration), (b) Parameter 2 (pH), (c) Parameter 3
(contact time) and (d) Parameter 4 (mass of adsorbent) for the removal of Cr(VI)

using nANB.

132



x Mj‘evaluation values over parameter parameter1 x Nj‘evaluation values over parameter parameter2
S 1r

N .
B 4 frey it we Pe e et esene s BBy 9,
g5 v . 5 ‘ ¥ g e .
B e i By e . i LIRS P
8, o . ¥ . et 58
. . . .
re o S a0 L I3 id s T A 3 + s
e B v PR R 4 . s LN OB PSR + &
05F *« % S o TG e . 05¢ Y\ et AGaTetQY e el e S
o« B TN ol on T £ o W T Rereg e & % sTee
. F R R . . & . .
) A e .8 '*'i RIS E o E3 o PRER DR 4 * PUER P
S B B (o ‘v S . **%, . o " .
= Y e e 2 " Nl I = FOLIR L S e
] 3 b, S50 Tt g JUeag, ] v G e Nl 3R T 50 ey
3 * > . - -
> 0 R R e 8 : > 0 $47 @ T 1B el ot
A .
c - LA IR = S S ERY S . g X
o i T e g [} LE L e * ) ¥
p¢ . .
= Sty WD % = o ey ey % b il
© 4, o petee © . . . * .
3 BB e S B A N TR .
= L = L . &7
= -05 (R ;z§ = -05 AR o . ® .
g o » ey % .. .
> i > awel S - ¥ 5. %
[ W o ) NN 9 T ‘
L0 RS " AR . % % A S8
DR otk e R . » i
- LR PSRN o ¢
-1+ o 8] -1 o8 t:..‘ i . o
Wass o T wa@ 8 & 5 %
"
PO T OGN : et
w4 4 0
15 1 1 1

0 0.2 04 06 08 1 0 0.2 04 0.6 0.8 1
next parameter1 [ next parameter2

(€Y (b)

% M‘evaluation values over parameter parameter3 x M evaluation values over parameter parameter4
. g BE g Pew e
PR i PO
. e . . s & Ry
05¢f B st L b ¢ g eS W
. s wer L - so, Fpan $on
(] e ‘0’;’ o R :’.S ¢ = “5 %" & : “ g »
3 o e E Lo o ol R B
*+ . * % s
[ . Py ] P 3 .
> 0F 3 > SEEIPE - R v Sise .
B de $8 . . * .
g RN g ” ..’oo . 85 ‘. e :
= & = $ G T N ¥ %3
© © ‘e . *
E el .o s “ Sy oy s Yo e -
o * [ e L B oo
il % SEe O w 2 e ¥
. . .o R . 2 &
b5 I e oONE R W o R MRS TS
- 09 B B, SR "
fo S om s ordorad ottt bmrons a0 comndis oo wotues® o wer o
15 | L L L )
0 i 15 : 04 0.6 08 1
[Corev. ] [Cnest parameter3 parameter4

(©) (d)
Fig 5.46: Convergence plot for various parameters versus the evaluated value of g.
(a) Parameter 1 (Initial concentration), (b) Parameter 2 (pH), (c) Parameter 3
(contact time) and (d) Parameter 4 (mass of adsorbent) for the removal of Cu(ll)

using nANB.
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Fig 5.47: Convergence plot for various parameters versus the evaluated value of g.
(a) Parameter 1 (Initial concentration), (b) Parameter 2 (pH), (c) Parameter 3
(contact time) and (d) Parameter 4 (mass of adsorbent) for the removal of Zn(11)

using nANB.
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Table 5.8: Optimum parameter values obtained from the optimization of obtained

model for maximizing the adsorption capacity for removal of specific metals

Optimum Parameters

Metal Initial Conc. pH Contact Time | Mass of Adsorbent
(mg L) (h) 9L
Exp. | Model | Exp. | Model | Exp. | Model | Exp. Model
Cr(VI) 200 200 2 2.04 48 48 4 8.24
Cu(ll) | 200 | 200 2 2.04 48 48 4 4
Zn(1l) 200 193 2 2.04 48 36.88 4 4
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Fig 5.48: FTIR of fresh and used nANB on Cr(VI1), Cu(ll)and Zn(Il).
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5.3.14 Comparison of Adsorption Capacity

The Langmuir isotherm model is considered to evaluate the maximum adsorption
capacity of nANB for the individual removal of Cr(VI), Cu(ll) and Zn(ll). It is observed
that the adsorption capacity of nANB is sufficiently high as compared to other low-cost
adsorbents reported in the literature. A comparison of the maximum adsorption capacity
of developed adsorbent for the Cr(VI), Cu(ll) and Zn(Il) adsorption with other reported
low-cost adsorbents are given in Tables 5.9, 5.10 and 5.11 respectively. The total
adsorption capacity of developed nANB for the simultaneous removal of Cr(VI),
Cu(I1) and Zn(I1) ions is obtained as 38.95 mg g™*. This adsorption capacity value is
approximately 1.5 times of the one evaluated for the removal of any individual metal
ions. This also supports the utilization of developed nANB for the simultaneous
removal of multiple metals ions which is an additional advantage of developed

adsorbent over other reported low-cost adsorbents.
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Table 5.9: Comparison of adsorption capacity for the removal of Cr(VI1) using

various adsorbents.

S.No. | Adsorbent Capacity | References
Am (Mg g™)
1 Saw dust 41.9 Gupta and Babu (2009b)
2 Activated tamarind seeds 28.9 Gupta and Babu (2009a)
3 NANB 26.95 Present Study
4 Leaf mould 25.9 Sharma and Forster (1996)
5 Pine needles 21.50 Dakiky et al. (2002)
6 Coconut  shell based 20.0 Alaerts et al. (1989)
activated carbon
7 Sugar beet pulp 17.2 Sharma and Forster (1994)
8 Palm pressed-fibers 15.0 Tan et al. (1993)
9 Maize cob 13.8 Sharma and Forster (1994)
10 | Sugar cane bagasse 13.4 Sharma and Forster (1994)
11 | Almond 10.0 Dakiky et al. (2002)
12 Maple saw dust 8.2 Yu et al. (2003)
13 Cactus 7.08 Dakiky et al. (2002)
14 | Coal 6.78 Dakiky et al. (2002)
15 Biomass residual slurry 5.87 Namasivayam and Yamuna (1995)
16 Distillery sludge 5.7 Selvaraj et al. (2003)
17 | Waste tea 1.55 Orhan and Buylkgungor (1993)
18 Fe(11D/Cr(111) hydroxide 1.43 Namasivayam and Ranganathan (1993)
19 | Walnut shell 1.33 Orhan and Buylkgungor (1993)
20 Soya cake 0.28 Daneshvar et al. (2002)
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Table 5.10: Comparison of adsorption capacity for the removal of Cu(ll) using
various adsorbents.

Capacity

S.No. Adsorbent i<} References
Om (Mg g™)
1 Green Clay 28.3 Eloussaief et al. (2009)
2 Activated red clay 26.8 Eloussaief et al. (2009)
3 Chemically activated carbon residue 23 Runtti et al. (2014)
4 Chemical activated pomegranate peel 21.78 El-Ashtoukhy et al. (2008)
5 nANB 21.6 Present Study
6 Granulated activated carbon 20.833 Senthil Kumar et al. (2010)
7 Cashew nut shell 20.00 Senthil Kumar et al. (2011)
8 Cellulose-g-acrylic acid copolymer 17.16 Gugli et al. (2003)
9 Starch-graft-acrylic acid copolymer 16.52 Keles and Giiglii (2006)
10 | Wheat bran 15.00 Farajzadeh and Monji (2004)
MMT-modified  with  Hexa-decyl-
11 | trimethyl-ammonium ions /2-mercapto- =15 Filho et al. (2006)
5-amino-1,3,4-thiadiazole
12 | SialL.2(0.38) 12.7 Bou-Maroun et al. (2006)
13 | Zeolite 11.3 Egashira et al. (2012)
14 | Kaolinite 10.79 Yavuz et al. (2003)
15 | Clay 10.53 Sheikhhosseini et al. (2013)
16 | Grape stalks wastes 10.10 Villaescusa et al. (2004)
17 mﬁﬂe&lgu.fﬂ?fiﬁed with —sodium | g3 || inand Juang (2002)
18 | Hazelnut shell 6.65 Altun and Pehlivan (2007)
19 | Walnut shell 6.64 Altun and Pehlivan (2007)
20 | Chestnut shell 5.47 Véazquez et al. (2009)
21 | Red mud 5.3493 Nadaroglu et al. (2010)
22 | Barley straw 4.64 Pehlivan et al. (2009)
23 | Lignite 4.045 Milicevic et al. (2012)
24 | Almond shell 3.62 Altun and Pehlivan (2007)
25 | Quinalizarin-functionalized XAD-2 3.15 Kumar et al. (2001)
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Table 5.11: Comparison of adsorption capacity for the removal of Zn(l1) using

various adsorbents.

Capacity

S.No. | Adsorbent 1. | References
gm (Mg g~)

1 | Saw dust 14.1 Naiya et al. (2009)
2 S::Itpi)vated carbon prepared from Van apple 12.91 Depci et al, (2012)
3 nANB 11.904 Present Study
4 | Active carbon 11.24 Mishra and Patel (2009)
5 | Penicillium chrysogenum 11.11 Uger et al. (2006)
6 Fly ash 11 Pehlivan et al. (2006)
7 | Saw dust 10.96 Shukla and Pai (2005)
8 Low-grade phosphate 10.32 Kandah (2004)
9 g:zgggr;;t)shells (dyed with C.I. Reactive 9.57 Shukla and Pai (2005)
10 | Streptoverticillium cinnamoneum 9.15 Puranik and Paknikar (1999)
11 | Bentonite 9.12 Mishra and Patel (2009)
12 | Groundnut shells 7.62 Shukla and Pai (2005)
13 | Zeolite 3.7 Egashira et al. (2012)
14 | Clay 3.6 Sheikhhosseini et al. (2013)
15 | Flyash 5.82
16 | BFS 3.25 Mishra and Patel (2009)
17 | Kaolin 3.05
18 | Chestnut shell 2.5 Véazquez et al. (2009)
19 | Low rank Turkish coal 1.66 Karabulut et al. (2000)
20 | Tannic acid immobilized activated carbon 1.23 Ucer et al. (2006)
21 | Carbon aerogel 1.183 Meena et al. (2005)
22 | Sugar beat pulp 0.176 Pehlivan et al. (2006)
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5.3.15 Cost Analysis

Cost analysis is an important influential factor for the selection of any heavy metal
removal process. The economics of the adsorption process is primarily dependent on the
cost of the adsorbent utilized for the removal of heavy metals from wastewater. The most
utilized adsorbent is the activated carbon which is expensive. Therefore, in the
developing countries like India, a low-cost adsorbent is a more affordable option if it is
easily available and environmental friendly. In the present work, an effort is made to
estimate the cost of the developed nANB. The cost of the development of 1 kg of nNANB
is calculated on the basis of the cost of chemical, crushing energy and heating energy
utilized during the process as discussed in Sec. 3.1. The breakup cost of the all the
physical and chemical components involved are provided in Table 5.12. The commercial
activated carbon developed from coconut shell is available at 75.86 Rs/kg (Fan, 2015).
Based on the adsorption capacity obtained using batch experiments for all the metal ions,

the cost of adsorbent for the removal of 1 g of each metal ion is calculated (Table 5.13).

It is observed that the removal of 1 g of Ni(ll) is 1.73 Rs which is least in comparison to
the removal of other the metal ions. This low-cost of the removal process is a result of
the higher adsorption capacity i.e. 29.412 mg g™ of nANB for the removal of Ni(ll). The
cost of the removal of other metal ions i..e. Cr(\VI), Pb(I1), Cu(ll), Cd(Il) and Zn(Il) are
obtained as Rs. 1.89, 1.94, 2.36, 2.44 and 4.59 respectively. The cost removal of 1 g of
Cr(VI) using activated carbon developed from coconut shell is coming to be Rs. 3.79
which is approximately double than that for the nANB (Rs.1.89). Although the surface
area of the developed adsorbent is less in comparison to the commercial adsorbents
(Table 5.3), however, the raw material used for the development of adsorbent is
biodegradable and low-cost. This makes the overall metal removal process cost effective
as compared to that for the commercial adsorbent. This supports the economic viability of

the developed nANB and as an alternate of the commercial adsorbent for metal removal.
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Table 5.12: Breakup and total cost for preparing 1 kg of nANB from neem bark.

Amount Net
Materials UsedK;or L Unit price price
production (Rs.)
Sulfuric Acid (kg) 0.555kg | 12.8Rs.kg" | 7.104
Cost of Crushing 1 (Rs. kg™) 0.1h 21 Rs. h* 2.1
Cost of Crushing 2(Rs. kg™) 0.2h 7Rs. ht 1.4
Cost of Crushing 3(Rs. kg™) 0.1h 21 Rs. h* 2.1
Cost of heating (Rs. kg™) 24 h 1.4Rs. h* 33.6
Net Cost 46.30
Overhead (10% of net cost) 4.63
Total cost (Rs.) 50.93

Table 5.13: Cost of adsorbent for the removal of 1 g of metal ions.

Capacit Adsorbent Cost of

Metal (mp _1)y Required for 1 g | Adsorbent

99 Metal Removal (Rs.)
Cd(ln) 20.83 48.00 2.44
Cr(VI) 26.9 37.17 1.89
Cu(ll) 21.6 46.30 2.36
Ni(ll) 29.41 34.00 1.73
Pb(Il) 26.32 37.99 1.94
Zn(I1) 11.1 90.09 4.59
Cr(VI) by Activated carbon

20 50.00 3.79
(Fan, 2015)
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5.4 Continuous Experiments

The batch study results established the fact that the nANB is a suitable adsorbent for the
removal of Cd(Il), Cr(\VI), Cu(ll), Ni(ll), Pb(Il) and Zn(ll). Hence, the continuous
experiments are performed in the laboratory scale fixed-bed adsorption column for the
removal of individual as well as multiple metal ions from wastewater. In the succeeding
sections, the effect of various parameters such as the mass of adsorbent, the inlet flow
rate, the inlet metal ion concentration and interference of other ions on the continuous
removal of Cr(VI), Cu(ll) and Zn(ll) is discussed. The applicability of nANB is also
checked for the simultaneous removal of multiple metal ions from the synthetically
prepared pulp & paper industrial effluent solution. The various kinetic parameters such as
the breakthrough time (t,), the stoichiometric capacity of the column (qy), time equivalent
to the stoichiometric capacity of the column (t;), total percentage removal (S), the empty
bed residence time (EBRT) and the fraction of the unused bed length (y) are also
evaluated (Tables 5.14 to 5.16) . The experimental data are also fitted with the Yoon-

Nelson and Yan models.
5.4.1 Effect of Inlet Flowrate

The effect of inlet flow rate on the breakthrough curve for the removal of Cr(VI), Cu(ll)
and Zn(11) is studied by varying the flow rate from 5 to 15 mL min™ while keeping the
mass of the adsorbent and initial metal ion concentration constant as 75 g and 50 mg L™
respectively. The obtained breakthrough curves for Cr(\VI), Cu(ll) and Zn(ll) removal at

different flow rates are shown in Figs 5.49, 5.50 and 5.51 respectively.
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With an increase in the flow rate from 5 to 15 mL min™, there is a decrease in the
breakthrough time from 35.09 to 8.26 h, 31.93 to 13.46 h and 32.07 to 25.06 h for the
removal of Cr(\VI1), Cu(ll) and Zn(ll) respectively (Tables 5.14, 5.15 and 5.16). This
decrease in the breakthrough time may be due to availability of more amount of metal for
adsorption in the same time duration for the same number of active sites. The total
amount of the Cr(\VI), Cu(ll) and Zn(Il) adsorbed increases from 1246 to 1907, 1086 to
1656 and 841 to 1810 mg respectively with an increase in the flowrate from 5 to 15 mL
min™. It is observed that the steepness of breakthrough curve increases with an increase
in the flowrate. This increase in the amount adsorbed and the steepness may be due to the
better mixing at high flow rate which reduces the film thickness over the adsorbent. This
subsequently reduces the film mass transfer resistance for metal transfer from bulk to
adsorbent surface (Gupta, 2008b) and leads to higher rate of mass transfer. With an
increase in the flow rate from 5 to 15 mL min™, there is a decrease in residence time from
30.41 to 10.14 sec. The decrease in the contact time affect the proper utilization of the
adsorbent. The fraction of the unused bed length increases from 57.79 to 80.33 and 56.27
to 64.17% with an increase in the inlet flowrate from 5 to 15 mL min™ for the removal of
Cr(VI) and Cu(ll) respectively. The percentage removal of Cr(VI), Cu(ll) and Zn(Il)
decreases from 61.17 to 58.94, 57.10 to 54.93 and 61.10 to 57.90% respectively with an
increase in the flowrate from 5 to 15 mL min™. The total time required corresponding to
the stoichiometric capacity of the column decreases from 135.8 to 71.9 h, 126.8 to 67.0 h
and 91.7 to 69.5 h for the removal of Cr(VI1), Cu(ll) and Zn(lIl) respectively with an
increase in the flow rate from 5 to 15 mL min™. This may be due to the presence of more

amount of adsorbate in per unit time for the adsorbent to get saturated. The average
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saturation loading (qs) for Cr(\V1), Cu(ll) and Zn(Il) are found as 22.53, 18.99 and 18.5
mg g™ respectively. The saturation loading values estimated from continuous studies for
Cr(V1) and Cu(ll) removal are less than the values obtained from batch studies [26.95 mg
g* for Cr(VI) and 21.23 mg g™ for Cu(l1)]. However, the saturation loading value for
Zn(11) removal estimated from continuous studies is significantly higher than the values

obtained from the batch studies (11.904 mg g™).
5.4.2 Effect of Mass of Adsorbent

The effect of the mass of the adsorbent on the breakthrough curve for Cr(VI), Cu(ll) and
Zn(I1) removal is studied. The breakthrough curves for variable mass i.e. 25, 50, 75, 100,
125, 150 and 175 g are shown in Figs 5.52, 5.53 and 5.54 respectively. The other
parameters such as the inlet flow rate and initial metal ion concentration are maintained
constant as 10 mL min™ and 50 mg L™ respectively. The various adsorption parameters
for fixed-bed adsorption are evaluated and tabulated in Tables 5.14, 5.15 and 5.16 for

Cr(VI), Cu(ll) and Zn(l1) adsorption respectively.

With an increase in the mass of the adsorbent from 25 to 175 g, the breakthrough time is
increased from 9.25 to 111.66 h, 6.03 to 69.32 h and 8.75 to 79.03 h for the removal of
Cr(VI), Cu(Il) and Zn(Il) respectively (Figs 5.52, 5.53 and 5.54). The increase in the
breakthrough time may be due to the longer bed length (Rout et al., 2014). It is observed
that with an increase in the mass of the adsorbent, the total amount of Cr(VI), Cu(ll) and
Zn(1l) adsorbed is increased from 868 to 5069, 824 to 4113 and 645 to 3570 mg
respectively. The increase in the adsorbed amount and breakthrough time may be due to
the availability of more number of active sites for the adsorption of the metal ions (Deng

et al., 2014). This also leads to an increase in the overall percentage removal of the
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Cr(V1), Cu(ll) and Zn(Il) from 38.23 to 72.89, 38.73 to 65.45 and 48.89 to 62.98 %
respectively with an increase in the mass of the adsorbent from 25 to 175 g. The
residence time increases from 5.07 to 35.48 sec with an increase in the mass of adsorbent
from 25 to 175 g. Stoichiometric capacity for the removal of Cr(V1), Cu(ll) and Zn(Il)
are obtained as 28.30, 24.41 and 20.65 mg g™ respectively. The obtained stoichiometric
capacity values from the fixed-bed adsorption experiments are better than the values
obtained from the batch experiments. The total time required corresponding to the
stoichiometric capacity of the column increases from 75.7 to 231.8 h, 70.9 to 209.4 h and
44 to 188.9 h for the removal of Cr(\V1), Cu(ll) and Zn(Il) respectively when the mass of
adsorbent increases from 25 to 175 g. This may be due to the presence of more amount of
adsorbent for the adsorption of metal ions. The fraction of the unused bed length
decreases from 73.83 to 33.74, 78.28 to 49.48 and 60.31 to 34.86% for the removal of
Cr(VI), Cu(ll) and Zn(I1) respectively with an increase in the mass of the adsorbent from
25 to 175 g (Tables 5.14, 5.15 and 5.16). The unused bed length is constant for a given
particle size of adsorbent and fluid velocity. With an increase in the bed height, the length
of unused bed remains constant. Hence the fraction of the unused bed length decreases
with an increase in the bed height (McCabe et al., 2007). With an increase in the mass of
the adsorbent from 25 to 175 g, the adsorbent exhaustion rate decreases from 7.284 to
2.612, 6.90 to 4.21 and 4.76 to 3.69 g L™ for the removal of Cr(V1), Cu(ll) and Zn(I1)
respectively. This decrease with an increase in mass of adsorbent is due to the increase in

the time required for the saturation of the bed (Gupta, 2008b).
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Table 5.14: Different parameters for the removal of Cr(VI) from aqueous solution in a fixed-bed adsorption column.

I\To Co Q W te tf t Gs Ge m | S |EBRT| R, y
mg L™ | mL min® g h h h mgg' | mg mg | % sec gL*

1 50 10 75 110.7 198 | 24.78 | 25.75 1858 | 3321 | 55.92 | 15.21 5.04 0.6151
2 100 10 75 57.4 150 | 13.88 | 35.08 1316 | 3442 | 38.24 | 15.21 9.01 0.6836
3 50 5 75 135.8 222 | 35.09 | 16.62 1246 | 2036 | 61.17 | 30.41 7.13 0.5779
4 50 15 75 71.9 122 | 8.26 25.21 1907 | 3236 | 58.94 | 10.14 10.09 0.8034
5 50 10 25 75.7 198 | 9.25 34.57 868 2270 | 38.23 | 5.07 4.50 0.6789
6 50 10 50 93.2 198 | 11.44 | 26.23 1316 | 2795 | 47.06 | 10.14 7.28 0.7383
7 50 10 100 147.7 246 | 50.24 | 26.61 2659 | 4429 | 60.02 | 20.28 3.32 0.4337
8 50 10 125 176.9 270 | 74.15 | 27.65 3478 | 5307 | 65.52 | 25.35 2.81 0.3563
9 50 10 150 204.8 294 | 98.23 | 28.42 4282 | 6145 | 69.68 | 30.41 2.55 0.3086
10 50 10 175 231.8 | 318 | 111.6 | 28.89 5069. | 6954 | 72.89 | 35.48 2.61 0.3374
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Table 5.15: Different parameters for the removal of Cu(ll) from aqueous solution in a fixed-bed adsorption column.

S.No. Co Q W te te ty Os o]t m; S EBRT Ra y

mgL* | mLmin? | gm | h h h mgg' | mg mg % sec | gmL'| %
1 50 10 75 | 99.1 | 198 | 19.8148 | 19.82 | 1488.6 | 2973.60 | 50.06 | 15.21 6.31 | 0.6001
2 100 10 75 | 75.9 | 150 | 8.875 30.83 | 2305.02 | 4554.69 | 50.61 | 15.21 14.08 | 0.7697
3 50 5 75 |126.8 | 222 | 31.9266 | 14.60 | 1085.7 | 1901.42 | 57.10 | 30.41 7.83 | 0.5627
4 50 15 75 | 67.0 | 122 | 13.4595 | 22.54 | 1656.45 | 3015.61 | 54.93 | 10.14 6.19 | 0.6417
5 50 10 25 | 70.9 | 183 | 6.0357 | 33.35 823.5 |2126.27 | 38.73 | 5.07 6.90 |0.7828
6 50 10 50 | 85.1 | 185 |11.3097 | 23.62 | 1173.6 | 2552.15| 45.98 | 10.14 7.37 |0.7128
7 50 10 100 | 134.5 | 246 | 23.608 | 22.18 | 2205.12 | 4034.08 | 54.66 | 20.28 7.06 | 0.6807
8 50 10 125 | 163.6 | 270 | 46.075 | 24.15 | 2973.33 | 4907.54 | 60.59 | 25.35 452 |0.5421
9 50 10 150 | 189.7 | 298 | 53.9158 | 24.23 | 3621.15 | 5689.73 | 63.64 | 30.41 4.64 | 0.5549
10 50 10 175 | 209.4 | 320 | 69.317 | 23.52 | 4112.55|6283.35 | 65.45 | 35.48 421 |0.4948
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Table 5.16: Different parameters for the removal of Zn(I1) from aqueous solution in a fixed-bed adsorption column.

S.No. Co Q W te te ty Os ot m; S EBRT Ra y

mgL* | mLmin? | gm | h h h mggt | mg mg % sec | gmL* | %
1 50 10 75 | 75.0 | 120 27.5 19.16 | 1405.5 | 2249.40 | 62.48 | 15.21 4.55 0.4258
2 100 10 75 | 72.6 | 130 | 20.37 32.93 | 2432.85 | 4356.17 | 55.85 | 15.21 6.14 | 0.5051
3 50 5 75 | 91.7 | 150 | 32.069 | 11.54 | 840.075 | 1374.83 | 61.10 | 30.41 7.80 |0.4444
4 50 15 75 | 69.5 | 120 | 25.0575 | 24.80 | 1810.35 | 3126.64 | 57.90 | 10.14 3.33 | 0.3938
5 50 10 25 | 440 | 90 | 8.748 26.45 645.3 | 1319.97 | 48.89 | 5.07 476 |0.6031
6 50 10 50 | 47.4 | 100 | 13.889 | 18.47 675 1423.02 | 47.43 | 10.14 6.00 | 0.5488
7 50 10 100 | 109.1 | 190 | 36.273 | 19.09 | 1879.5 |3273.09 | 57.42 | 20.28 459 |0.4301
8 50 10 125 | 145.3 | 270 | 49.94 19.30 | 2346.3 | 4359.48 | 53.82 | 25.35 4.17 |0.3790
9 50 10 150 | 171.1 | 280 | 70.136 | 21.30 | 3135.6 |5132.16 | 61.10 | 30.41 3.56 |0.3416
10 50 10 175 | 188.9 | 300 | 79.032 | 20.80 | 3569.85 | 5668.21 | 62.98 | 35.48 3.69 | 0.3486
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Fig 5.49: Effect of inlet flow rate on the removal of Cr(V1) using NANB.
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Fig 5.50: Effect of inlet flow rate on the removal of Cu(ll) using nANB.
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Fig 5.51: Effect of inlet flow rate on the removal of Zn(11) using NANB.
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5.4.3 Effect of Inlet Concentration

The effect of the initial concentrations (50 mg L™ and 100 mg L™) on the breakthrough
curve for Cr(\VI), Cu(ll) and Zn(l1) adsorption from aqueous solution is shown in Figs
5.55, 5.56 and 5.57 respectively. The parameters for Cr(V1), Cu(ll) and Zn(ll) adsorption
are calculated for each experimental run and are reported in Tables 5.14, 5.15 and 5.16

respectively.

It is observed that, with an increase in the initial concentration from 50 to 100 mg L™,
there is a decrease in breakthrough time from 24.78 to 13.88, 27.5 to 20.37 and 19.81 to
8.88 h for the removal of Cr(\V1), Cu(ll) and Zn(Il) respectively. This may be due to the
fact that more amount of metal ions are passed through the fixed-bed in per unit time.
This leads to the faster saturation of the bed and further decrease in breakthrough time.
The adsorption exhaustion rate for the removal of Cr(VI), Cu(ll) and Zn(Il) increases
from 5.04 to 9.01, 6.31 to 14.08 and 4.55 to 6.14 g L™ respectively with an increase in the
inlet concentration from 50 to 100 mg L™. The increase in the concentration in bulk
liquid phase increases the driving force (concentration difference) for mass transfer
which further increases the rate of diffusion. This also results in the increase of diffusion
and mass transfer coefficients for metal transport from liquid to solid phase. This leads to
the relatively faster transport of the molecules from the bulk phase to solid surface of

nANB (Aksu and Génen, 2004; Gupta and Babu, 2009c)

The fraction of the unused bed length increases from 61.51 to 68.36, 60.01 to 76.97 and
42.58 to 50.51% for the removal of Cr(VI), Cu(ll) and Zn(ll) respectively with an
increase in inlet concentration. The total percentage removal of Cr(VI) and Zn(ll)

decreases from 55.92 to 38.24 and 62.48 to 55.85% with an increase in the inlet metal
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concentration from 50 to 100 mg L™. The total time required for the adsorption is
analogous to the stoichiometric capacity of the column and is found to be decreased from
110.7 to 57.4, 99.1 to 75.9 and 75.0 to 72.6 h for the removal of Cr(\V1), Cu(ll) and Zn(I1)
respectively when the inlet concentration is increased from 50 to 100 mg L™, This is due
to the availability of more molecules of metal ions in the solution for the same amount of

adsorbent to get saturated (Gupta and Babu, 2009c; Riazi et al., 2014).
5.4.4 Effect of Interference of Other Metal lons

It is very important to study the performance of nANB for the removal of individual
metal ions from wastewater in the presence of other metal ions. This study would indicate
the applicability of nANB to treat industrial effluents. In this study, the inlet
concentration of 50 mg L™ of each metal [Cr(VI), Cu(Il) and Zn(I1)] is maintained. The
flow rate and mass of adsorbent are maintained as 10 mL min™ and 75 g respectively.
The breakthrough curves for the simultaneous removal of Cr(V1), Cu(ll) and Zn(Il) are
shown in Fig 5.58. To compare the results of individual metal ion removal with multiple
metal ion, the breakthrough curves for individual metal ions are also shown in Fig 5.58.

The adsorption parameters are evaluated and tabulated in Table 5.17.

The breakthrough time is obtained as 9.25, 14.3 and 6.83 h for the removal of Cr(VI),
Cu(Il) and Zn(I1) respectively for mixed metal adsorption. The breakthrough time
obtained for Cr(VI), Cu(ll) and Zn(ll) from mixed solution is lesser than the
breakthrough time obtained from the pure aqueous solution of metal ions (Fig 5.58). This
decrease in the breakthrough time is due to the simultaneous utilization of the active sites
available on the nANB surface for the adsorption of Cr(\V1), Cu(ll) and Zn(Il) from the

solution. The simultaneous adsorption of Cr(\VI), Cu(ll) and Zn(Il) on the surface of the
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NANB can also be confirmed from the EDS analysis (Fig 5.28). The saturation loading
capacity of Cr(\V1), Cu(ll) and Zn(Il) in the mixed solution is obtained as 20.64, 16.29
and 17.02 mg g™ respectively. The saturation loading capacity for the pure Cr(VI), Cu(ll)
and Zn(l1) are obtained as 25.75, 35.30 and 18.40 mg g™ respectively, which are higher
than the saturation capacity obtained from the mixed solution for each metal ion. Further,
the percentage removal of individual metal ions in the presence of multiple metal ions

decreases by approximately 11.81% in comparison to their pure adsorption runs.

The maximum average saturation loading for either of the metal ions [Cr(V1), Cu(ll) and
Zn(I1)] is found as 26.485 mg g™*. However, the saturation loading for the simultaneous
adsorption of Cr(VI), Cu(ll) and Zn(Il) is obtained as 53.95 mg g* which is
approximately double to that of the maximum saturation capacity of either of the metal
ions. This indicates that the developed adsorbent, NANB, is more suitable to treat the
wastewater containing multiple metal ions i.e. more efficient and economical to treat the

industrial effluent.
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Table 5.17: Parameters for the removal of various metal ions from aqueous solution in a fixed-bed adsorption column.

(P: Pure sample; I: Interference Sample)

S. No. Metal Co Q W | t t tp s Ot m¢ S EBRT Ra y
mgL* | mLmin® | g | h h h |mgg*'| mg mg % sec | gL*
1 Cr(VI)(P) 50 10 75 | 111 | 198 | 24.8 | 25.75 | 1857.6 3321.77 | 55.92 | 15.21 5.04 | 0.6151
2 Cr(VD) () 50 10 75 | 97.6 | 198 | 9.25 | 20.64 | 1443.6 | 2928.31 | 49.30 | 15.21 | 13.51 | 0.8207
3 Cu(ln (P) 50 10 75 1989|198 | 25 | 35.30 1482 2967.00 | 49.95| 1521 | 4.99 | 0.7163
4 Cu(In (n 50 10 75 189.3 198 | 14.3 | 16.29 | 1207.8 | 2678.49 | 45.09 | 15.21 8.73 | 0.6485
5 Zn(1l) (P) 50 10 751956 | 198 | 12.3 | 18.40 | 1383.84 | 2867.06 | 48.27 | 15.21 | 10.20 | 0.7336
6 Zn(11) (1) 50 10 75 1823|198 | 6.83 | 17.02 | 1026.84 | 2469.70 | 41.58 | 15.21 | 18.31 | 0.8395
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5.4.5 Utilization on Pulp & Paper Industrial Effluent

The applicability of the developed nANB on the simultaneous removal of multiple metal
ions present in the synthetically developed pulp & paper industrial effluent is evaluated.
A continuous experiment is performed by maintaining the initial concentration of
different metal ions in aqueous solution as provided in Table 3.6. The breakthrough
curves for the simultaneous removal of all the metal ions are shown in Fig 5.59. The
fixed-bed adsorption parameters for different metal ions are evaluated by considering
their individual permissible limits and are being tabulated in Table 5.18. It is observed
that the breakthrough time for the individual metal ions (considering individual
breakpoint concentration) are obtained as 4.393, 6.397, 9.425, 22.136, 34.34 and 34.96 h
for Cd(11), Ni(ll), Cr(VI), Pb(ll), Zn(11) and Cu(ll) respectively. The percentage removal
is estimated as 30.61, 32.78, 38.14, 50.26, 52.80 and 78.52% for Ni(ll), Cd(Il), Zn(11),
Cr(VI), Cu(ll) and Pb(Il) respectively when the fixed-bed column is allowed to reach the
saturation till 198 h. The saturated loading capacity for Cr(VI), Cu(ll), Zn(ll), Pb(ll),
Ni(l) and Cd(Il) are obtained as 24.73, 16.52, 0.99, 0.71, 0.50 and 0.25 mg g*
respectively which is reducing according to the inlet concentration of each metal ion. The
saturated adsorbent contains all the metal ions and the overall saturation loading capacity

of the adsorbent is evaluated as 43.71 mg metals per g of adsorbent.

The effluent containing multiple metal ions is allowed to be released into the
environment, when each of the pollutants present in the effluent must be in their
permissible limit. The fixed-bed adsorption is required to be stopped, if the concentration
of any metal ion in the effluent exceeds their permissible limit. Due to this reason, the

parameters are re-estimated by considering the lower value of breakthrough time i.e.
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4.393 h among all metal ions and are reported in Table 5.19. The overall unused bed
length of the column is obtained as 16.56%, which is very less in comparison to any of
the column studies considering individual metal ions. The saturation loading capacity
also reduces to 24.73, 3.42, 0.72, 0.68, 0.50 and 0.28 mg g™ for Cr(V1), Cu(ll), Pb(ll),
Zn(I1), Ni(1) and Cd(11) respectively. The overall saturation loading capacity of NANB is
obtained as 30.30 mg metals per g of adsorbent. On comparing with the adsorption
capacity of nANB for individual metal ions, it is found that the adsorption capacity
increases for the simultaneous removal of multiple metal ions. This supports the
utilization of the developed nANB for the removal of multiple pollutants from industrial

effluent streams.

The saturated nANB utilized on the synthetically developed pulp & paper industry
effluent is also characterized using SEM and EDS. The SEM and EDS image of used
nANB are shown in Fig 5.60(a) and (b) respectively. It is observed that the nano pores
available on the surface of fresh nANB [Fig 5.10(a)] are not visible on the surface of
saturated NANB [Fig 5.60(a)] which confirms the utilization of the active sites available
for adsorption. The EDS analysis [Fig 5.60(b)] confirms the adsorption of multiple metal
ions on the surface of the developed nANB. This EDS analysis also supports the higher
adsorption of Pb and Cr in comparison to other metal ions. The presence of other
impurities such as Sulphur, Magnesium, Cobolt, Chlorine, Silicon, etc. is due to the salts

utilized for the preparation of stock solution and the EDS coating & analysis procedure.
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Table 5.18: Parameters for the removal of various metal ions from synthetically prepared pulp & paper industry effluent

solution in a fixed-bed adsorption column.

S. No. | Metal Co Q W te t tp s Ot m¢ S EBRT | Ra y
mgL™* | mLmin? | g h h h mggt| mg mg % sec | gL*
1 Cr(VI) 59.2 10 75| 99.52 | 198 | 9425 | 2473 | 1776.84 | 3535.03 | 50.26 | 15.21 | 13.26 | 0.8195
2 Cu(ln 7.72 10 75 | 10455 | 198 | 34.96 | 16.52 | 255.72 484.28 | 52.80| 15.21 | 3.58 | 0.8693
3 Zn(1l) 2.9 10 75 | 7552 | 198 | 34.342 | 0.99 50.118 131.40 | 38.14| 15.21 | 3.64 | 0.1986
4 Cd(n 1.44 10 75| 64.90 | 198 | 4.393 0.25 18.378 56.07 32.78 | 15.21 | 28.45| 0.7995
5 Pb(1I) 1.54 10 75 | 155.47 | 198 | 22.136 | 0.71 112.8 143.66 | 78.52 | 15.21 | 5.65 | 0.6182
6 Ni(ll) 3.49 10 75| 60.61 | 198 | 6.397 0.50 38.856 126.93 | 30.61 | 15.21 | 19.54 | 0.6427
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Table 5.19: Parameters for the removal of various metal ions from synthetically prepared pulp & paper industry effluent

solution in a fixed-bed adsorption column at overall breakpoint.

S.No. | Metal Co Q W te t tp s Ot m¢ S EBRT Ra y
mgL* | mLmin? | g h h h | mggt mg mg % sec gL*
1 Cr(VI) 59.2 10 75| 99.52 | 198 | 4.393 | 24.73 | 1776.84 | 3535.03 | 50.26 | 15.21 | 28.45 | 0.9159
2 Cu(ln 7.72 10 75 | 10455 | 198 | 4.393 | 3.42 255.72 484.28 |52.80 | 15.21 | 28.45 | 0.9206
3 Zn(1l) 2.9 10 75 | 7552 | 198 | 4.393| 0.68 50.118 131.40 | 38.14 | 15.21 | 28.45 | 0.8506
4 Cd(n 1.44 10 75| 6490 | 198 |4.393| 0.25 18.378 56.07 | 32.78 | 15.21 | 28.45 | 0.7995
5 Pb(1I) 1.54 10 75 | 15547 | 198 | 4.393 | 0.72 112.8 143.66 | 7852 | 15.21 | 28.45 | 0.9251
6 Ni(ll) 3.49 10 75| 60.61 | 198 | 4.393| 0.50 38.856 126.93 | 30.61 | 15.21 | 28.45 | 0.7539
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Fig 5.60: (a) SEM & (b)EDS analysis of the used adsorbent on the multiple metal

ions from synthetically prepared pulp & paper industry effluent solution.
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5.4.6 Evaluation of Kinetic Parameters from Column Data Modeling

The experimental data of the breakthrough curves are fitted with the Yoon-Nelson and
Yan models using the non-linear regression method of Origin 6.0 software. The values of
the different parameters for the Yoon-Nelson and Yan models for the removal of Cr(V1),

Cu(I1) and Zn(11) are being tabulated in Tables. 5.20, 5.21 and 5.22 respectively.
5.4.6.1 The Yoon-Nelson Model

It is observed that the increase in the inlet concentration from 50 to 100 mg L™, the value
of, a Yoon-Nelson rate constant (Kyy,) increases from 7.842 to 11.547 h™*, 0.129 to 0.146
h™ and 0.116 to 0.165 h™* for the removal of Cr(V1), Cu(ll) and Zn(11) respectively. It also
increases from 5.272 to 10.703, 0.082 to 0.174 and 0.088 to 0.156 h™ for the removal of
Cr(V1), Cu(ll) and Zn(I1) respectively (Tables 5.20, 5.21 and 5.22), with an increase in
the flow rate from 5 min™ to 15 ml min™. The value of ;, the time required for 50% of i""
adsorbate breakthrough is decreased from 0.980 to 0.690, 46.824 to 36.165 and 44.584 to
38.765 h for the removal of Cr(VI), Cu(ll) and Zn(ll) with an increase in inlet
concentration from 50 to 100 mg L™ respectively. The increase in the Kyy i with increase
in inlet concentration and flowrate may be due to the increase in the driving force for
adsorption and decrease in mass transfer resistance respectively. The decrease in z; with
an increase in the inlet concentration is a result of the rapid saturation of the nANB

adsorbent in the fixed-bed column (Aksu and Gdnen, 2006; Sugashini and Begum, 2013).

With the increases in the mass of the adsorbent from 25 to 175 g, the value of z; increases
from 0.446 to 2.704, 25.94 to 129.451 h and 20.797 to 113.716 h for the removal of

Cr(VI), Cu(ll) and Zn(1l) respectively. This increase in the z; is a result of the availability
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of more number of active sites for the same driving force. This leads to the delay in

saturation of the nANB surface (Aksu and Génen, 2006).
5.4.6.2 The Yan Model

The Yan model is applied to the obtained experimental results and estimated parameters
for the adsorption of Cr(VI), Cu(ll) and Zn(l1) are reported in Tables 5.20, 5.21 and 5.22

respectively.

The Yan model parameter, a;, increases with an increase in the inlet flow rate and the
mass of adsorbent for the removal of Cu(ll) and Zn(ll) while it remains unchanged for
the removal of Cr(VI). The a; increases from 4.419 to 12.427, 3.287 to 6.376 and 3.218 to
6.231 for the removal of Cr(VI), Cu(ll) and Zn(ll) with an increase in the mass of

adsorbent from 25 to 175 g respectively.
5.4.6.3 Concluding Remarks

The R? value is better for the Yan model, however the trends for the model parameters
are very irregular with the variation of parameter values. Also, the R? value for Yoon-
Nelson model is close to Yan model. Hence, in the present study, the applicability of
Yoon-Nelson model for the scaling up the existing process is more suitable. For these
models, the constants are estimated using the laboratory scale experimental data of
breakthrough curve. Further, these model equations could be utilized to get the
breakthrough curve at different operating conditions (pilot scale and commercial scale)

which could be helpful in designing of the scaled-up fixed-bed adsorption column.
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Table 5.20: Different parameters for the Yoon-Nelson and Yan models for Cr(VI) removal.

Inlet Conc. Mass of Yoon-Nelson Model Yan Model
Co Flowr-at_e; Adsorbent | Ky Ti
(mg LY (mL min™) © - o R? | Chi® Qo aj R? | Chi®

50 10 75 7.842 | 0.980 | 0.997 | 0.00057 | 0.00039 | 7.230 | 0.999 | 0.00023
100 10 75 11.547 | 0.690 | 0.997 | 0.00068 | 0.00055 | 7.547 | 0.998 | 0.00031
50 5 75 5.272 | 1.345 | 0.998 | 0.00035 | 0.00027 | 6.837 | 0.999 | 0.00008
50 15 75 10.703 | 0.676 | 0.998 | 0.0005 | 0.0004 | 6.855 | 0.999 | 0.00015
50 10 25 11.026 | 0.446 | 0.996 | 0.00084 | 0.00052 | 4.419 | 0.999 | 0.00012
50 10 50 9.474 | 0.673 | 0.998 | 0.00043 | 0.0004 | 5.793 | 0.999 | 0.00015
50 10 100 6.113 | 1.396 | 0.997 | 0.00053 | 0.00042 | 7.983 | 0.999 | 0.00024
50 10 125 6.394 | 1.836 | 0.997 | 0.00062 | 0.00044 | 10.940 | 0.998 | 0.00043
50 10 150 5.162 | 2.305 | 0.997 | 0.00054 | 0.00046 | 11.310 | 0.998 | 0.00031
50 10 175 4.868 | 2.714 | 0.996 | 0.00067 | 0.00046 | 12.427 | 0.997 | 0.00046
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Table 5.21: Different parameters for the Yoon-Nelson and Yan models for Cu(l1l) removal.

Mass of Yoon-Nelson Model Yan Model
Inlet Conc.
Flow rate | Adsorben
Co . KYN,i Ti
(mg LY (mL min™) t 1 R? | Chi? Qo aj R? | Chi®
@ | 0] O
50 10 75 0.129 | 46.824 | 0.998 | 0.00039 | 0.00031 | 5.780 | 0.999 | 0.00009
100 10 75 0.146 | 36.165 | 0.998 | 0.00046 | 0.00047 | 4.936 | 0.999 | 0.00005
50 5 75 0.082 | 69.540 | 0.997 | 0.00054 | 0.00023 | 5.400 | 0.999 | 0.00006
50 15 75 0.174 | 35.431 | 0.997 | 0.00058 | 0.0035 | 5.848 | 0.998 | 0.00033
50 10 25 0.150 | 25.940 | 0.997 | 0.00066 | 0.00049 | 3.284 | 0.999 | 0.00027
50 10 50 0.131 | 36.058 | 0.998 | 0.00041 | 0.00035 | 4.191 | 0.999 | 0.00005
50 10 100 0.085 | 69.310 | 0.998 | 0.00041 | 0.00034 | 5.578 | 0.999 | 0.0002
50 10 125 0.068 | 96.323 | 0.998 | 0.00032 | 0.00038 | 6.159 | 0.999 | 0.00008
50 10 150 0.059 | 114.772 | 0.995 | 0.00082 | 0.00038 | 6.379 | 0.998 | 0.00039
50 10 175 0.052 | 129.451 | 0.993 | 0.00116 | 0.00037 | 6.376 | 0.997 | 0.00052
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Table 5.22: Different parameters for the Yoon-Nelson and Yan models for Zn(Il) removal.

Inlet Conc. | Flow rate Mass of Yoon-Nelson Model Yan Model
Co (mL min™) | Adsorbent Ky . R Chi? %; a R2 Chi?
(mg L™ (9) 4
(h™) (h)

50 10 75 0.116 | 44.584 | 0.996 | 0.00076 | 0.00029 | 4.862 | 0.999 | 0.00014
100 10 75 0.165 | 38.765 | 0.998 | 0.00032 | 0.00051 | 6.103 | 0.999 | 0.00022
50 5 75 0.088 | 53.738 | 0.996 | 0.00072 | 0.00017 | 4.426 | 0.999 | 0.00006
50 15 75 0.156 | 38.413 | 0.998 | 0.00038 | 0.00038 | 5.695 | 0.999 | 0.00013
50 10 25 0.184 | 20.797 | 0.997 | 0.00079 | 0.00039 | 3.218 | 0.998 | 0.00047
50 10 50 0.158 | 28.795 | 0.999 | 0.00022 | 0.00028 | 4.196 | 0.999 | 0.00028
50 10 100 0.090 | 59.757 | 0.998 | 0.00038 | 0.00029 | 5.103 | 0.999 | 0.00008
50 10 125 0.071 | 74.868 | 0.997 | 0.00058 | 0.00029 | 5.034 | 0.999 | 0.00007
50 10 150 0.065 | 100.958 | 0.998 | 0.00043 | 0.00033 | 6.371 | 0.999 | 0.00012
50 10 175 0.057 | 113.716 | 0.996 | 0.00078 | 0.00032 | 6.231 | 0.998 | 0.00032
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CHAPTER 6
SUMMARY AND CONCLUSIONS

In the present study, a low-cost nano-porous adsorbent, activated neem bark (nANB) is
developed using a neem bark as the raw material. The developed adsorbent is utilized to
remove individual [Cr(\V1), Cu(ll), Zn(I1)] and simultaneous removal of multiple metal
ions from wastewater. Batch and continuous adsorption experiments are successfully
performed. The various adsorption isotherm, kinetic and mass transfer models are
validated using the batch experimental data to understand the adsorption behavior of the
developed nANB. A generalized mathematical equation is proposed which can be utilized
to provide an optimal set of parameter values resulting in the maximum removal
efficiency or adsorption capacity. The model is further optimized using Differential
Evolution (DE) to obtain the optimum parametric values for maximum adsorption
capacity. Furthermore, continuous fixed-bed adsorption experiments are performed to see
the effect of independent parameters on the breakthrough curve. This part of the thesis
presents a brief summary of the present study followed by the conclusions, major

contributions and future scope for the research.
6.1 Summary

6.1.1 Introduction

Adsorption is a promising method for the removal of heavy metals in a simple, efficient
and economical manner. A number of researchers have reported the use of different solid
materials as the adsorbent for the removal of heavy metals and other impurities. The

effluents from the industries are containing multiple metal ions. Very few adsorbents are
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reported in the literature for the adsorption of multiple metal ions. Therefore, there is a
need to identify a low-cost material which can be utilized effectively for the adsorption of
multiple metal ions from effluent streams. A higher adsorption capacity of the adsorbent
can be achieved by undergoing proper physical and chemical activation procedures.
Nano-porous materials can meet the requirements for a good adsorbent due to the
availability of large surface area for adsorption. The selection of the adsorbent is the
foremost important objective which can be accomplished by analyzing the different

activation procedures.

The performance of the adsorbent is characterized by the adsorption capacity, which is
estimated using the batch adsorption experiments. The applicability of the developed
adsorbent for the industrial use can be checked by performing continuous experiment.
The design of the column depends on various factors such as flow rate, initial
concentration, bed height, etc. These studies will help in evaluating the various design

parameters required to scale up the process.

The completion of the adsorption process leads to the metal loaded saturated adsorbent.
This saturated adsorbent is considered to be toxic and hazardous when released into the
environment. Hence, the prior treatment of saturated adsorbent is necessary to recover the
adsorbed metal ions before it discharge into the environment. The environmental
constraints further emphasize the need to develop a suitable method for regeneration of

the saturated adsorbent.
6.1.2 Gaps in Literature

The literature survey in the proposed research area revealed that in the present industrial

era, the presence of toxic metals in the effluent streams of different industries is a
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growing environmental concern. There are various physical and chemical methods
available for the removal of toxic metals from these effluent streams. It is also observed
that few adsorption studies were reported for the purification of industrial effluent
streams. However, economical treatment of effluent streams is the most important
criteria. The reported low-cost materials used as adsorbents do not possess the higher
adsorption capacity for the metal adsorption. In addition to that, most of the reported
adsorbents were utilized for the removal of single metal ion. Very few adsorbents have
been reported for the simultaneous removal of two metal ions. However, the actual
industrial effluents contain multiple metal ions which are also required to be treated
before discharging the effluent streams to the outer water bodies. Therefore, there is a
need to develop a low-cost adsorbent prepared from biodegradable material capable of
simultaneous adsorption of multiple metal ions with higher metal uptake. The removal of
single metal ion, with the use of specific adsorbent in the presence of other metals affects

the adsorbent performance.

Very few studies have reported the regeneration of metal loaded adsorbent for the
reutilization of adsorbent. The regeneration is very much required to make the adsorption
process more economical and environmental friendly. The literature survey also revealed
that very few studies have reported the continuous adsorption experiments using the low-
cost adsorbents. The lab/pilot scale continuous experiments are required to design/scale
up the process to the industrial scale. The studies related to the removal of multiple metal
ions using fixed-bed column are scarce. The mathematical models are used to scale-up
the adsorption process from laboratory scale to pilot scale and subsequent to the

industrial scale. A significant number of batch studies reported the use of various
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isotherm and Kkinetic model to fit the obtained experimental data and the estimation of
model parameters. However, very few studies attempted the validation of available

mathematical for the fixed-bed adsorption by the continuous experimental data.

Most of the researchers follow a common trend of performing batch experiments to study
the effect of a single parameter on the adsorption removal efficiency keeping the other
parameters constant. Only few studies have been reported for the estimation of the
maximum removal efficiency as a function of all the dependent parameters. Whereas, no
study is found where the researchers have performed experiments at the optimum

parametric condition.
6.1.3 Scope of Work

There is a need to develop a low-cost adsorbent from the naturally available waste
material which can be utilized as a potential adsorbent for the removal of multiple metal
ions. It is required to find the optimum activation conditions for the development of the
suitable low-cost adsorbent having more surface area and higher adsorption capacity for
the multiple metal ions. The batch experiments are needed to be performed at different
parametric values to evaluate the performance of developed adsorbent. There is an ample
scope of performing the continuous experiments using the developed low-cost adsorbent
for the removal of Cu(ll), Cr(VI) and Zn(ll) to demonstrate the use of the developed
adsorbent for the treatment of industrial effluent streams. A suitable method for the
regeneration of metal loaded adsorbent is required to be developed to make the

adsorption process more environmental friendly.

The industrial effluents from pulp & paper and plating industries are mainly containing

multiple metal ions ranging from Cu(ll), Cr(VI), Cd(l1), Pb(Il), Ni(l1) and Zn(ll). Hence,
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there is a need to evaluate the application of the developed low-cost adsorbent for the

simultaneous removal of multiple metal ions in a continuous column.

There is a need to propose a generalized mathematical equation which can be used by
most of the reported studies in the literature to find an optimal set of parameters which
results in the maximum removal efficiency or adsorption capacity. Batch and continuous
experimental results are required to be analyzed by the use of appropriate mathematical
models available in the literature. The obtained design parameters from the model
validation can be further utilized to propose a design of adsorption column in pilot and

industrial scale.
6.1.4 Experimental Studies

The present work focuses on the development of a nano-porous adsorbent using neem
bark as the low-cost raw material. The neem bark particles are activated by six different
chemical and physical activation procedures. The performance of all the six developed
ANB:s is tested for the removal of Cr(\V1), Cu(ll) and Zn(ll) by performing equilibrium
experiments. The six developed ANBs (ANB1 to ANBG6) are characterized using the
Fourier Transform Infrared (FTIR) Spectroscopy. Out of the six developed adsorbents,
the one which is having the relevant functional groups on the surface and shows the
maximum adsorption capacity for the removal of Cr(\VI1), Cu(ll) and Zn(ll) is being
utilized for the further study and is termed as NANB. The nANB is further characterized
using five more techniques. The performance of the nANB is also studied for the removal

of Cd(11), Ni(11) and Ph(I1).

The effect of other parameters such as pH, adsorbent dosage, contact time, temperature

and interference of other metals is evaluated for the removal of Cr(\V1), Cu(ll) and Zn(lI).
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Later on, continuous experiments are performed to study the effect of various parameters
such as the inlet concentration, inlet flowrate, adsorbent dosage and presence of other
ions on the continuous removal of Cr(VI), Cu(ll) and Zn(ll) individually. The
performance of nANB is also tested for the removal of multiple metal ions [Cd(lI),
Cr(VI), Cu(ll), Ni(lI), Pb(I1) and Zn(Il)] from the synthetically developed pulp & paper
industry effluent in a continuous experiment. The saturated adsorbent is further being
regenerated by thermal and chemical treatment to study the possibility of re-utilization of

the developed nANB.
6.1.5 Mathematical Modeling

The batch adsorption experimental data are used to evaluate various parameters with the
help of different isotherm and kinetic models available in the literature. In the present
work, the data are fitted with the Langmuir, Freundlich and Tempkin isotherm models.
The rate kinetic models used in this study are pseudo-first order, second order and
Elovich model. The Weber & Moris and the Boyd models are also used to determine the

rate-limiting mechanism for the metal adsorption on nANB adsorbent.

It is essential for forecasting the response and behavior of the system on the basis of
reliant input parameters. Any experimental data can be well fitted by a suitable
polynomial function. In the present study, the initial concentration, contact time, pH and
the adsorbent dosage are being considered as input parameters for the modeling of the
system. The obtained model is further optimized using the Differential Evolution (DE)
technique to find the optimum parametric values required to attain maximum adsorption

capacity.
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Batch experiments are not suitable for large scale treatment processes, however, the
parameters evaluated from this study are helpful in designing the column for continuous
experiments. The mathematical models available for the fixed-bed columns are also
useful to estimate the design parameters by validating them using laboratory scale
continuous experimental results. The experimental data are also fitted with the Yoon-

Nelson and Yan model.
6.1.6 Results and Discussion

The results obtained from experimental, modeling and optimization studies are

summarized in the following sections.
6.1.6.1 Selection of NANB

The equilibrium experiments are performed to evaluate the performance of six (ANB1 to
ANBG6) developed adsorbents for the removal of Cr(VI), Cu(ll) and Zn(ll) using neem
bark as the raw material. In the real scenario, the industrial effluent streams contain
several metal ions, hence, the adsorbent employed must have significant capacity to
simultaneously adsorb multiple metal ions. Based on the experimental and theoretical
evaluation of developed ANBs, ANBL1 is considered as suitable adsorbent for the single

and multiple metal ions adsorption from wastewater streams.

The ANBL is also tested for the removal of other metal ions such as Cd(ll), Ni(Il) and
Pb(1l) to check its wider industrial applicability. This study supports the capability of
ANBL1 to be used for the adsorption of Cr(\VI), Cu(ll), Cd(Il), Ni(ll), Pb(ll) and Zn(Il)

and is considered for further experimental studies and is termed as nANB.
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6.1.6.2 Characterization

The developed ANBs (ANB1 to ANBG6) are characterized using FTIR. It is observed that
the ANB1 is showing two extra peaks in comparison to the ANB 2 to ANB6. A wavy
spectrum is obtained in place of a smooth one which confirms the amorphous nature of
the developed ANBL. The presence of C-O and C=0 suggests the existence of various

acidic groups on the surface of ANB1(nANB).

In the present study, the selected nANB is further characterized by SEM, EDS, BET
Surface area, XRD and TGA to study the characteristic behavior of the developed nANB.
The presence of different size of the pores on the surface of fresh NANB are clearly
visible. The comparison of the size of the pores with image resolution, confirms the
presence of significant number of 10-100 nm size pores along with other pores. This
supports the nano-porous characteristics of the developed nANB adsorbent. The SEM of
the used NANB shows clearly the utilization of the nano pores for the metal adsorption
while comparing with the surface morphology of the fresh nANB. The EDS analysis of
the surface of the used nANB shows the presence of Cr(\VI1), Cu(ll) and Zn(ll). The
surface area of the developed nANB is analyzed using the BET surface area analyzer.
The phase of the developed nANB is also characterized using XRD. There is no sharp
peak observed in the spectrum and therefore, the particle size of developed adsorbent
cannot be estimated. This also supports the amorphous nature of the adsorbent as
confirmed by FTIR analysis. TGA analysis of the developed nANB is also performed.
The result of TGA analysis indicates that the developed adsorbent is thermally stable up
to 200°C. TGA results also suggests that the saturated adsorbent can be regenerated at

higher temperatures (upto 200°C) without any degradation of adsorbent.
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6.1.6.3 Batch Experiments

The effect of contact time will be helpful to acquire the kinetic parameters and to propose
the rate kinetics for the metal removal. The effect of contact time is evaluated by
performing Kinetic experiments for the removal of Cr(VI), Cu(ll) and Zn(ll). It is
observed that for the removal of Cr(VI), Cu(ll) and Zn(ll), the percentage removal
rapidly increases with the increase in contact time up to 4 h and later it increases
gradually with the further increase in contact time. Increase in contact time from 40 to 48
h shows a little change in the solid phase concentration and percentage removal.

Therefore, 48 h is considered as the equilibrium time for further studies.

The effect of NANB dosage on the Cr(VI), Cu(ll) and Zn(ll) ion removal is studied to
obtain the optimal value of adsorbent dosage. There is a trade-off between solid phase
concentration and percent removal with an increase in the adsorbent dosage for metal
adsorption. The optimal adsorbent dosage for the removal of Cr(\V1), Cu(ll) and Zn(Il)
adsorption is obtained as 6, 8 and 10.5 g L™ respectively from the trade-off between

adsorption capacity and percentage removal.

The effect of inlet concentration on the performance of the developed nANB for the
removal of Cr(\VI1), Cu(ll) and Zn(Il) is also studied. It is observed that the percentage
removal decreases while the solid phase concentration increases with an increase in the

inlet concentration.

The other significant parameter studied is the effect of pH on the removal of Cr(VI),
Cu(Il) and Zn(1l). The range of pH values considered during the study are 1.2 to 12. It is
observed that the solid phase concentration decreases from 16.26 to 1, 15.83 to 2.13 and

9.99 to 1.05 mg g™ for the removal of Cr(VI), Cu(ll) and Zn(l1) respectively with an
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increase in the pH value from 1.2 to 12. This supports the adsorption of metal ions at

lower pH.

The effect of the temperature on the adsorption of heavy metals is evaluated by
performing equilibrium batch experiments at 35, 50 and 60°C. The equilibrium
experimental data at different temperature are also fitted with the Langmuir isotherm
model. The adsorption of metals on nANB is confirmed to be an exothermic process by
the obtained negative values of AH. The negative values of AS support less randomness

of the adsorption process at the solid liquid interface.

In the present study, there are two techniques considered for the regeneration of the
utilized adsorbent. The first technique is based on the thermal approach. The Cr(VI),
Cu(Il) and Zn(I1) utilized adsorbents are thoroughly stirred in hot water at 70°C. The
other technique followed is the base and acid treatment. The utilized nANB is treated for
24 h with 1N NaOH followed by 24 h treatment with 1IN HCL. The results support the

regenerability and re-usability of the nANB.

The performance of the developed nANB is also evaluated for the removal of
synthetically developed multiple metal ion aqueous solution. The aqueous solution
contains equal amounts of Cr(VI), Cu(ll) and Zn(Il). It is observed that the solid phase
concentration for each metal ion during the simultaneous adsorption of Cr(V1), Cu(ll)
and Zn(Il) is less than the one obtained from the respective pure aqueous solutions.
However, the total solid phase concentration of developed nANB for the simultaneous

removal of all metal ions is much higher than the individual ones.

The developed nANB s also utilized for the treatment of actual chrome plating industrial

effluent. The chrome plating industry effluent is mainly contaminated with large amount
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of Cr(VI) along with the traces of other metal ions. Hence, in this study, Cr(VI) is
targeted to remove from plating industry wastewater using NANB as an adsorbent. The
results obtained from this study established the fact that the developed nANB can be
successfully utilized for the treatment of industrial wastewater which contain Cr(VI)

along with other metal ions and impurities.

Adsorption isotherms are an important tool in adsorption process which helps in
understanding the adsorption mechanism in term of the interaction of the metal ions with
the solid adsorbent surface. The applicability of the various isotherm models help in
evaluating different isotherm constants that provide the information about the surface
property and affinity of the adsorbent towards the metal removal. The obtained
equilibrium experimental results are fitted with the isotherm models available in the
literature. In the present work, Langmuir, Freundlich and Tempkin isotherm models are
considered and are discussed. The calculated values of regression correlation coefficient
(R?) of the three isotherm models for the adsorption of Cr(V1), Cu(Il) and Zn(ll) indicate
that the equilibrium experimental data are best fitted with the Langmuir isotherm model.
This also supports the monolayer adsorption of Cr(VI), Cu(ll) and Zn(ll) on nANB

surface.

In order to understand the kinetic behavior of the adsorption process for the removal of
Cr(VI), Cu(ll) and Zn(I1) using nANB, the pseudo-first order, second order and Elovich
models are considered to fit the kinetic experimental data. Comparison of solid phase
concentration and the correlation coefficients for the removal of Cr(VI1), Cu(ll) and Zn(lI)
supports the applicability of second order kinetic model during the adsorption process.

The results suggest the chemisorption is the primary rate-limiting step in the process

180



which leads to the possibility of covalent bond formation between adsorbent surface and

metal ions.

Adsorption is a mass transfer process, hence, it is very important to understand its
mechanism of metal transfer from liquid phase to nANB surface. The movement of the
solute from bulk fluid to nANB surface can be supported by either the film diffusion or
intraparticle diffusion or maybe both. Weber & Moris and Boyd models are applied in the
present study to establish the mechanism of metal transfer. It is observed that the
adsorption of Cr(VI) and Zn(ll) using nANB are intraparticle diffusion controlled
whereas the Cu(ll) adsorption on nANB is due to the both, film diffusion and

intraparticle diffusion.

The batch experimental data for the removal of Cr(VI), Cu(ll) and Zn(Il) are utilized to
develop the model for the prediction of the optimum parameter values for attaining
maximum adsorption capacity. The maximum values of individual parameters are
identified by tabulating all the related experimental studies of that parameter for a
particular metal ion. The independent parameters along with the adsorption capacity (Qe)
are normalized using their respective maximum values and are regressed using the
Microsoft Excel 2007 software to formulate the model. The modeled equations are

optimized using the Differential Evlolution (DE) method.

The sensitivity analysis is also carried out to find the dominant parameters for the
adsorption process. The optimum values of parameters are made as twice and a half to
see the effect of these changes in the adsorption capacity. It is confirmed from the

analysis that the adsorption capacity highly depends on the inlet concentration and is
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more or less equally dependent on the other three parameters. The order of sensitivity is

initial concentration > adsorbent dosage > pH > contact time.

It is very important to understand the mechanism of metal adsorption onto the surface of
developed adsorbent. The adsorbent used in the present study is prepared from neem bark
as raw material. The neem bark is activated by acid and thermal treatment which develop
the acidic oxides groups on the surface of prepared nANB adsorbent. The surface of
NANB is positively charged due to the presence of these groups. The FTIR of the used
adsorbent for the removal of Cr(VI), Cu(ll) and Zn(l1) are performed to establish the

mechanism of metal adsorption.

The Langmuir isotherm model is considered to evaluate the maximum adsorption
capacity of nANB for the individual removal of Cr(VI), Cu(ll) and Zn(ll). It is observed
that the adsorption capacity of nANB is sufficiently high as compared to other low-cost

adsorbents reported in the literature.

Cost analysis is an important influential factor for the selection of any heavy metal
removal process. The economics of the adsorption process is primarily dependent on the
cost of the adsorbent utilized for the removal of heavy metals from wastewater. The cost
analysis supports the economic viability of the developed nANB and as an alternate of

the commercial adsorbent for metal removal.
6.1.6.4 Continuous Experiments

The batch study results established the fact that the NANB is a suitable adsorbent for the

removal of Cd(Il), Cr(\VI), Cu(ll), Ni(ll), Pb(ll) and Zn(ll). Hence, the continuous
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experiments are performed in the laboratory scale fixed-bed adsorption column for the

removal of individual as well as multiple metal ions from wastewater.

The effect of inlet flow rate on the breakthrough curve for the removal of Cr(VI), Cu(ll)
and Zn(l1) is studied by varying the flow rate from 5 to 15 mL min™. With an increase in
the flow rate, there is a decrease in the breakthrough time for the removal of metal ions.
This decrease in the breakthrough time may be due to availability of more amount of

metal for adsorption in the same time duration for the same number of active sites.

The effect of the mass of the adsorbent on the breakthrough curve for Cr(VI), Cu(ll) and
Zn(I1) removal is studied. With an increase in the mass of the adsorbent, the breakthrough
time is increased. The increase in the breakthrough time may be due to the longer bed
length. The effect of the initial concentrations (50 and 100 mg L™) on the breakthrough
curve for metal adsorption from aqueous solution is studied. It is observed that, with an

increase in the initial concentration, there is a decrease in breakthrough time.

It is very important to study the performance of nANB for the removal of individual
metal ions from wastewater in the presence of other metal ions. This study would indicate
the applicability of nANB to treat industrial effluents. In this study, the inlet

concentration of 50 mg L™ of each metal [Cr(V1), Cu(l1) and Zn(11)] is maintained.

The applicability of the developed nANB on the simultaneous removal of multiple metal
ions present in the synthetically developed pulp & paper industrial effluent is evaluated.
A continuous experiment is performed by maintaining the initial concentration of
different metal ions in aqueous solution as provided in literature. On comparing with the
adsorption capacity of nANB for individual metal ions, it is found that the adsorption

capacity increases for the simultaneous removal of multiple metal ions. This supports the
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utilization of the developed nANB for the removal of multiple pollutants from industrial

effluent streams.

The experimental data of the breakthrough curves are fitted with the Yoon-Nelson and
Yan models using the non-linear regression method of Origin 6.0 software. The
applicability of Yoon-Nelson model for the scaling up the existing process is more

suitable.
6.2 Conclusions

Based on the results obtained in the present study, the following conclusions are drawn:

1) A low-cost nano-porous adsorbent using Neem bark as raw material is successfully

developed.

2)  The optimum conditions for the activation of neem bark are obtained as 1:1 wt. %

H,SO,4 and 70°C.
3)  The equilibrium contact time for metals removal using nANB is found to be 48 h.

4)  Optimum values of adsorbent dosages are obtained as 6, 8 and 10.5 g L™ for the

removal of Cr(VI), Cu(ll) and Zn(Il) respectively.

5)  Optimum values of initial concentration are found for the optimum adsorption

capacity and percentage removal of all metal ions.

6) Metal adsorption capacity of nANB is found decreasing with an increase in the

solution pH and temperature of the process.
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7)

8)

9)

10)

11)

12)

13)

14)

The equilibrium adsorption of metal ions on nANB are well explained by
Langmuir isotherm model which confirms the monolayer adsorption of metals on

nANB surface.

The maximum adsorption capacity of individual metal ions is obtained as 20.83,
26.95, 21.23, 29.41, 26.32 and 11.90 mg g™ for the removal of Cd(ll), Cr(VI),

Cu(I1), Ni(11), Pb(Il) and Zn(I1) respectively.

The adsorption capacity of nANB for the simultaneous removal of Cr(VI1), Cu(ll)
and Zn(11) is found to be approximately 1.5 times (38.95 mg g™) the capacity of the

either of the metal ions.

The desorption efficiency of 91.4% is obtained for nANB adsorbent using acid and

base treatment.

The rate Kkinetics of Cr(VI), Cu(ll) and Zn(Il) adsorption is well explained by

second order kinetic model.

The Weber & Morris and Boyd models suggest that intraparticle diffusion is found
as the controlling mass transfer mechanism for Cr(VI) and Zn(ll) adsorption,

whereas Cu(ll) adsorption is due to both, film diffusion and intraparticle diffusion.

The presence of positive charged surface developed by the activation of the NANB

supports the adsorption of Cr(\V1), Cu(ll) and Zn(ll).

A generalized mathematical equation is successfully developed for the evaluation of
maximum adsorption capacity as a function of independent parameters using

Microsoft Excel 2007 regression tool.
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15)

16)

17)

18)

19)

20)

21)

DE is successfully applied in the developed mathematical equation to obtain the
optimum parametric values for the maximum adsorption capacity for Cr(V1), Cu(ll)

and Zn(l1) adsorption on nANB.

The cost analysis concludes that the NANB is a better possible alternative for the
adsorption of multiple ions as compared to commercial and other low-cost

adsorbents.

The fixed-bed adsorption studies carried out for different metals removal from
wastewater suggests the suitability of NANB as an adsorbent for the treatment of

metal contaminated effluent streams.

The breakthrough time for metal removal is found increasing with an increase in the
mass of the adsorbent while it is found decreasing with an increase in the inlet
concentration, inlet flowrate and presence of other metal ions in a fixed-bed

adsorption column.

The nANB is found suitable for the removal of multiple metal ions from the plating

industry and synthetically prepared pulp & paper industrial effluent.

The Yoon-Nelson model is found suitable for the scaling up of the fixed-bed

adsorption process.

The adsorption capacity for the removal of multiple metal ions (six) in a fixed-bed
adsorption column is found to be 43.71 mg g™ which is approximately double to the

individual adsorption capacity of any of the metal ions.
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6.3 Major Contributions

1)

2)

3)

4)

5)

6)

7)

8)

9)

A nano-porous adsorbent is developed using neem bark as a low-cost material for

the removal of multiple metal ions

Various properties and characteristics of the developed adsorbent are found by

different characterization techniques.

The developed nANB is tested for the removal of six metal ions [Cd(lI), Cr(VI),
Cu(I1), Ni(II), Pb(I1) and Zn(I1)] by performing an extensive batch and continuous

experiments.
The methods for the desorption of metal ions from saturated nNANB are proposed.

The mechanism for the Cr(VI), Cu(ll) and Zn(Il) adsorption is proposed based on

the characterization and experimental studies results.

A generalized mathematical equation is developed using batch experimental data

and further utilized to obtain optimum parametric values of independent parameters.

The optimum values of independent parameters are found for Cr(\V1), Cu(ll) and

Zn(11) adsorption using DE as an optimization technique.

The cost analysis is carried out to check the economic viability of the adsorption

process using nNANB.

The developed adsorbent is successfully tested for the simultaneous removal of
multiple metal ions from the plating industry effluent and synthetically prepared

pulp & paper industry effluent.

187



6.4 Future Scope

The present work can be extended to further studies. The future scope of the present

study can be:

1)

2)

3)

4)

5)

The developed adsorbent can be further utilized for the adsorption of other metal

ions.
The effect of particle size on the removal of metal ions can be studied.

The developed nANB has positive charge on the surface due to which it can also be

tested for the removal of dyes from effluent streams.

The proposed mathematical equation can also be modified for other independent
parameters such as temperature, particle size etc. to get the optimum parametric

values.

Life cycle analysis of developed adsorbent can be carried out.
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APPENDIX |

Raw Data for the batch and continuous experiments conducted in the
present research work.

Table A1.1: Calibration curve for the determination of Cr(V1) using Atomic
Absorption Spectrophotometer (AAS).

Concentration

S.No. | Absorbance (mg L'l)

0
0.1348
0.2492
0.3722
0.5016
0.6205
0.7533
0.8754
0.9995
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Table Al.2: Calibration curve for the determination of Cu(ll) using AAS.

S.No. | Absorbance Concentr_alltlon
(mg L)
1 0 0
2 0.1268 0.5
3 0.2513 1
4 0.3721 1.5
5 0.4987 2
6 0.6292 2.5
7 0.7553 3
8 0.8768 3.5
9 0.9989 4
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Table A1.3: Calibration curve for the determination of Zn(11) using AAS.

S.No. | Absorbance Concentr_alltlon
(mg L)

1 0 0

3 0.0911 0.1
4 0.1823 0.2
5 0.3649 0.4
6 0.5469 0.6
7 0.7271 0.8
8 0.9092 1

9 1.0027 1.1

Table Al.4: Calibration curve for the determination of Cd(11) using AAS.

S.No. | Absorbance Concentritlon
(mg L)

1 0 0

2 0.0833 0.1
3 0.1676 0.2
4 0.3339 0.4
5 0.5011 0.6
6 0.6671 0.8
7 0.8322 1

8 0.9165 1.1
9 1.0012 1.2

Table A1.5: Calibration curve for the determination of Ni(Il) using AAS.

Concentration
Absorbance (mg L™
0
0.1232
0.2501
0.3715
0.5026
0.6221
0.7564
0.8752
1.0005
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Table A1.6: Calibration curve for the determination of Pb(Il) using AAS.

Concentration
Absorbance (mg L™
0
0.1012
0.2007
0.2998
0.4012
0.5007
0.5986
0.7017
0.8066
0.9011
0.9979
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Table A1.7: Effect of initial concentration on the removal of Cr(VI) using ANB1
(T=35°C, t; =48 h, pH=2.2 and M = 6 g L") (10 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™) (Ce) (mg L™
1 60 0.0435 3.480
2 65 0.05 3.999
3 70 0.0563 4,503
4 80 0.0708 5.663
5 85 0.0813 6.503
6 90 0.0875 6.999
7 100 0.1034 8.271
8 105 0.1375 10.998
9 110 0.1625 12.998
10 120 0.1875 14.998
11 130 0.2501 20.005
12 140 0.3125 24.997
13 150 0.3576 28.604
14 160 0.4376 35.003
15 170 0.5001 40.002
16 180 0.5626 45.002
17 190 0.6251 50.001
18 200 0.6724 53.785
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Table A1.8: Effect of initial concentration on the removal of Cr(VI) using ANB2
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L™) (15 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™) (Ce) (mg L)
1 5 0.0044 0.528
2 20 0.0212 2.544
3 40 0.0605 7.259
4 60 0.1163 13.954
5 80 0.2252 27.020
6 100 0.318 38.155
7 120 0.437 52.433
8 140 0.5584 66.999
9 170 0.7454 89.436
10 200 0.9021 108.237

Table A1.9: Effect of initial concentration on the removal of Cr(V1) using ANB3
(T=35°C, t; = 48 h, pH=2.2 and M = 6 g L") (20 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™ (Ce) (mg L™
1 5 0.0047 0.752
2 20 0.0193 3.088
3 40 0.051 8.159
4 60 0.151 24.157
5 80 0.2415 38.635
6 100 0.3483 55.720
7 120 0.4612 73.782
8 140 0.5581 89.284
9 170 0.7242 115.856
10 200 0.8783 140.509
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Table A1.10: Effect of initial concentration on the removal of Cr(VI) using ANB4
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L™) (20 times diluted).

Initial Final
Concentration Concentration
S.No. | (Co)(mgL™ | Absorbance | (Ce) (mg L™
1 5 0.0085 1.360
2 20 0.0367 5.871
3 40 0.0765 12.238
4 60 0.1316 21.053
5 80 0.1905 30.476
6 100 0.2752 44.026
7 120 0.3674 58.776
8 140 0.4468 71.478
9 170 0.5715 91.427
10 200 0.7217 115.456

Table A1.11: Effect of initial concentration on the removal of Cr(VI) using ANB5
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L") (20 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™ (Ce) (mg L)
1 5 0.0094 1.503
2 20 0.0407 6.509
3 40 0.083 13.273
4 60 0.1357 21.701
5 80 0.1933 30.912
6 100 0.2523 40.347
7 120 0.3194 51.077
8 140 0.4075 65.166
9 170 0.5346 85.491
10 200 0.6611 105.720
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Table A1.12: Effect of initial concentration on the removal of Cr(V1) using ANB6
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L™) (20 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™ (Ce) (mg L™
1 5 0.0101 1.616
2 20 0.0417 6.671
3 40 0.0937 14.990
4 60 0.1473 23.565
5 80 0.2109 33.739
6 100 0.2705 43.274
7 120 0.3479 55.656
8 140 0.4153 66.439
9 170 0.5157 82.501
10 200 0.6396 102.322

Table A1.13: Effect of initial concentration on the removal of Cu(ll) using ANB1
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L") (30 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™ (Ce) (mg L)
1 60 0.1317 15.775
2 80 0.1852 22.183
3 100 0.2324 27.836
4 120 0.2965 35.514
5 140 0.379 45.396
6 150 0.4442 53.205
7 160 0.5352 64.105
8 170 0.5844 69.998
9 180 0.6727 80.575
10 185 0.7096 84.994
11 190 0.7514 90.001
12 195 0.7764 92.996
13 200 0.8249 98.805
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Table Al.14: Effect of initial concentration on the removal of Cu(ll) using ANB2
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L™) (30 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™ (Ce) (mg L™
1 5 0.0043 0.515
2 20 0.0177 2.120
3 40 0.0613 7.342
4 60 0.0975 11.678
5 80 0.1643 19.680
6 100 0.2389 28.615
7 120 0.3492 41.826
8 140 0.4293 51.421
9 170 0.5014 60.057
10 200 0.6789 81.317

Table A1.15: Effect of initial concentration on the removal of Cu(ll) using ANB3
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L") (30 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™) (Ce) (Mg L)
1 5 0.0084 1.006
2 20 0.0378 4,528
3 40 0.0867 10.385
4 60 0.1526 18.278
5 80 0.2229 26.699
6 100 0.2965 35.514
7 120 0.3766 45.108
8 140 0.449 53.780
9 170 0.5888 70.525
10 200 0.7133 85.438
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Table A1.16: Effect of initial concentration on the removal of Cu(ll) using ANB4
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L™) (30 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™) (Ce) (Mg L™
1 5 0.0101 1.210
2 20 0.0503 6.025
3 40 0.1101 13.188
4 60 0.1777 21.285
5 80 0.2479 29.693
6 100 0.3633 43.515
7 120 0.4601 55.110
8 140 0.5826 69.783
9 170 0.7724 92.517
10 200 0.9725 116.484

Table A1.17: Effect of initial concentration on the removal of Cu(ll) using ANB5
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L") (30 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™ (Ce) (mg L™
1 5 0.0101 1.209758
2 20 0.0512 6.132634
3 40 0.105 12.57669
4 60 0.1611 19.29624
5 80 0.2312 27.69267
6 100 0.2965 35.51418
7 120 0.3766 45.10839
8 140 0.4824 57.78091
9 170 0.714 85.52149
10 200 0.8802 105.4286
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Table A1.18: Effect of initial concentration on the removal of Cu(ll) using ANB6
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L™) (30 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™) (Ce) (Mg L)
1 5 0.0044 0.527
2 20 0.0178 2.132
3 40 0.0366 4.384
4 60 0.136 16.290
5 80 0.2479 29.693
6 100 0.2798 33.514
7 120 0.3766 45.108
8 140 0.4824 57.781
9 170 0.6305 75.520
10 200 0.7133 85.438

Table A1.19: Effect of initial concentration on the removal of Zn(Il) using ANB1
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L") (150 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™) (Ce) (Mg L)
1 60 0.132 21.748
2 70 0.1715 28.256
3 80 0.2147 35.374
4 100 0.3188 52.525
5 120 0.4078 67.189
6 140 0.5291 87.175
7 160 0.6151 101.344
8 180 0.7257 119.566
9 200 0.8314 136.981
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Table A1.20: Effect of initial concentration on the removal of Zn(l1) using ANB2
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L™) (100 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™) (Ce) (Mg L)
1 5 0.0032 0.527
2 20 0.035 5.767
3 40 0.0696 11.467
4 60 0.112 18.453
5 80 0.1611 26.543
6 100 0.2234 36.807
7 120 0.2994 49.329
8 140 0.3852 63.466
9 170 0.5388 88.773
10 200 0.6669 109.878

Table A1.21: Effect of initial concentration on the removal of Zn(I1) using ANB3
(T=35°C, t; = 48 h, pH=2.2 and M = 6 g L") (150 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™) (Ce) (Mg L)
1 5 0.0136 2.241
2 20 0.0688 11.335
3 40 0.1395 22.984
4 60 0.2328 38.356
5 80 0.3074 50.647
6 100 0.3784 62.345
7 120 0.4539 74.785
8 140 0.5355 88.229
9 170 0.6266 103.239
10 200 0.7668 126.338
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Table A1.22: Effect of initial concentration on the removal of Zn(11) using ANB4
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L™) (150 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™) (Ce) (Mg L™
1 5 0.014 2.307
2 20 0.0634 10.446
3 40 0.1372 22.605
4 60 0.2191 36.099
5 80 0.3024 49.823
6 100 0.3959 65.228
7 120 0.4922 81.095
8 140 0.5935 97.785
9 170 0.7547 124.344
10 200 0.9204 151.645

Table A1.23: Effect of initial concentration on the removal of Zn(I1) using ANB5
(T=35°C, t; = 48 h, pH=2.2 and M = 6 g L") (150 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™ (Ce) (mg L)
1 5 0.0084 1.384
2 20 0.0519 8.551
3 40 0.1138 18.750
4 60 0.1576 25.966
5 80 0.2069 34.089
6 100 0.2536 41.783
7 120 0.3411 56.200
8 140 0.3964 65.311
9 170 0.4868 80.205
10 200 0.633 104.293
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Table Al.24: Effect of initial concentration on the removal of Zn(11) using ANB6
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L™) (150 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™) (Ce) (Mg L)
1 5 0.0066 1.087
2 20 0.0487 8.024
3 40 0.0861 14.186
4 60 0.1306 21.518
5 80 0.1755 28.915
6 100 0.2208 36.379
7 120 0.3005 49.510
8 140 0.3781 62.296
9 170 0.5066 83.467
10 200 0.6391 105.298

Table A1.25: Effect of initial concentration on the removal of Cd(l1) using nANB
(T=35°C, t; = 48 h, pH=2.2 and M = 6 g L") (150 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™) (Ce) (Mg L)
1 60 0.1433 25.783
2 70 0.1671 30.065
3 80 0.1976 35.553
4 100 0.2612 46.996
5 120 0.3356 60.383
6 140 0.416 74.849
7 160 0.4996 89.891
8 180 0.5819 104.698
9 200 0.6638 119.434
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Table A1.26: Effect of initial concentration on the removal of Ni(ll) using nANB
(T=35°C, t;= 48 h, pH=2.2 and M = 6 g L™) (10 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™) (Ce) (Mg L™
1 60 0.1351 10.796
2 70 0.1535 12.266
3 80 0.1812 14.480
4 100 0.2563 20.481
5 120 0.3714 29.679
6 140 0.5088 40.659
7 160 0.6327 50.560
8 180 0.7302 58.352
9 200 0.8299 66.319

Table A1.27: Effect of initial concentration on the removal of Pb(I1) using nANB
(T=35°C, t; = 48 h, pH=2.2 and M = 6 g L") (20 times diluted).

Initial Final
S.No. | Concentration | Absorbance | Concentration
(Co) (mg L™ (Ce) (mg L)
1 60 0.2003 40.00191
2 70 0.2341 46.75211
3 80 0.2666 53.24269
4 100 0.3367 67.24236
5 120 0.4093 81.7413
6 140 0.4832 96.49987
7 160 0.5646 112.7563
8 180 0.6497 129.7516
9 200 0.7486 149.503
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Table A 1.28: Effect of contact time on the removal of Cr(V1) using NANB (T=35°C,
Co =100 mg L™, pH=2.2 and M = 6 g L) (15 times diluted).

Time Final i
S.No. (h) Absorbance | Concentration
(Ce) (Mg L™
1 0.0 0.8334 100.000
2 0.5 0.7425 89.088
3 1.5 0.6805 81.649
4 35 0.6378 76.525
5 7.5 0.4753 57.028
6 12.5 0.416 49.913
7 19.0 0.3292 39.499
8 25.0 0.31668 37.996
9 32.0 0.2989 35.863
10 39.5 0.2893 34.711
11 48.0 0.2493 29.912

Table A 1.29: Effect of contact time on the removal of Cu(ll) using NANB (T=35°C,
Co=100mg L™ pH=2.2 and M =6 g L™) (30 times diluted).

Time Final
S.No. (h) Absorbance | Concentration
(Ce) (mg L™)

1 0 0.8349 100

2 0.5 0.6674 79.940
3 1.5 0.6541 78.347
4 35 0.6391 76.550
5 7.5 0.6188 74.119
6 12.5 0.5992 71.771
7 19 0.5881 70.441
8 22 0.5761 69.004
9 25 0.5659 67.782
10 28 0.551 65.998
11 32 0.5436 65.111
12 35 0.5419 64.908
13 39.5 0.5401 64.692
14 41 0.5399 64.668
15 45 0.5389 64.548
16 48 0.5388 64.536
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Table A 1.30: Effect of contact time on the removal of Zn(11) using NANB (T=35°C,
Co =100 mg L™, pH=2.2 and M = 6 g L") (100 times diluted).

Time Final i
S.No. h) Absorbance | Concentration
(Ce) (mg L™

1 0 0.9104 100

2 0.5 0.8784 96.483
3 1.5 0.8304 91.211
4 35 0.7568 83.127
5 7.5 0.6482 71.198
6 12.5 0.5869 64.465
7 19 0.5014 55.074
8 25 0.4506 49.494
9 32 0.4246 46.638
10 39.5 0.4129 45.353
11 48 0.4108 45,122

Table A 1.31: Effect of adsorbent dosage on the removal of Cr(VI) using nANB
(T=35°C, Co = 100 mg L™, pH=2.2 and t; = 48 h) (15 times diluted).

Mass of Final
S.No. | adsorbent | Absorbance | Concentration

M(@L™" (Ce) (mg L™

1 0 0.8334 100

2 4 0.4822 57.856

3 8 0.2066 24.789

4 12 0.1791 21.489

5 16 0.1722 20.661

6 20 0.1584 19.005

7 24 0.1515 18.178

8 28 0.1378 16.534

9 32 0.1213 14.554

10 36 0.1066 12.790

11 40 0.0919 11.026
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Table A 1.32 Effect of adsorbent dosage on the removal of Cu(ll) using nANB
(T=35°C, Co =100 mg L, pH=2.2 and t; = 48 h) (30 times diluted).

Mass of Final
S.No. | adsorbent | Absorbance | Concentration

M(gL™ (Ce) (mg L)

1 0 0.8349 100.000

2 4 0.6343 75.975

3 8 0.5821 69.723

4 12 0.5305 63.542

5 16 0.5034 60.296

6 20 0.4652 55.721

7 24 0.4604 55.146

8 28 0.4529 54.247

9 32 0.4439 53.169

10 36 0.4377 52.427

11 40 0.4339 51.972

Table A 1.33: Effect of adsorbent dosage on the removal of Zn(11) using nANB
(T=35°C, Co = 100 mg L™, pH=2.2 and t; = 48 h) (100 times diluted).

Mass of Final
S.No. | adsorbent | Absorbance | Concentration

ML (Ce) (mg L™

1 0 0.9104 100

2 4 0.7032 77.239

3 8 0.6821 74.922

4 12 0.6515 71.561

5 16 0.6003 65.937

6 20 0.5102 56.040

7 24 0.4924 54.085

8 28 0.4337 47.638

9 32 0.3866 42.464

10 36 0.3417 37.532

11 40 0.3254 35.742
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Table A 1.34: Effect of pH on the removal of Cr(VI) using nANB (T=35°C, C, = 100

mg L, M=6gL"and t; = 48 h) (15 times diluted).

Final Final
S.No. pH | Absorbance | Concentration | Solution
(Co)(mgL™) | pH

1 2.16 0.0204 2.448 4.62
2 4.038 0.2057 24.681 5.39
3 6.135 0.3264 39.163 6.28
4 7.762 0.3847 46.158 7.14
5 9.983 0.5334 63.999 7.39
6 11.789 0.7839 94.055 8.01

Table A 1.35: Effect of pH on the removal of Cu(ll) using NANB (T=35°C, C, =100

mg L™*, M =6 gL™and t, = 48 h) (30 times diluted).

Final Final
S.No. pH | Absorbance | Concentration | Solution
(C)(mgL?) | pH

1 2.04 0.042 5.031 141
2 3.05 0.1773 21.237 2.37
3 5.09 0.3188 38.185 3.89
4 6.89 0.4764 57.062 4.96
5 8.99 0.5332 63.866 6.38
6 11.04 0.5868 70.286 8.32
7 12.05 0.7283 87.234 9.36

Table A 1.36: Effect of pH on the removal of Zn(Il) using nANB (T=35°C, Cy = 100

mg L™, M=6 g L™ and t; = 48 h) (100 times diluted).

Final Final
S.No. pH | Absorbance | Concentration | Solution

(Ce)(mgL™) | pH

1 1.16 0.3648 40.070 0.96
2 2.77 0.4623 50.779 2.48

3 5.28 0.571 62.719 3.16
4 6.96 0.6858 75.328 3.46
5 9.2 0.7592 83.391 4.61
6 10.72 0.8185 89.904 5.35

7 12.29 0.8532 93.715 9.39

Table A 1.37: Effect of temperature on the removal of Cr(VI) using nANB (C, = 100
mg L™, pH=2.2, M= 6 g L™ and t; = 48 h) (15 times diluted).
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Initial QT =50°C QT =60°C.
S.No. | Concentration Final . Final .
(Co) (mg LY Absorbance Concentratlgn Absorbance Concentratl?n
(Ce) (mg L) (Ce) (mg L)
1 60 0.1131 13.570 0.1308 15.694
2 80 0.2287 27.440 0.2592 31.100
3 100 0.3441 41.286 0.3944 47.321
4 120 0.4905 58.852 0.5196 62.343
5 140 0.5692 68.295 0.6616 79.381
6 160 0.7138 85.644 0.8074 96.875
7 180 0.8465 101.566 0.9405 112.844
8 200 0.9887 118.628 1.0812 129.726

Table A 1.38: Effect of temperature on the removal of Cu(ll) using NnANB (C, = 100
mg L, pH=2.2, M= 6 g L™ and t, = 48 h) (30 times diluted).

Initial QT =50°C QT =60°C.
S.No. | Concentration Final . Final .
(Co) (mg LY Absorbance Concentratl_?n Absorbance Concentratl_?n
(Ce) (mg L) (Ce) (mg L)
1 60 0.2977 35.658 0.273 32.699
2 70 0.3736 44.749 0.3348 40.102
3 80 0.4267 51.109 0.419 50.187
4 100 0.5689 68.142 0.5289 63.351
5 120 0.6868 82.264 0.7062 84.587
6 140 0.8198 98.194 0.833 99.775
7 160 0.9387 112.436 0.9655 115.646
8 180 1.0738 128.618 1.1156 133.624
9 200 1.2091 144.824 1.3042 156.214
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Table A 1.39: Effect of temperature on the removal of Zn(I1) using nANB (C, = 100
mg L?, pH=2.2, M= 6 g L™ and t, = 48 h) (150 times diluted).

Initial QT =50°C @1 =60°C_
S.No. | Concentration Final . Final .
(Co) (mg L) Absorbance Concentratlgn Absorbance Concentratul)n
(Ce) (mg L™) (Ce) (mg L™)
1 60 0.2072 34.138 0.1537 25.324
2 70 0.2976 49.033 0.2425 39.954
3 80 0.3455 56.925 0.3014 49.659
4 100 0.4458 73.450 0.3605 59.396
5 120 0.5164 85.082 0.4425 72.906
6 140 0.6116 100.767 0.556 91.607
7 160 0.7562 124.592 0.6606 108.840
8 180 0.8363 137.789 0.8475 139.634
9 200 0.9851 162.305 0.986 162.453
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Table A 1.40: Effect of flowrate on the continuous removal of Cr(V1) using NANB
(M=75g, Co = 50 mg L™ (7 times diluted).

Q=5 ml min™ Q=15ml min™
S No. Time Final Final
(h) | Absorbance | Concentration | Absorbance | Concentration
(Ce) (mg L) (Ce) (mg L™

1 0.25 0.0000 0.000 0.0000 0.000
2 0.75 0.0000 0.000 0.0000 0.000
3 1.5 0.0000 0.000 0.0000 0.000
4 2.25 0.0000 0.000 0.0001 0.005
5 3 0.0000 0.000 0.0001 0.005
6 4.25 0.0000 0.000 0.0003 0.015
7 5.75 0.0000 0.000 0.0004 0.025
8 7.75 0.0000 0.000 0.0012 0.065
9 10.75 0.0001 0.005 0.0048 0.270
10 17 0.0002 0.010 0.0079 0.445
11 24 0.0004 0.020 0.0112 0.625
12 32 0.0007 0.040 0.1391 7.790
13 41 0.0038 0.215 0.4986 27.920
14 50 0.0281 1.575 0.7281 40.770
15 62 0.1290 7.225 0.8234 46.105
16 74 0.3407 19.075 0.8595 48.125
17 86 0.5579 31.240 0.8791 49.225
18 98 0.7336 41.075 0.8861 49.615
19 110 0.8056 45,105 0.8918 49.935
20 122 0.8327 46.625 0.8927 49.985
21 134 0.8484 47.505
22 150 0.8649 48.425
23 162 0.8773 49.120
24 174 0.8797 49.255
25 198 0.8831 49.445
26 222 0.8922 49,955
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Table A 1.41: Effect of flowrate on the continuous removal of Cu(ll) using nANB
(M=75g, Co = 50 mg L™) (15 times diluted).

Q=5 ml min™ Q=15 ml min*
S No. Time Final Final
(h) | Absorbance | Concentration | Absorbance | Concentration
(Ce) (mg L) (Ce) (mg L™

1 0.25 0 0 0 0
2 0.75 0 0 0 0
3 1.5 0 0 0.0001 0.005
4 2.25 0.0001 0.005 0.0004 0.025
5 3 0.0001 0.005 0.0008 0.045
6 4.25 0.0003 0.015 0.0015 0.090
7 5.75 0.0007 0.040 0.0023 0.140
8 7.75 0.0013 0.075 0.0057 0.340
9 10.75 0.0027 0.160 0.0104 0.625
10 17 0.0048 0.290 0.0249 1.490
11 24 0.0077 0.460 0.0906 5.425
12 32 0.0168 1.005 0.2886 17.285
13 41 0.0382 2.290 0.6416 38.425
14 50 0.1190 7.125 0.7203 43.140
15 62 0.3221 19.290 0.7813 46.790
16 74 0.5195 31.110 0.8108 48.560
17 86 0.6557 39.270 0.8228 49.275
18 98 0.7252 43.430 0.8268 49.515
19 110 0.7693 46.070 0.8303 49.725
20 122 0.7908 47.360 0.8342 49.960
21 134 0.8022 48.040
22 150 0.8172 48.940
23 162 0.8224 49.250
24 174 0.8256 49.445
25 198 0.8286 49.625
26 222 0.8334 49.910
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Table A 1.42: Effect of flowrate on the continuous removal of Zn(11) using NANB
(M=75g, Co = 50 mg L™) (50 times diluted).

Q=5 ml min™ Q=15 ml min*
S No. Time Final Final
(h) Absorbance | Concentration | Absorbance | Concentration
(Ce) (mg L) (Ce) (mg L™

1 0.25 0.0000 0.000 0.0001 0.005
2 0.75 0.0000 0.000 0.0002 0.010
3 1.5 0.0001 0.005 0.0005 0.030
4 2.25 0.0003 0.015 0.0008 0.045
5 3 0.0005 0.025 0.0014 0.075
6 4.25 0.0006 0.035 0.0020 0.110
7 5.75 0.0016 0.090 0.0032 0.175
8 7.75 0.0023 0.125 0.0051 0.280
9 10.75 0.0060 0.330 0.0093 0.510
10 17 0.0100 0.550 0.0250 1.375
11 24 0.0302 1.660 0.0686 3.770
12 32 0.0899 4.940 0.2381 13.075
13 41 0.2321 12.745 0.5721 31.420
14 50 0.4107 22.555 0.7671 42.130
15 62 0.6422 35.270 0.8399 46.130
16 74 0.7467 41.010 0.8692 47.735
17 86 0.8072 44.330 0.8905 48.905
18 98 0.8514 46.760 0.9008 49.470
19 110 0.8709 47.830 0.9064 49.780
20 122 0.8963 49.225 0.9096 49.955
21 134 0.9024 49.560
22 150 0.9098 49,965
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Table A 1.43: Effect of mass of adsorbent for the continuous removal of Cr(V1) using nANB (Q=10 ml min™, Co =50 mg L™) (7

times diluted).

M=25 g M=50 g M=100 g M=125 g M=150 g M=175g
Time i i i i i i
S:No- (h) '22;2: ConcFeIrrlﬁLtion 'zgicg ConcFeIr:ﬁIation '22;?:: Concil:ti[ation '22?::2_ Concil:tarlation '?)2:;2_ Conc?r?t?’lation T)Zi:; Conc':el:t?'lation
(Ce) (mg L™ (Ce) (mg L) (Ce) (mg L) (Ce) (mg L™ (Ce) (mg L™ (Ce) (mg L™
1 0.25 0 0 0 0 0 0 0 0 0 0 0 0
2 0.75 0.0001 0.005 0.0001 0.005 0 0 0 0 0 0 0 0
3 15 0.0001 0.005 0.0001 0.005 0 0 0 0 0 0 0 0
4 2.25 0.0002 0.010 0.0001 0.005 0 0 0 0 0 0 0 0
5 3 0.0004 0.020 0.0001 0.005 0 0 0 0 0 0 0 0
6 4.25 0.0005 0.030 0.0002 0.010 0 0 0 0 0 0 0 0
7 5.75 0.0008 0.045 0.0004 0.020 0 0 0 0 0 0 0 0
8 7.75 0.0016 0.090 0.0005 0.030 0 0 0 0 0 0 0 0
9 10.75 | 0.0196 1.100 0.0008 0.045 0 0 0 0 0 0 0 0
10 17 0.0940 5.265 0.0096 0.540 0.0001 0.005 0 0 0 0 0 0
11 24 0.3834 21.470 0.0316 1.770 0.0002 0.010 0 0 0 0 0 0
12 32 0.6479 36.275 0.1925 10.780 0.0004 0.025 0.0001 0.005 0 0 0 0
13 41 0.7781 43.570 0.4899 27.428 0.0006 0.035 0.0002 0.010 0 0 0 0
14 50 0.8248 46.180 0.7106 39.790 0.0008 0.045 0.0004 0.025 0 0 0 0
15 62 0.0500 2.802 0.0001 0.004 0.0001 0.005 0 0
16 74 0.8741 48.945 0.8293 46.435 0.2547 14.260 0.0013 0.075 0.0003 0.015 0.0001 0.005
17 86 0.5219 29.225 0.0362 2.025 0.0007 0.040 0.0002 0.010
18 98 0.8840 49.495 0.8741 48.945 0.7012 39.260 0.1840 10.305 0.0011 0.060 0.0004 0.025
19 110 0.4699 26.310 0.0380 2.125 0.0010 0.055
20 122 0.8854 49.575 0.8849 49.550 0.8184 45.825 0.6847 38.340 0.1539 8.620 0.0068 0.383
21 134 0.4096 22.935 0.0468 2.620
22 150 0.8872 49.675 0.8871 49.670 0.8502 47.605 0.7969 44.621 0.6504 36.420 0.2204 12.340
23 162 0.4657 26.075
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M=25 g M=50 g M=100 g M=125 g M=150 g M=175g
Time i i i i i i
S:No- (h) ﬁg;ire_ ConcFe:tition '22?1(;_ Concilr:l?lation '22;?:: Concil:tigtion ,?)l;snc:::}- Concil:tarlation '?)Zi::;_ Concl:elr?t?'lation 'T;Zi:; Conc':el:t?'lation
(Ce) (mg L™ (Ce) (mg L™ (Ce) (mg LY (Ce) (mg L™ (Ce) (mg L™ (Ce) (mg L™

24 174 0.8909 49.885 0.8910 49.890 0.8693 48.675 0.8442 47.270 0.7906 44.270 0.6452 36.125
25 198 0.8920 49.945 0.8922 49.955 0.8835 49.470 0.8705 48.740 0.8413 47.105 0.7738 43.325
26 222 0.8859 49.605 0.8829 49.435 0.8710 48.770 0.8229 46.075
27 246 0.8892 49.790 0.8859 49.605 0.8817 49.370 0.8452 47.325
28 270 0.8923 49.960 0.8889 49.770 0.8681 48.605
29 294 0.8905 49.860 0.8859 49.605
30 318 0.8916 49.920
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Table A 1.44: Effect of mass of adsorbent for the continuous removal of Cu(I1) using NnANB (Q=10 ml min™, C; =50 mg L)
(15 times diluted).

M=25 g M=50 g M=100 g M=125 g M=150 g M=175g
Time i i i i i i
S:No- (h) '22;2: ConcFeIrrlﬁLtion 'zgicg Conc':elr?t?lation '22;?:: Conczl:tilation '22?::2_ Concil:tarlation ?)2?1?:2 Conc?r?t?’lation T)Zi:; Conc':el:t?'lation
(Ce) (mg L™ (Ce) (mg L™ (Ce) (mg L) (Ce) (mg L™ (Ce) (mg L™ (Ce) (mg L™
1 0.25 0 0 0 0 0 0 0 0 0 0 0 0
2 0.75 | 0.0001 0.005 0.0001 0.005 0 0 0 0 0 0 0 0
3 1.5 | 0.0004 0.025 0.0003 0.015 0 0 0 0 0 0 0 0
4 2.25 | 0.0010 0.060 0.0007 0.040 0.0001 0.005 0 0 0 0 0 0
5 3 0.0027 0.160 0.0013 0.075 0.0001 0.005 0 0 0 0 0 0
6 4.25 | 0.0063 0.375 0.0023 0.140 0.0003 0.020 0.0001 0.005 0 0 0 0
7 5.75 | 0.0131 0.785 0.0047 0.280 0.0008 0.045 0.0001 0.005 0 0 0 0
8 7.75 | 0.0382 2.290 0.0077 0.460 0.0015 0.090 0.0004 0.025 0.000 0.005 0 0
9 10.75 | 0.0711 4.260 0.0132 0.790 0.0032 0.190 0.0008 0.045 0.000 0.005 0 0
10 17 0.2127 12.740 0.0523 3.135 0.0068 0.410 0.0013 0.075 0.001 0.045 0.0001 0.005
11 24 0.3636 21.775 0.1323 7.925 0.0173 1.035 0.0027 0.160 0.002 0.090 0.0007 0.040
12 32 0.6024 36.075 0.3380 20.240 0.0338 2.025 0.0072 0.430 0.004 0.230 0.0014 0.085
13 41 0.7228 43.290 0.5555 33.270 0.0607 3.635 0.0104 0.625 0.007 0.420 0.0032 0.190
14 50 0.7729 46.290 0.6847 41.005 0.1079 6.460 0.0215 1.290 0.012 0.690 0.0060 0.360
15 62 0.3026 18.125 0.0607 3.635 0.027 1.640 0.0104 0.625
16 74 0.8183 49.005 0.7896 47.290 0.5247 31.425 0.1276 7.640 0.052 3.125 0.0207 1.240
17 86 0.6641 39.770 0.2992 17.920 0.105 6.270 0.0486 2.910
18 98 0.8253 49.425 0.8202 49.120 0.7386 44.235 0.4532 27.140 0.197 11.785 0.0921 5.515
19 110 0.6056 36.270 0.390 23.375 0.1977 11.840
20 122 | 0.8288 49.635 0.8285 49.620 0.7814 46.795 0.6884 41.225 0.559 33.470 0.3912 23.430
21 134 0.622 37.245 0.5195 31.115
22 150 | 0.8311 49.775 0.8322 49.840 0.7982 47.805 0.7726 46.270 0.687 41.130 0.6249 37.425
23 162 0.6695 40.095
24 174 | 0.8334 49.910 0.8338 49.935 0.8169 48.925 0.7974 47.755 0.750 44,935 0.7086 42.435
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M=25 g M=50 g M=100 g M=125 g M=150 g M=175g
Time i i i i i i
S:No- (h) ﬁg;ire_ ConcFe:tition '22?1(;_ Conczlr?t?lation '22;?:: Conczl:tilation ,?)l;snc:::}- Concil:tarlation ?)2?1?:2 Concl:elr?t?'lation 'T;Zi:; Conc':el:t?'lation
(Ce) (mg L™ (Ce) (mg L™ (Ce) (mg LY (Ce) (mg L™ (Ce) (mg L™ (Co) (mg L™

25 198 | 0.8343 49.965 0.8345 49.975 0.8244 49.375 0.8173 48.945 0.790 47.335 0.7484 44.820
26 222 0.8266 49.505 0.8227 49.270 0.809 48.445 0.7741 46.360
27 246 0.8327 49.870 0.8279 49.585 0.818 48.995 0.7971 47.740
28 270 0.8338 49.935 0.827 49.505 0.8151 48.815
29 294 0.834 49.960 0.8245 49.380
30 318 0.8313 49.785
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Table A 1.45: Effect of mass of adsorbent for the continuous removal of Zn(11) using NANB (Q=10 ml min™, Co =50 mg L™)
(50 times diluted).

M=25 g M=50 g M=100 g M=125 g M=150 g M=175g
Time i i i i i i
S:No- (h) '22?1?; ConcFeIrrlﬁLtion 'zgicg Conc':elr?t?lation '22;?:: Conczl:tilation '22?::2_ Concil:tarlation '?)2:;2_ Conc?r?t?’lation T)Zi:; Conc':el:t?'lation
(Ce) (mg L™ (Ce) (mg L™ (Ce) (mg L) (Ce) (mg L™ (Ce) (mg L™ (Ce) (mg L™

1 0.25 0 0 0 0 0 0 0 0 0 0 0 0

2 0.75 | 0.0002 0.010 0.0002 0.010 0 0 0 0 0 0 0 0

3 1.5 | 0.0006 0.035 0.0005 0.025 0.0001 0.005 0 0 0 0 0 0

4 2.25 | 0.0015 0.085 0.0011 0.060 0.0001 0.005 0.0001 0.005 0 0 0 0

5 3 0.0047 0.260 0.0023 0.125 0.0002 0.010 0.0001 0.005 0 0 0 0

6 4.25 | 0.0093 0.510 0.0049 0.270 0.0006 0.035 0.0004 0.020 0.0001 0.005 0 0

7 5.75 | 0.0232 1.275 0.0114 0.625 0.0012 0.065 0.0007 0.040 0.0001 0.005 0.0001 0.005
8 7.75 | 0.0614 3.370 0.0171 0.940 0.0024 0.130 0.0011 0.060 0.0004 0.020 0.0002 0.010
9 10.75 | 0.1506 8.270 0.0407 2.235 0.0044 0.240 0.0025 0.135 0.0007 0.040 0.0036 0.200
10 17 0.3630 19.935 0.1409 7.740 0.0084 0.460 0.0047 0.260 0.0012 0.065 0.0008 0.045
11 24 0.5543 30.440 0.2963 16.275 0.0187 1.025 0.0120 0.660 0.0025 0.140 0.0011 0.060
12 32 0.7986 43.860 0.5686 31.225 0.0559 3.070 0.0192 1.055 0.0066 0.360 0.0051 0.280
13 41 0.8617 47.325 0.7945 43.635 0.1299 7.135 0.0503 2.760 0.0115 0.630 0.0070 0.385
14 50 0.8910 48.935 0.8507 46.720 0.2628 14.435 0.0913 5.015 0.0222 1.220 0.0111 0.610
15 62 0.9039 49.640 0.8789 48.270 0.5392 29.615 0.2741 15.055 0.0475 2.610 0.0275 1.510
16 74 0.9061 49.765 0.8942 49.110 0.7073 38.845 0.4904 26.935 0.1117 6.135 0.0678 3.725
17 86 0.9094 49.945 0.9020 49.540 0.8061 44.270 0.6395 35.120 0.2368 13.005 0.1232 6.765
18 98 0.9103 49.995 0.9064 49.780 0.8406 46.165 0.7342 40.320 0.4344 23.855 0.2428 13.335
19 110 | 0.9104 50.000 0.9087 49.905 0.8623 47.355 0.8010 43.990 0.6171 33.890 0.4329 23.775
20 122 | 0.9104 50.000 0.9097 49.960 0.8820 48.440 0.8404 46.155 0.7288 40.025 0.6211 34.110
21 134 0.9103 49.995 0.8905 48.905 0.8611 47.290 0.7808 42.880 0.6975 38.305
22 150 0.8939 49.095 0.8784 48.240 0.8284 45.495 0.7666 42.100
23 162 0.9032 49.605 0.8901 48.885 0.8501 46.690 0.7950 43.660
24 174 0.9079 49.860 0.8941 49.105 0.8700 47.780 0.8261 45.370
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M=25 g M=50 g M=100 g M=125 g M=150 g M=175g
Time i i i i i i
S:No- (h) '22?12: ConcFe:tition '22?1(;_ Conczlr?t?lation '22;?:: Conczl:tilation ,?)l;snc:::}- Concil:tarlation '?)Zi::;_ Concl:elr?t?'lation 'T;Zi:; Conc':el:t?'lation

(Ce) (mg L™ (Ce) (mg L™ (Ce) (mg LY (Ce) (mg L™ (Ce) (mg L™ (Ce) (mg L™
25 198 0.9097 49.960 0.8990 49.375 0.8931 49.050 0.8600 47.230
26 222 0.9103 49.995 0.9033 49.610 0.8973 49.280 0.8832 48.505
27 246 0.9067 49.795 0.9015 49.510 0.8915 48.960
28 270 0.9088 49.910 0.9089 49.915 0.9012 49.495
29 294 0.9103 49.995 0.9096 49.955 0.9087 49.905
30 318 0.9103 49.995
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Table A 1.46: Effect of inlet concentration on the continuous removal of Cr(VI) using
nANB (M=75g, Q = 10 ml min™) (15 times diluted).

Co=50mg L™ Co=100mg L™
S No. Time Final Final
(h) Absorbance | Concentration | Absorbance | Concentration
(Ce) (mg L) (Ce) (mg L™

1 0.25 0 0 0.0000 0.000
2 0.75 0 0 0.0000 0.000
3 1.5 0 0 0.0000 0.000
4 2.25 0 0 0.0001 0.010
5 3 0.0000 0.005 0.0001 0.010
6 4.25 0.0000 0.005 0.0002 0.020
7 5.75 0.0000 0.005 0.0002 0.020
8 7.75 0.0000 0.005 0.0003 0.040
9 10.75 0.0001 0.010 0.0006 0.070
10 17 0.0002 0.020 0.0011 0.130
11 24 0.0005 0.065 0.0132 1.580
12 32 0.0035 0.425 0.0798 9.580
13 41 0.0129 1.550 0.4368 52.410
14 50 0.1081 12.975 0.6772 81.250
15 62 0.2651 31.810 0.7628 91.520
16 74 0.3436 41.225 0.7963 95.540
17 98 0.3973 47.670 0.8185 98.210
18 122 0.4061 48.730 0.8278 99.320
19 150 0.4120 49.435 0.8332 99.970
20 174 0.4131 49.560
21 198 0.4163 49.945
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Table A 1.47: Effect of inlet concentration on the continuous removal of Cu(ll) using nANB
(M=75g, Q = 10 ml min™) (30 times diluted).

Co=50mg L™ Co=100mg L™
S No. Time Final Final
(h) Absorbance | Concentration | Absorbance | Concentration
(Ce) (mg L) (Ce) (mg L™

1 0.25 0 0 0 0
2 0.75 0 0 0.000 0.01
3 1.5 0.0000 0.005 0.000 0.03
4 2.25 0.0001 0.010 0.001 0.08
5 3 0.0001 0.010 0.001 0.12
6 4.25 0.0002 0.025 0.002 0.28
7 5.75 0.0005 0.060 0.005 0.58
8 7.75 0.0010 0.125 0.007 0.85
9 10.75 0.0022 0.260 0.010 1.25
10 17 0.0052 0.620 0.021 2.56
11 24 0.0131 1.565 0.104 12.48
12 32 0.0411 4.925 0.315 37.75
13 41 0.1357 16.255 0.572 68.51
14 50 0.2670 31.975 0.714 85.48
15 62 0.3491 41.810 0.769 92.15
16 74 0.3859 46.225 0.806 96.52
17 98 0.4084 48.920 0.824 98.66
18 122 0.4113 49.270 0.828 99.22
19 150 0.4132 49.495 0.834 99.87
20 174 0.4146 49.660
21 198 0.4165 49.890
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Table A 1.48: Effect of inlet concentration on the continuous removal of Zn(11) using NANB
(M=75g, Q = 10 ml min™) (100 times diluted).

Co=50mg L™ Co=100mg L™
S No. Time Final Final
(h) Absorbance | Concentration | Absorbance | Concentration
(Ce) (mg L) (Ce) (mg L™

1 0.25 0 0 0 0
2 0.75 0.0000 0.005 0.0002 0.02
3 1.5 0.0001 0.015 0.0005 0.05
4 2.25 0.0002 0.025 0.0008 0.09
5 3 0.0003 0.035 0.0014 0.15
6 4.25 0.0005 0.060 0.0020 0.22
7 5.75 0.0011 0.125 0.0049 0.54
8 7.75 0.0017 0.190 0.0061 0.67
9 10.75 0.0040 0.435 0.0102 1.12
10 17 0.0061 0.675 0.0183 2.01
11 24 0.0236 2.590 0.0748 8.22
12 32 0.0740 8.130 0.2108 23.15
13 41 0.1951 21.425 0.5543 60.88
14 50 0.3148 34.575 0.7859 86.32
15 62 0.3742 41.105 0.8435 92.65
16 74 0.4152 45.610 0.8697 95.53
17 86 0.4350 47.775 0.8908 97.84
18 98 0.4500 49.425 0.8997 98.82
19 110 0.4512 49.560 0.9024 99.12
20 122 0.4552 49.995 0.9102 99.98
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Table A 1.49: Effect of the presence of multiple metal ions (Cu(l1) &Zn(I1)) on the removal
of Cr(VI) using nANB (M=75¢g, Q =10 ml min™ and C, for each = 50 g L.

Cr(VI) (7 times diluted) Cu(ll) (15 times diluted) Zn(11) (50 times diluted)
S.No. Time Absor- Final . Absor- Final . Absor- Final .
(h) bance Concentration bance Concentration bance Concentration
(Ce) (mg L™ (Ce) (mg L™ (Ce) (mg L)

1 0.25 0 0 0 0 0 0

2 0.75 0 0 0.0001 0.005 0.0001 0.005
3 1.5 0.0001 0.005 0.0003 0.015 0.0006 0.035
4 2.25 0.0003 0.015 0.0006 0.035 0.0011 0.060
5 3 0.0004 0.025 0.0010 0.060 0.0023 0.125
6 4.25 0.0007 0.040 0.0020 0.120 0.0043 0.235
7 5.75 0.0010 0.055 0.0042 0.250 0.0066 0.360
8 7.75 0.0013 0.075 0.0073 0.435 0.0113 0.620
9 10.75 0.0022 0.125 0.0124 0.745 0.0218 1.195
10 17 0.0068 0.380 0.0492 2.945 0.0402 2.210
11 24 0.0043 0.240 0.1190 7.125 0.0800 4.395
12 32 0.0502 2.810 0.3235 19.375 0.1862 10.225
13 41 0.2302 12.890 0.5214 31.225 0.5051 27.740
14 50 0.5764 32.270 0.6636 39.740 0.7307 40.130
15 62 0.6988 39.125 0.7470 44.740 0.8216 45.125
16 74 0.7980 44.680 0.7837 46.935 0.8650 47.505
17 98 0.8595 48.125 0.8180 48.990 0.8964 49.230
18 122 0.8699 48.705 0.8202 49.120 0.9008 49.470
19 150 0.8838 49.485 0.8263 49.485 0.9045 49.675
20 174 0.8843 49,510 0.8278 49.575 0.9086 49.900
21 198 0.8867 49.645 0.8334 49.910 0.9103 49.995

252




Table A1.50: Utilization of nANB on the removal of aqueous pulp and paper industrial effluent. (M=75g, Q = 10 ml min™ and
Co as in Table 3.5).

Cr(V1) (8 times diluted)

Cu(I1) (3 times diluted)

Zn(11) (3 times diluted)

Cd(I) (2 times diluted)

Pb(11) (No dilution)

Ni(I1) (No dilution)

S.No. Time Absor- Final . Absor- Final . Absor- Final . Absor- Final . Absor- Final . Absor- Final .
(h) bance Concentrat!?n bance Concentrat!?n bance Concentrat!?n bance Concentrat!?n bance Concentrat!i)n bance Concentrat!?n
(Ce) (mg L) (Ce) (mg L) (Ce) (mg L) (Ce) (mg L) (Ce) (mg L™) (Ce) (mg L™)

1 0.5 0 0 0 0.000 0.0002 0.001 0 0 0 0 0 0

2 1 0.0001 0.006 0.0001 0.001 0.0004 0.001 0 0 0 0 0.0000 0.000
3 1.5 | 0.0001 0.006 0.0001 0.001 0.0013 0.004 0.0001 0.000 0 0 0.0002 0.001
4 2 0.0002 0.012 0.0002 0.002 0.0023 0.008 0.0002 0.000 0 0 0.0003 0.003
5 2.5 | 0.0004 0.024 0.0005 0.004 0.0040 0.013 0.0005 0.001 0 0 0.0006 0.005
6 3 0.0006 0.035 0.0008 0.006 0.0056 0.019 0.0009 0.002 0.0000 0.000 0.0008 0.006
7 3.5 | 0.0008 0.053 0.0012 0.009 0.0136 0.045 0.0014 0.003 0.0001 0.001 0.0012 0.010
8 0.0011 0.071 0.0019 0.015 0.0430 0.142 0.0025 0.006 0.0001 0.001 0.0054 0.043
9 0.0014 0.089 0.0027 0.022 0.0656 0.216 0.0049 0.012 0.0002 0.002 0.0155 0.124
10 9.5 | 0.0016 0.100 0.0034 0.027 0.0802 0.264 0.0095 0.023 0.0003 0.003 0.0412 0.329
11 12.5 | 0.0026 0.165 0.0047 0.038 0.1361 0.448 0.0749 0.180 0.0004 0.004 0.1109 0.886
12 16.5 | 0.0045 0.289 0.0060 0.048 0.2741 0.903 0.2631 0.631 0.0006 0.006 0.2588 2.068
13 21.5 | 0.0443 2.833 0.0097 0.077 0.3944 1.300 0.3753 0.900 0.0011 0.011 0.3696 2.954
14 29.5 | 0.1408 9.012 0.0626 0.499 0.5499 1.812 0.5147 1.235 0.0059 0.059 0.4038 3.227
15 415 | 0.2713 17.364 0.2828 2.258 0.6912 2.278 0.5609 1.346 0.0443 0.442 0.4172 3.334
16 55.5 | 0.5799 37.106 0.5077 4.054 0.8139 2.682 0.5750 1.379 0.0845 0.844 0.4251 3.397
17 715 | 0.8252 52.805 0.8184 6.535 0.8347 2.751 0.5929 1.422 0.1229 1.228 0.4323 3.455
18 89.5 | 0.8692 55.620 0.8939 7.138 0.8666 2.856 0.5965 1.431 0.1364 1.362 0.4362 3.485
19 | 109.5 | 0.8898 56.942 0.9154 7.309 0.8717 2.872 0.5998 1.439 0.1426 1.424 0.4364 3.488
20 | 133.5| 0.9108 58.282 0.9547 7.624 0.8793 2.897 0.6001 1.440 0.1488 1.486 0.4367 3.490
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APPENDIX |1

%Code in Matlab for optimization of the model using Rosenbrock function (Buehren 2012)

function val = rosenbrocksaddle(scale, params)
%ROSENBROCKSADDLE Standard optimization function for demonstration.

% VALUE = ROSENBROCKSADDLE(SCALE, PAR) returns the value of
Rosenbrock’s

% saddle at (PAR.parameterl, PAR.parameters2) scaled with input parameter

% SCALE. The absolute minimum of the function is at (1, 1).

%

% Markus Buehren

% Last modified 03.02.2008

x1 = params.parameter1(1);
X2 = params.parameter2(1);
x3 = params.parameter3(1);
x4 = params.parameter4(1);
y = params.parameter5(1);

z = (y - (1.6031 - 6.7863*x1 - 11.9281*x2 + 1.7652*x3 + 6.8039*x4 + 17.0896*x1.”2 +
34.8511*x2.12 - 2.803*x3./2 - 25.4028*x4.M2 - 15.4701*x1."3 - 41.1095*x2."3 + 1.3957*x3."3
+ 32.6020*x4.73 + 4.8622*x1."4 + 16.3088*x2."4 + 0.1264*x3.M4 - 13.8564*x4.M4));

val = scale*(z);
pause(0.001);
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%Code considered for calling the function (Buehren 2012)

function demol

%DEMO1 Demo for usage of DIFFERENTIALEVOLUTION.

% DEMOL starts searching the minimum of Rosenbrock's saddle as a demo.
% Modify this function for your first optimization.

optiminfo.title = 'Demo 1 (Rosenbrock’s saddle)’;

% specify objective function
objFctHandle = @rosenbrocksaddle;

% define parameter names, ranges and quantization:
paramDefCell = {
‘parameterl’, [0.05 5], 0.001
‘parameter2’, [0.08 1], 0.001
‘parameter3’, [0.04 1], 0.001
‘parameter4’, [0.05 1.4286], 0.001
‘parameter5’, [0 100], 0.5
Y
% 1. column: parameter names
% 2. column: paramter ranges
% 3. column: paramter quantizations
% 4. column: initial values (optional)

% set initial parameter values in struct objFctParams
objFctParams.parameterl = 0.414;
objFctParams.parameter2 = 0.35;
objFctParams.parameter3 = 0.414;
objFctParams.parameter4 = 0.414;
objFctParams.parameter5 = 100;

% set single additional function parameter
objFctSettings = 100;

% get default DE parameters
DEParams = getdefaultparams;

% set number of population members (often 10*D is suggested)
DEParams.NP = 50;

% do not use slave process here
DEParams.feedSlaveProc = 0;

% set times
DEParams.maxiter = 100;
DEParams.maxtime =60; % in seconds
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DEParams.maxclock = ];

% set display options

DEParams.refreshiter =1;
DEParams.refreshtime = 10; % in seconds
DEParams.refreshtime2 = 20; % in seconds
DEParams.refreshtime3 = 40; % in seconds

% do not send E-mails
emailParams = [];

% set random state in order to always use the same population members here
rand('state’, 1);

% start differential evolution

[bestmem, bestval, bestFctParams] = ...
differentialevolution(DEParams, paramDefCell, objFctHandle, ...
objFctSettings, objFctParams, emailParams, optimiInfo); %#ok

disp(*);
disp('Best parameter set returned by function differentialevolution:’);
disp(bestFctParams);
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