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Abstract

Water pollution has been a major challenge to environmental engineers today due to the
release of toxic heavy metals from various industries. Among various heavy metals, hexavalent
chromium [Cr(VI)] is considered as highly toxic due to its carcinogenicity and various health
disorders. Different sources of Cr(VI) pollution include effluents from mining, electroplating,
leather tanning and electroplating industries. Among various technologies, adsorptive removal of
Cr(VI) by using different adsorbents is more promising and economical. Among various
adsorbents used, activated carbon (AC) is well known for its high adsorption capacity due to
large surface area and pore volume. In recent years, immense research has been focused towards
converting the agricultural or lignocellulosic wastes into activated carbon, since this technology
not only solves the problem of waste disposal but also converts a potential waste into a valuable

product that can be used as an adsorbent for effluent treatment.

Bael fruit (Aegle Marmelos) shell, a lignocellulosic material was selected as the precursor
for the preparation of microporous (< 2 nm) activated carbon in the present investigation.
Activated carbon was prepared through chemical activation using phosphoric acid (AC-PA), zinc
chloride (AC-ZC), and potassium hydroxide (AC-PH). The effect of various process parameters
such as impregnation, carbonization temperature, and holding time on porous characteristics of

the activated carbon was investigated.

Characterization of AC by N, adsorption-desorption isotherms at 77 K was carried out.
Total surface area, micropore and mesopore surface area, total pore volume, micropore and
mesopore volume, and pore size distribution of the samples were determined. The porous
characteristics of prepared ACs were analyzed by applying various isotherm equations like
Brunauer-Emmett-Teller (BET), Dubinin-Radushkevich (DR), and Dubinin-Astakhov (DA). The
AC-PA prepared at optimum conditions (30% impregnation, 400°C carbonization temperature
and 60 min holding time) constitutes highly microporous structure with micropore surface area
(1625 m*/g) and micropore volume (0.56 cc/g). The pore size distribution of the prepared
samples at optimized conditions shows that samples are comprised greatly with micropores

(average pore diameter of 1.68 nm, 1.69 nm, and 1.54 nm for AC-PA, AC-ZC, and AC-PH,
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respectively). The Scanning Electron Microscope (SEM) analysis revealed the heterogeneous
surface structure of the samples and clearly depicts the presence of macropores which acts as
channels to the microporous network while TEM analysis visualized the presence of micropores.
The surface groups present on the AC surface were determined by the Fourier Transform
Infrared Spectroscopy (FTIR) analysis. The proximate and ultimate analyses were carried out by

using CHNS analyzer and by standard methods, respectively.

The batch adsorption studies of Cr(VI) on ACs were carried out at optimum conditions
by H3PO4, ZnCl, and KOH activations. The effect of various process parameters like pH, initial
metal concentration, adsorbent dose, contact time, and temperature on the efficiency of Cr(VI)
removal was investigated. Maximum adsorption of Cr(VI) on AC-PA (98.74 %) was observed at
pH 2 . No significant change in efficiency was observed for AC-PA in pH range 2.0 — 5.0 and the
76 % removal was observed at neutral pH. The optimum conditions for adsorbent dose and
temperature were determined as 3.0 g/L and 30 °C, respectively. Initial Cr(VI) concentration has
no effect on AC-PA in the studied range (2 — 10 mg/L) and in case of AC- ZC and AC-PH, 8.0
mg/L and 2.0 mg/L were determined as optimum concentrations. The time required to reach
equilibrium is different for different ACs (90, 150, and 240 min for AC- PA, AC-ZC and AC-
PH, respectively). The adsorption equilibrium data was well explained by Freundlich isotherm
and DR isotherm parameters suggested that the adsorption of Cr(VI) on prepared ACs is physical
adsorption. The kinetic data were better followed the pseudo-second order kinetics and both film
and pore diffusion mechanisms played important role. The exothermic nature and the
randomness of the process were estimated from thermodynamic parameters. The porous
characteristics and Cr(VI) removal efficiencies of prepared AC were very high compared to the
commercial AC. The spent activated carbon was regenerated by using hot water (80 °C) and mild
acid (0.1 M H,SO4) and the adsorption capacities and porous characteristics were compared with

the mother sample.

Chromium(VI) adsorption process was modeled through Designing of Experiments
(DoE) by using Full Factorial Design (FFD). Factorial design was used to reduce the number of
experiments in order to achieve the best overall optimization of the process. Two-level and four-
factor full factorial design was used to develop model equations for Cr(VI) removal by using

Design Expert 7.1.6 software. The interpretation of effect of main factors and their interactions
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was carried out and the developed models were validated by conducting experiments at the
predicted conditions. For AC-PA, along with main factors interactions such as pH *
concentration of Cr(VI), concentration of Cr(VI) * adsorbent dose, and pH * concentration of

Cr(VI) * adsorbent dose * temperature were found to be significant on the response.

Key words: Adsorption; Activated carbon; Bael fruit shell; Chromium(VI); Micropores;
Micropore surface area; Pore size distribution; Adsorption isotherm; Adsorption Kkinetics;

Adsorption modeling; Full factorial design.
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Introduction

1.1. Role of Activated Carbon

Over the last few decades, adsorption has gained importance as a purification, separation
and recovery process on an industrial scale. Activated carbon (AC) is perhaps one of the most
widely used adsorbents in industry for environmental applications. Activated carbons are carbons
of highly microporous structure with both high internal surface area and porosity, and
commercially the most common adsorbents used for the removal of organic and inorganic
pollutants from air and water streams. Any cheap material with a high carbon content, low
inorganics can be used as a raw material for the production of activated carbon (Bansal et al.,

1988).

World demand for virgin activated carbon is forecast to expand by 9 % per annum

through 2014 to 1.7 million metric tons (http://www.marketresearch.com/Freedonia-Group-Inc-

v1247/Activated-Carbon-2717702/). Activated carbon demand will benefit from a continuing

intensification of the global environmental movement as well as rapid industrialization. In most
developing and developed countries, use of AC in pharmaceutical sector offers the strongest
growth prospect. Additionally, environmental concerns in developing regions will spur new
growth in water treatment applications, which is already the largest single market in developed
countries. Besides the necessity of clean drinking water, government environmental regulations

that vary by region also impact the demand for AC in this sector significantly.

The high adsorption capacities of activated carbons are related to the properties such as
surface area, pore volume and pore size distribution (PSD). These unique characteristics depend
on the type of raw materials employed for preparation of AC and the method of activation.
Literature survey indicates that there have been many attempts to obtain low-cost activated
carbons from agricultural wastes such as coconut shells (Azevedo et al., 2007; Hu and
Srinivasan, 2001), wood (Gomez-Serrano et al., 2005; Klijanienko et al., 2008; Zuo et al., 2009),
cotton stalk (Deng et al., 2010), almond shells (Bansode et al., 2003), rice husk (Fierro et al.,
2010; Guo and Rockstraw, 2007), date pits (Girgis and EI-Hendawy, 2002), nut shells (Lua et
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al., 2005; Yang and Lua, 2006), olive seeds (Stavropoulos and Zabaniotou, 2005), apricot stones
(Youssef et al., 2005), and sugar cane bagasse (Cronje et al., 2011; Valix et al., 2004) etc.

Due to the increasing demand of AC, there is a strong need for the sorting out new
precursors for the preparation of AC which should be cost effective at par with the commercially
available AC. Although, a variety of raw materials were explored for the preparation of AC in
earlier studies, scientists are still trying to explore new materials depending on their availability
and suitability for AC production. However, the utilization of agricultural wastes as raw material

for the preparation of activated carbon has increased notably in recent years.

Basically there are two different processes for the preparation of AC: physical activation
and chemical activation. Physical activation involves carbonization of carbonaceous material
followed by the activation of the resulting char at high temperatures (800 — 1100 °C) in presence
of oxidizing agents such as CO, and steam. In chemical activation the precursor is mixed with a
chemical agent and then pyrolyzed at low temperatures (400 — 600 °C) in absence of air.
Chemical activation offers several advantages over physical activation as it is carried out in a
single step combining carbonization and activation, performed at lower temperatures and
therefore resulting in the development of a better porous structure. Moreover, the added

chemicals for activation can be easily recovered (Ahmadpour and Do, 1996).

In the present study, Bael fruit (Aegle marmelos Correa) shell has been used as precursor
for the preparation of activated carbon using chemical activation method. Bael, belongs to the
family Rutaceae (Genus — Aegle correa; Species — A. marmelos), is a deciduous tree growing 12
— 15 m in height. It is widely distributed throughout the Indian peninsula along with Myanmar,
Srilanka, Pakistan, Bangladesh, Nepal, Burma, Indonesia and Thailand (Fen and Rao, 2007). The
Bael fruit also called as Indian quince and the fruit pulp is rich of various phytochemicals which
have high medicinal importance. Normally, a Bael tree (of 10 years age) yields as many as 200
fruits in a season. Each Bael fruit on an average weighs about 0.5 kg, of which about 50 % is the
weight of the shell (Janick and Paull, 2008). One tonne of bael shell can be obtained from about
two tonnes of Bael fruits borne by about 10 trees. So, we aim to utilize the unused fruit shell as a

raw material for the development of porous adsorbent.
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1.2. Hexavalent Chromium [Cr(VI)]

The efficiency of activated carbons prepared by various chemical activations in the
removal of hexavalent chromium [Cr(VI)] was investigated in this study. Chromium is usually
found in industrial effluents such as electroplating, leather tanning and textile industries.
Chromium, in wastewater can exist both as Cr(Ill) and Cr(VI). However, in potable waters,
Cr(V]) appears as the most stable species due to the aerobic conditions in the environment. The
trivalent form is not considered toxic. On the other hand, the detrimental effects of hexavalent
chromium to biological systems and the environment have been well documented (Bagchi et al.,
2002; Passow et al., 1961; Shanker et al., 2005). Exposure to Cr(VI) beyond the tolerance levels
(0.05 mg/L) can have damaging effects on the human physiological, neurological and biological
systems. Several methods have been adopted for the removal of Cr(VI) from aqueous phase
(Agarwal et al., 2006; Baek et al., 2007; Dragan et al., 2004; Kyzas et al., 2009; Muthukrishnan
and Guha, 2008; Yilmaz et al., 2008). These include chemical reduction and precipitation, ion
exchange, evaporation and concentration, electrolysis and electroplating, ion flotation, activated
sludge process and carbon adsorption. Adsorptive removal of pollutants by activated carbon is

found to be the most effective, particularly for the removal of metal ions at low concentrations.
1.3. Motivation

Rapid industrialization has cumulatively increased the problem of drinking water scarcity
and the demand for contaminated free water for daily consumption. A typical problem of
chromium contamination in water is faced by the residents of Sukinda area in Jajpur district of
Orissa, India. It has been included in the list of world’s top ten polluted places

(http://www.blacksmithinstitute.org/wwpp2007/ten.php), a survey carried out by Black Smith

Institute, New York (Hindustan times, 16" September, 2007).

1.3.1. The Problem

Sukinda valley, in the state of Orissa, contains 97 % of India’s chromite ore deposits and
one of the largest open cast chromite ore mines in the world. Twelve mines continue to operate
without any environmental management plans and over 30 million tons of waste rock is spread

over the surrounding areas and the Brahmani riverbanks. Untreated water effluents are
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discharged into the river from mines. This area is also flood-prone, resulting in further
contamination of the water bodies. Approximately 70 % of the surface water and 60 % of the
drinking water contains hexavalent chromium at more than double national and international
standards (0.05 mg/L) and levels of over 20 times the standard have been recorded. The
Brahmani river is the only water source for the residents and treatment facilities are extremely
limited. The state pollution control board has conceded that the water quality at various locations

suffers from very high levels of contamination.
1.3.2. Health Impacts

Nearly about 2,600,000 people at Sukinda area are potentially affected and are suffering
from various ailments caused by Cr(VI) exposure mainly through drinking water.
Gastrointestinal bleeding, tuberculosis and asthma are common ailments. Infertility, birth
defects, and stillbirths and have also resulted. The Orissa Voluntary Health Association
(OVHA), funded by the Norwegian government, reports acute health problems in the area.
OVHA reported that 84.75 % of deaths in the mining areas and 86.42 % of deaths in the nearby
industrial villages occurred due to chromite mine related diseases

(http://jigpu.wordpress.com/2007/09/16/). The survey report claims that villages less than one

kilometer from the sites were the worst affected, with 24.47% of the inhabitants found to be

suffering from Cr(VI) pollution induced diseases.
1.3.3. Status of Clean-up Activity

The pollution problem from the chromite mines at Sukinda is well known and the mining
industry has taken some steps to reduce the levels of contamination by installing treatment
plants. However, according to state audits from Orissa, these have failed to meet agency
regulations. The available methods could achieve the goal with very limited success. The Orissa
government has said, “It is unique, it is gigantic and it is beyond the means and purview of the

(Orissa Pollution Control) Board to solve the problem”.
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1.4. Objectives

The overall objective of this work is to prepare a microporous activated carbon (AC) from Bael

fruit shell for the efficient removal of hexavalent chromium from aqueous phase.
The specific objectives of this study are:

e To prepare a microporous activated carbon from Bael fruit shell by chemical activation
and to investigate the effect of various chemical activating agents such as H3PO4, ZnCl,
and KOH on the porous characteristics of AC.

e To estimate the effect of various preparation parameters such as impregnation ratio,
carbonization temperature and holding time on surface area, pore volume, micropore
surface area and micropore volume of AC.

e To study and compare the surface characteristics of the developed AC with the
commercially available AC.

® To remove hexavalent chromium from aqueous phase by ACs prepared at optimum
conditions and to determine the effect of various process parameters such as pH,
adsorbent dose, initial Cr(VI) concentration, contact time and temperature on the removal
efficiency of ACs.

® To explore the viability of prepared AC for the removal of Cr(VI) and for regeneration by
simple and feasible techniques as compared to commercial activated carbon.

® To model the Cr(VI) adsorption process on ACs by Design of Experiments (DoE) by

using two-level and four-factor, Full Factorial Design (FFD).
1.5. Scope of the Study

This study shall provide a better solution to hexavalent chromium pollution in aqueous
phase by developing an efficient microporous adsorbent. It will also provide an ideal technology
to utilize and convert biomass waste into valuable product i.e. activated carbon which can be

commercialized for the removal of contaminants from aqueous phase.
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1.6. Organization of Thesis

The thesis has been organized in seven chapters. Chapter-1 is an introductory chapter.
Chapter-2 contains the detailed literature review on various topics related to the present work.
Chapter-3 includes all the materials and methods involved in the work. Chapter-4 contains the
preparation of activated carbon from raw material at different operating conditions and its
characterization. AC was prepared using different chemical activating agents such as H3;PO,,
ZnCl, and KOH. Influence of impregnation ratio, carbonization temperature and holding time on
the porous characteristics of AC was investigated. The samples prepared were characterized by
N, adsorption-desorption isotherms. The evolution of various surface groups during the
activation of AC was explored. Chapter-5 portrays the potential of prepared activated carbon for
Cr(VI) adsorption over a wide range of process parameters. Influence of operating parameters
such as pH, adsorbent dose, contact time, initial metal concentration and temperature on rate of
adsorption was explored. The prepared AC was compared with the commercial AC for Cr(VI)
removal efficiency and the spent AC was regenerated by simple and feasible techniques.
Chapter-6 postulates various adsorption models developed for Cr(VI) adsorption on ACs by
using Design of Experiments (DoE). A two-level and four-factor Full Factorial Design (FFD)
was employed for the process modeling. Effects of main factors and their interactions on the

response were estimated. Chapter 7 contains conclusions and future perspective.
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Literature Review

2.0. Summary

The objective of the study is to produce microporous activated carbon that can remove
hexavalent chromium from aqueous solution. This chapter gives a detail review on the pertinent
literature. It provides a thorough input on the history, types, characterization, and utilization etc.
related to activated carbon. It also demonstrates about the overall parameters which influence
Cr(VI) adsorption on activated carbon. Various surface properties that signifies the development

of microporous structure and the methodology adopted is depicted.
2.1. Types of Carbon Materials

All the carbon materials composed of the carbon element has unique bonding with other
elements and with itself. Depending on type of hybridization of the carbon atoms, the main

allotropic forms of carbon (Delhaes, 1998) are classified as diamond, graphite and fullerenes.

Diamond forms a cubic 3D structure (sp> — based structure) in which each carbon atom
bonds with four other carbon atoms through sp’ ¢ bonds. The C-C bond length is 154 pm.
Diamond has the highest atomic density of any solid and is the hardest material with the highest
thermal conductivity and melting point. Graphite has a hexagonal layered structure (sp® — based
structure) in which carbon atoms are bonded to neighboring carbon atoms by sp® o and
delocalized m bonds. Graphite has an even higher thermal conductivity than diamond and
exhibits a good electrical conductivity. Fullerenes are three dimensional carbon structures where
the bonds between the carbon atoms are bent to form an empty cage of sixty (Cgp) or more
carbon atoms. This is due to the re-hybridization, resulting in a sp”** form, which is intermediate

between sp” and sp’ (Ebbesen and Takada, 1995).

The majority of carbons exhibit the allotropic forms, i.e. a sp> — based structure. Based on
the degree of crystallographic order in third direction (c-direction), the allotropic form of

graphite can be classified into graphitic carbons and non-graphitic carbons (Franklin, 1951).
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Non-graphitic carbons in turn divided into graphitizable and non-graphitizable carbons. A
graphitizable carbon is “a non-graphitic carbon which upon graphitization (heat treatment) is
converted into graphitic carbon”, while a non-graphitizable carbon is “a non-graphitic carbon

which cannot be transformed into graphitic carbon” by high-temperature treatment.

Carbons exhibit different structures depending on the size and such a wide variety of
possible structures gives rise to a large amount of different types of carbons. Figure 2.1 shows a

schematic representation of some of these carbon structures (Bandosz, 2006).
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Fig. 2.1. Major allotropic forms of carbon and some of carbon structures derived from these forms (Bandosz, 2006)
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2.2. Activated Carbon

Activated carbon (AC) is a non-graphitic, non-graphitizable carbon with a highly
disordered microstructure. It is well known for high adsorption capacity due to its high surface

area and porosity.
2.2.1. Historical Background

In ancient times (1500 B.C), activated carbon (AC) has been used for medicinal purposes.
There after the adsorptive powers of AC were discovered in 1773 when Scheele (Dietz, 1944)
conducted experiments with gases. However in19" century, the industrial production of activated
carbon was well established and gradually it replaced bone char in sugar refining processes

(Bansal et al., 1988).

Historical production and use of activated carbon has been summarized below (1770 — 1931)

Year Author Significance
18™ Century
1773 Scheele Recognized the adsorptive powers of the carbons (charcoal) by

measuring the volumes of various gases adsorbed by carbons

derived from different source materials.

1785 Lowitz Studied the effectiveness of charcoal in decolorizing various
aqueous solutions and this appears to be the first systematic account

for application of char coal in liquid phase.

1793 Kehl Discovered that carbon prepared from animal tissues could be used

for color removal from solutions.

1794 - An English sugar company used wood charcoal for the decolorizing
sugar syrups but kept the method of preparing the carbon a secret.

19™ Century

1805 Delessert Demonstrated the decolorizing power of charcoal for sugar-beet
liquor.

1822 Bussy Prepared activated carbon by heating blood with potash which has



1856

1862
1865

1868

20" Century

1900

1911

1913

1914-1918

Stenhouse

Lipscombe

Hunter

Winser

Ostrejko

Wunch
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20 — 50 times the decolorizing power of bone char. This was the
first recorded example of producing an activated carbon by a

combination of thermal and chemical processes.

Prepared the decolorizing chars by heating a mixture of flour, tar,
and magnesium carbonate.

Prepared a carbon and applied to purify potable water

Recognized the gas adsorption properties of activated carbon

prepared from coconut shells.

Prepared activated carbon by heating paper mill waste with

phosphates.

Set the basis for the development of commercial activated carbon
through process involving (a) incorporation of metal chlorides
before carbonization (b) selective oxidation with carbon dioxide at

high temperatures.

Using Ostrejko’s gasification approach activated carbon was
prepared from wood by the Fanto Works, Austria with the trade
name ‘Eponit’. It is the first activated carbon produced industrially

and marketed as decolorizer for the sugar refining industry.

Recognized that the decolorizing capacity of Eponit was greatly
increased by heating with zinc chloride.

With the introduction of poisonous gases in the First World War,
the search for other precursors for the preparation of activated
carbon with high adsorption capacity was boosted up to use in
military respirators. Granular activated carbon with reliably
controlled adsorptive and physical properties was developed by
activating wood chips with zinc chloride. A group studying under
Chaney, USA determined that carbon prepared from coconut shell

has the combination of required characteristics.

10
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1931 Kubelka Interpreted sorption phenomena on active carbon by the

mechanism of capillary condensation.
Further research investigations and major breakthroughs were cited throughout the thesis.
2.2.2. Preparation of Activated Carbon

Generally activated carbon can be prepared from various raw materials including
agricultural and forestry residues. Generally most of the precursors used for the preparation of
activated carbon are rich in carbon (Prahas et al., 2008). Production of AC was achieved
typically through two routes, physical activation and chemical activation (Bansal et al., 1988;

Encinar et al., 1998).

Physical activation involves carbonization of raw material followed by the activation at
high temperatures (between 800 and 1100 °C) in the presence of oxidizing gases like carbon
dioxide or steam (Aworn et al., 2009; Bonelli et al., 2001; Cabal et al., 2009; Cagnon et al.,
2009; Lopez de Letona Sanchez et al., 2006; Oh and Park, 2002; Petrov et al., 2008; Zabaniotou
et al., 2008; Zhu et al.,, 2011), whereas chemical activation mixing of chemical agent with
precursor and then followed by pyrolysis at moderate temperatures in the absence of air
(Ahmadpour and Do, 1997; Budinova et al., 2006; Klijanienko et al., 2008; Munoz-Gonzalez et
al., 2009; Rosas et al., 2009; Soleimani and Kaghazchi, 2008; Youssef et al., 2005; Zhang et al.,
2005; Zuo et al., 2009).

Typical preparation of activated carbon involves carbonization of the raw material in the
absence of oxygen, and activation of the carbonized product (Al-Duri, 1996; Ioannidou and
Zabaniotou, 2007). Chemical activation, on the other hand enjoys the benefit of development of
better porous structure in a single process route at low carbonization temperatures as compared

to physical activation.
2.2.2.1. Physical Activation

Physical activation is a two-step process. It involves carbonization of raw material
followed by activation at elevated temperatures in the presence of suitable oxidizing gases such
as carbon dioxide, steam, air or their mixtures. Carbonization temperature ranges between 400 °C

to 800 °C, and activation temperature ranges between 800 °C to 1100 °C. Physical activation of

11
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various raw materials was shown in Table 2.1. Generally, CO, is used as activation gas, since it

is clean, easy to handle, and it facilitates control of the activation process due to the slow

reaction rate at high temperatures.

Table 2.1. Various physical activating agents and precursors used for AC production

Activating agent

Material

Source

Steam

CO,

Air

Rice husk, corn cob, olive residues,
sunflower shells, pinecone, rapeseed,
cotton residues, olive-waste cakes, coal,

rubberwood sawdust, fly ash, coffee

endocarp

Oak, corn hulls, coconut shells, corn
stover, rice straw, rice hulls, pecan
shells, pistachio nutshells, coffee
endocarp, sugarcane bagasse, corn cob,

waste tyres, textile fibers, anthracite

Peanut hulls, almond shells, olive-

tree wood, almond tree pruning, coal

(Bagaoui, 2001; El-Hendawy et al., 2001;
Haykiri-Acma et al., 2006; Lazaro et al.,
2007; Lu et al., 2010; Malik, 2003; Nabais et
al., 2008; Prakash Kumar et al., 2006; Zhang
et al., 2011)

(Ahmedna et al., 2000; Aworn et al., 2009;
Betancur et al., 2009; Guo et al., 2009; Lua
et al., 2004; Nabais et al., 2008; Salvador et
al., 2009; Yang and Lua, 2003; Zhang et al.,
2004; Zhu et al., 2011)

(Ganan et al., 2006; Girgis et al., 2002; Liu et
al.., 2007; Marcilla et al., 2000; Ould-Idriss
et al., 2011)

2.2.2.2. Chemical Activation

Preparation of activated carbon by chemical activation is a single step process in which

carbonization and activation is carried out simultaneously. Initially the precursor is mixed with

chemical activating agent, which acts as dehydrating agent and oxidant. Chemical activation

offers several advantages over physical activation which mainly include (i) lower activation

temperature (< 800 °C) compared to the physical activation temperature (800 — 1100 °C) (El-

Hendawy et al.,, 2008), (ii) single activation step, (iii) higher yields, (iv) better porous

characteristics, and (v) shorter activation times (Nowicki et al., 2006) The most commonly used

chemical activating agents are H3PO,, ZnCl,, and KOH. Table 2.2 shows various chemical

agents used for the activation of AC prepared from different raw materials.

12
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Table 2.2. Various chemical activating agents and precursors used for AC production

Activating agent

Material

Source

ZnCl,

KOH

H;PO,

K,COs

Corn cob, coconut shells, macadamia
nutshells, peanut hulls, almond shells,
hazelnut shells, apricot stones, rice husk,
tamarind wood, cattle-manure, pistachio-nut

shells, bagasse, sunflower seed hulls.

Rice straw, corn cob, macadamia nutshells,
peanut hulls, olive seed, rice straw, cassava
peel, petroleum coke, coal, cotton stalk, pine

apple peel.

Hemp, Peanut hulls, almond shells, pecan
shells, corn cob, bagasse, sunflower seed
hulls, lignin, grain sorghum, rice straw, oak,
birch, sewage sludge, chestnut wood,
eucalyptus bark, rice hull, cotton stalk,

jackfruit peel.

Pine apple peel, corn cob, cotton stalk,
almond shell, coconut shell, oil palm shell,

pistachio shell, walnut shell, bamboo.

(Acharya et al., 2009; Ahmadpour and Do 1997;
Aygun et al., 2003; Azevedo et al., 2007;
Cronje et al., 2011; Girgis et al., 2002; Liou,
2010; Lua and Yang, 2005; Qian et al., 2007;
Sahu et al., 2010; Tsai et al., 1997, 1998; Yalcin
and Sevinc 2000).

(Ahmadpour and Do 1997; Basta et al., 2009;
Deng et al., 2010; Foo et al., 2011; Girgis et
al., 2002; Oh and Park 2002; Kawano et al.,
2008; Stavropoulos and Zabaniotou 2005;
Sudaryanto et al., 2006; Tsai et al., 2001,
Tseng et al., 2008; Wu et al., 2010, 2011).
(Ahmedna et al., 2004; Deng et al., 2010; Diao
et al., 2002; El-Hendawy et al., 2001; Fierro et
al., 2010; Girgis et al., 2002; Gomez-Serrano
et al., 2005; Guo and Rockstraw, 2007;
Klijanienko et al., 2008; Liou, 2010; Montane
et al., 2004; Patnukao and Pavasant, 2008;
Prahas et al., 2008; Rosas et al., 2009; Wang
et al.., 2011; Zuo et al., 2009).

(Adinata et al., 2007; Deng et al., 2010; Foo et
al., 2011a,b; Hayashi et al., 2002; Horikawa et
al., 2010; Tsai et al., 2001).

2.2.3. Structure of Activated Carbon

The adsorption capacity of AC highly depends on the structure of activated carbon.

2.2.3.1. Porous Structure

The high adsorptive capacities of activated carbons are highly related to porous

characteristics such as surface area, pore volume, and pore size distribution. All activated

carbons have a porous structure, containing up to 15 % of mineral matter in the form of ash

content (Bansal et al., 1988). The porous structure of AC formed during the carbonization
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process and was developed further during activation, when the spaces between the elementary
crystallites are cleared of tar and other carbonaceous material. The structure of pores and pore
size distribution largely depends on the nature of the raw material and activation process route.
The activation process removes disorganized carbon by exposing the crystallites to the action of
activating agent which leads to the development of porous structure. The pore systems of
activated carbon are of different kinds and the individual pores may vary greatly both in size and
shape. Active carbons are associated with pores starting from less than a nanometer to several
thousand nanometers. A conventional classification of pores according to their average width
(w), which represents the distance between the walls of slit shaped pore or the radius of a
cylindrical pore, proposed by Dubinin et al., (1960) and officially adopted by the International
Union of Pure and Applied Chemistry (IUPAC) is summarized in Table 2.3.

Table 2.3. Classification of pores according to their width IUPAC, 1972)

Type of pores Width (w)
Micropores <2nm (20 °A)
Mesopores 2 —50 nm (20 — 500 °A)
Macropores > 50 nm (> 500 °A)

The effective radii being less than 2 nm, the adsorption in micropores occurs through
volume filling and there is no capillary condensation. Generally micropores have a pore volume
of 0.15 to 0.70 cm’/g, and constitute about 95% of the total surface area of the AC. Brunauer
(1970) and Dubinin (1979) further classified that the micropores can be subdivided into two
overlapping microporous regions such as ultra-micropores (with effective pore radii less than 0.7
nm), and super-micropores (having radii of 0.7 to 2 nm). Generally the microporous structure of
an adsorbent is characterized by adsorption of gases and vapors and, to a small extent, by small-
angle x-ray technique (Rosas et al., 2009; Zuo et al., 2009; Castro-Muniz et al., 2011; Yang and
Lua, 2006; Liou, 2010).

Mesopores, also termed as transitional pores, ranges from 2 to 50 nm of width. The
surface area of mesopores does not constitute more than 5% of total surface area and their

volume varies in between 0.1 and 0.2 cm’/g. However, by using special methods, it is possible to
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enhance mesopores attaining a volume of 0.2 to 0.65 cm’/g and surface area of 200 m/g.
Capillary condensation and adsorption desorption hysteresis are the characteristic features of
mesopores (Aworn etal., 2008; Lei et al., 2006; Iang et al., 2010; Hao et al., 2011). Beside their
contribution to the adsorption of adsorbate, mesopores act as conduits which lead the adsorbate
molecule to the micropore network. The typical pore size distribution of activated carbon can be
observed in Figure 2.2. Generally mesopores are characterized by adsorption-desorption
isotherms of gases, by mercury porosimetry, and by electron microscopy (Liou, 2010; Zhu et al.,

2007; Hu and Srinivasan, 2001; Kennedy et al., 2007).

Macropares

w > 50nm

2< w <50 nm

\

\
\ 3 ~
'\\ Micropores
/ \ W < 2nm

Figure 2.2. Graphical representation of pore structure in activated carbon

Pores having effective radii larger than 50 nm are considered as macropores, frequently
in the range 500 to 2000 nm. The contribution of macropores to the total surface area and pore
volume is very small and does not exceed 0.5 m*/g and 0.2 to 0.4 cm’/g, respectively. Hence, in
adsorption process macropores are not of considerable importance but they act as transport
channels for the adsorbate into the mesopores and micropores. Macropores can be characterized
by mercury porosimetry and by electron microscopy (Jaramillo et al., 2010; Mittelmeijer-
Hazeleger and Martin-martinez, 1992; Pastor-Villegas and Duran-Valle, 2002; Yao and Liu,
2012).

2.2.3.2. Crystalline Structure

Microcrystalline structure of activated carbons starts to develop during the carbonization

process. The Crystalline structure of activated carbons differed from the graphite with respect to
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the interlayer spacing. The interlayer spacing ranges between 0.34 and 0.35 in active carbons,
which is 0.335 in case graphite. The basic structural unit of activated carbon is closely
approximated by the structure of graphite. The graphite crystal is composed of layers of fused

hexagons held by weak vaan der Waals forces shown in Figure 2.3.

Figure 2.3. Layered structure of graphite

Much of the literature suggests a modified graphite structure for activated carbon. During
the carbonization process free valences were created due to the regular bonding disruption of
micro-crystallites. In addition, process conditions and presence of impurities influence the
formation of vacancies (pores) in microcrystalline structure (Skubiszewska-Zieba, 2010; Yang
and Lua, 2006; Kennedy et al., 2004).

Based on the graphitizing ability, active carbons are classified into two types,
graphitizing and non-graphitizing carbons. Graphitizing carbon had a large number of graphite
layers oriented parallel to each other. The carbon obtained was delicate due to the weak cross
linking between the neighbor micro-crystallites and had a less-developed porous structure. The
non-graphitizing carbons are hard due to strong cross-linking between crystallites and show a
well developed microporous structure (Franklin, 1951; Jenkins and Kawamura, 1976). The
formation of non-graphitizing structure with strong cross-links is promoted by the presence of
associated oxygen or by an insufficiency of hydrogen in the original raw material. The schematic
representations of the structures of graphitizing and non-graphitizing carbons are shown in

Figure 2.4.
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(a) —
Figure 2.4. Schematic illustration of structure of activated carbon: (a) graphitized carbon, and (b) non-graphitized

carbon (Franklin, 1951)

2.2.3.3. Chemical Structure

Besides the porous and crystalline structure, an active carbon surface has a chemical
structure as well. Though the adsorption capacity of activated carbon is determined by its porous
structure but is strongly influenced by a relatively small amount of chemically bonded
heteroatoms (mainly oxygen and hydrogen) (Bansal et al, 1988). The variation in the
arrangement of electron clouds in the carbon skeleton results in the creation of unpaired electrons
and incompletely saturated valences which influences the adsorption properties of active

carbons, mainly for polar compounds.

Activated carbons are invariably associated with significant amounts of oxygen,
hydrogen (Rodriguez-Reinoso et al.,, 1992) and other heteroatoms like sulfur, nitrogen and
halogens (Valix et al., 2006). These heteroatoms derived from the raw material involve in the
structure of AC during carbonization process, or they may be chemically bonded to the surface
during activation (Rodriguez-Reinoso, 1998). Much of the literature show that the heteroatoms
are bonded to carbon atoms of the edges and corners of the aromatic sheets or to the carbon
atoms at defect positions to form carbon-oxygen, carbon-hydrogen, carbon-sulfur, carbon-
nitrogen, and carbon-halogen surface compounds, known as surface groups or surface complexes
(Castro-Muniz et al., 2011; Valix et al., 2006).

A considerable effort has been directed to identify the role of surface chemistry of

carbons on the adsorption of aromatics (Petrova et al., 2010; Valderrama et al., 2008; Tham et
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al., 2011; Moreno-Castilla, 2004; Daifullah and Girgis, 2003; Adhoum and Monser, 2004;
Garcia et al., 2004), dyes (Faria et al., 2004; Lie et al., 2006; Shi et al., 2010), heavy metals
(Namasivayam et al., 2007; Duman and Ayranci, 2010; Mamcilovic, et al., 2011; Shen et al.,
2010; Monser and Adhoum, 2002; Babel and Kurniawan, 2004; Chen et al., 2003; Zhang et al.,
2011), etc from aqueous phase. In the field of catalysis, numerous works have focused on the
role of surface chemistry with respect to the dispersion of catalyst, or the catalytic activity
(Petkovic et al., 2009; Quintanilla et al., 2007; Calvo et al., 2010; Huang et al., 2003; Calafat et
al., 1996; Fraga et al., 2002).

Oxygen is by far the most important heteroatom that influences the surface behavior,
wettability, and electrical or catalytic properties of carbon. Boehm (Boehm, 1994) carried out
research extensively on the presence of oxygen on the carbon surface in the form of functional
groups. Generally, oxygen-containing functionalities are obtained by oxidation treatments of the

carbon (Jaramillo et al., 2010; Daud and Houshamnd, 2010; Wang et al., 2004).
2.2.4. Classification of Activated Carbon

Activated carbons are complex products and the classification is difficult based on their
preparation methods, physical properties, and surface characteristics. However, the general
classification of activated carbons based on particle size divides them into Powered Activated
Carbon (PAC), Granular Activated Carbon (GAC), and Activated Carbon Fibres (ACF) (Babel
and Kurniawan, 2003).

2.2.4.1. Powered Activated Carbon

Powered Activated Carbon (PAC), has a typical particle size of less than 0.1 mm and the
common size of the particle ranges from 0.015 to 0.025 mm. Typical applications of PAC are
industrial and municipal waste water treatments, sugar decolorization, in food industry,

pharmaceutical, and mercury and dioxin removal from a flue gas stream (Cook et al., 2001; Foo

and Hameed, 2009; Ormad et al., 2008; Satyawali and balakrishnan, 2009; Zhang et al., 2006).
2.2.4.2. Granular Activated Carbon

Granular Activated Carbon (GAC), has mean particle size between 0.6 to 4 mm. It is

usually used in continuous processes of both liquid and gas phase applications. GAC has an
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advantage over PAC, of offering a lower pressure drop along with the fact that it can be
regenerated and therefore reused more than once. In addition to the proper micropore size
distribution, its high apparent density, high hardness, and a low abrasion index made GAC more
suitable over PAC for various applications (Cerminara et al., 1995; Hai et al., 2011; Hijnen et al.,

2010; Scharf et al., 2010; Zhang et al., 2008).
2.2.4.3. Activated Carbon Fibers

Activated carbon Fibers (ACFs) are carbonized carbons which are subsequently heat
treated in an oxidizing atmosphere. ACF began to be developed in 1970 using the precursor
viscose rayon which mainly consists of cellulose (Doying, 1966). Later thermoset polymer
materials like saran and phenolic resins were used as precursors to produce ACF (Menendez-
Diaz and Martin-Gullon, 2006). A good ACF precursor must be non-graphitic and non-
graphitizable carbon fibre which was isotropic in nature. From the end of 1980s, interest is still
centered on the production of ACFs from various inexpensive precursors (Derbyshire et al.,
2001; Ko et al., 2002; Nahil and Williams, 2011; Oh and Jang, 2003; Oya et al., 1993; Rosas et
al., 2009).

2.2.5. Characterization of Activated Carbon

Activated carbons are strongly heterogeneous due to the existence of different sizes of
pores including micropores, mesopores and macropores. In addition, the surface heterogeneity of
activated carbons is often significant because of various oxygen and other groups present on the
surface. Surface and structural properties of the activated carbons can be studied directly by
employing various techniques like electron microscopy, X-ray analysis and various
spectroscopic methods. In addition, these properties can be investigated by indirect methods such
as gas adsorption and thermal analyses. The data obtained from adsorption can be used mainly to

extract information about surface heterogeneity and porosity of adsorbents.

The aim of this section is to provide an overview of the characterization of activated

carbons by gas adsorption isotherms and by some other spectroscopic techniques.
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2.2.5.1. Gas Adsorption Isotherms

Gas adsorption is one of the most extensively used techniques for characterization of
porous materials. The adsorption isotherm gives lot of useful information regarding the
adsorbate, the adsorbent, and the adsorbate — adsorbent interactions. For a given adsorbate

adsorbed on a particular adsorbent one can write the adsorption isotherm (Kuzin, 1964) as:

x=f(p,T) 2.1

where, x is the amount of adsorbate adsorbed on unit mass of adsorbent, p is the pressure and 7 is

the temperature of the adsorbate.

Gases such as N, Ar, Kr, CO, (Blanco-Lopez et al., 2000; Jagiello and Thommes, 2004;
Lithoxoos et al., 2010; Ustinov et al., 2006) and vapors of low-boiling aliphatic hydrocarbons,
alcohols, benzene, carbon tetrachloride, water etc (Cao et al., 2002; Bae and Do, 2002;
Finqueneisel et al., 2005; Kim et al., 2006; Lodewyckx, 2010) are most widely used. Nitrogen

and argon are most commonly used because of their nonpolarity in nature.
2.2.5.1.1. Qualitative Interpretation of Adsorption Isotherms

A visual inspection of isotherm shapes provides considerable information about the
porous network present in the adsorbent. Experimental adsorption isotherms measured on a wide
variety of gas-solid systems were grouped into six classes in the IUPAC classification. The first
five types, i.e., type - I to type - V were originally proposed by Brunauer et al., (1940) and
named as BDDT classification. The ITUPAC 1985 classification included the type VI isotherm

which was observed after the BDDT classification.

Type I or Langmuir isotherms are concave to the relative pressure (p/p°) axis. The
adsorption in Type I isotherms does not increase continuously but attains a limiting value shown
by the plateau (Arami-Nitya et al., 2011) is due to the pores being so narrow that they cannot
accommodate more than a single molecular layer. These isotherms are thus characterized by a
plateau that is almost horizontal and parallel to the pressure axis. The adsorption at high relative
pressures is small and tending to level off. This type of isotherms exhibited by microporous

solids having relatively small external surfaces, for example, activated carbons and molecular
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sieve zeolites. The shape of the isotherm can be well explained by Langmuir model. The typical

type 1 isotherms of activated carbons were shown in Figure 2.5.

pp°

Figure 2.5. Type — I isotherm

Type II isotherms represents unrestricted monolayer-multilayer adsorption. The shape of
isotherm, shown in Figure 2.6, is concave at low relative pressures, then almost linear and finally
convex to the p/p° axis. The point at which the linear portion begins was termed as point B
(Emmet and Brunauer, 1937) and this is considered as the point at which the monomolecular
layer (monolayer) is completed and the beginning of the formation of the multimolecular layer
(multilayer) thus the adsorption at this point should be equal to the monolayer capacity X,,. In
their earlier work they suggested that the value at which the extrapolated linear branch cuts the
adsorption axis termed as point A, might represent the monolayer capacity (Brunauer and
Emmet, 1935). In calculating monolayer capacity point B was preferred than point A, because the
value of monolayer capacity Xp calculated from point B agreed well with the value of monolayer
capacity X,,, calculated using BET equation for a variety of systems (Drain and Morrison, 1952,

1953). Type 1l isotherms are obtained with non-porous or macroporous adsorbents.
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Amount adsorbed

Relative pressure, p/p”

Figure 2.6. Type — II isotherm

Type III and type V isotherms are not common and are characterized by being convex to
the pressure axis (Figure 2.7). Type III isotherms are convex to the p/p° axis over the complete
range, whereas type V isotherm reaches a plateau at fairly high relative pressures, often at p/p°
higher than 0.51, ie., in the multilayer region. The convexity of isotherms is due to the
cooperative adsorption, which means that the already adsorbed molecules enhance the further
adsorption of other molecules. The adsorbate-adsorbent interactions are very weak and this
results in small adsorption at lower relative pressures. After that the adsorbate-adsorbate
interactions enhance the adsorption of other molecules and hence the isotherm becomes convex
to the p/p° axis. Type III isotherms are generally obtained in case of nonporous adsorbents, and
type V isotherms are uncommonly obtained on mesoporous or microporous adsorbents, provided

that the adsorbent-adsorbate interactions are weak.

0

(a) p/p° (b) PP

Figure 2.7. (a). Type — Il isotherm and (b) Type — V isotherm
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Type 1V isotherms are associated with the capillary condensation in mesopores, indicated
by the steep slope at higher relative pressures (Figure 2.8). The portion of isotherm which is
parallel to the pressure axis is attributed to the filling of the larger pores by capillary
condensation. The most significant characteristic of type IV isotherm is adsorption-desorption
hysteresis. Type IV isotherms are obtained in the case of oxide gels and several porous carbon

materials containing pores in the mesopore range.

0

pp

Figure 2.8. Type — IV isotherm

Type VI isotherm or stepped isotherm (Figure 2.9) is relatively rare and is associated
with layer-by-layer adsorption on a highly uniform surface. The step height and sharpness
depends on the system and temperature. Amongst the best examples of type VI isotherms are

those obtained with Ar or Kr on graphitized carbon blacks at liquid nitrogen temperature.

n

0

p/p

Figure 2.9. Type — VI isotherm
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The adsorption process on mesoporous activated carbons is often accompanied by
adsorption-desorption hysteresis (Hangstam et al., 1966; Burlakova and Naidich, 2005; Jia and
Thomas, 2000; Jia et al., 2002). The hysteresis is usually attributed to the thermodynamic or
network effects or the combination of these two effects (Burlakova and Naidich, 2005).
According to the IUPAC classification, hysteresis loops are classified into four types as shown in

Figure 2.10.

H1 H2

—

H3 H4

Amount Adsorbed

\

Relative Pressure

Figure 2.10. Classification of adsorption-desorption hysteresis loops

Type H1 loop exhibits parallel and nearly vertical branches. The H1 hysteresis loops are
characteristic for materials containing cylindrical pore geometry and high degree of uniform pore
size distribution (Polshina et al., 1996). The type H2 loop has a triangular shape and a steep
desorption branch and it can be found in case of many porous inorganic oxides and was
attributed to the pore connectivity effects (Jia and Thomas, 2000). Isotherms with type H3 loops
that do not level off at relative pressures close to the saturation vapor pressure were reported for
the materials containing slit-like pores. Type H4 loops feature parallel branches to the pressure
axis and their occurrence have been mainly attributed to adsorption-desorption in narrow slit-like

pores.
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2.2.5.1.2. Quantitative Interpretation

The most commonly used equations to interpret adsorption isotherms are the Langmuir,
the Brunauer-Emmet-Teller (BET), and the Dubinin-Radushkevich (DR) isotherm equations.
Initially, the Langmuir and BET isotherms are used to interpret the adsorption isotherms of
nonporous adsorbents, later they were applied for the isotherms obtained from microporous
materials. On the other hand, the DR equation is a derivative of Rayleigh, Gaussian or

Lorenztian distributions and is not based on a model of adsorption process.

The Langmuir Isotherm

The Langmuir isotherm equation is the first theoretically developed adsorption isotherm
and based on this equation many equations are proposed later. Langmuir isotherm is more
applicable to chemisorption, but is also often applied to physisorption isotherms of type I. A
convenient form of Langmuir equation (Langmuir, 1918) is

p/r° _ 1/ 2.2)

na bné, né,

where, p is equilibrium vapor pressure (Pa), p” is saturation vapor pressure (Pa). n“ is amount
adsorbed (mmol/g), and nj,is monolayer adsorption capacity (mmol/g). The model is based on

the following assumptions.

1. Adsorbate molecules are attached to the surface of the adsorbent at definite localized
sites.
ii.  Each site can hold only one adsorbate molecule.
iii.  All adsorption sites are energetically equivalent.

iv.  The interactions between the adsorbed molecules are negligible.

The BET (Brunauer-Emmet-Teller) Isotherm

An essential key parameter for characterization of porous solids is the specific surface
area. Earlier studies reported the problem in measuring the high surface areas of microporous
solids. Determination of specific surface area and saturation limit from an experimental isotherm
is simple if the physical adsorption is limited to a close-packed monolayer. But, the main

difficulty is physical adsorption generally involves multilayer adsorption and the formation of
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second and subsequent molecular layers commences at pressures well below that required for
completion of the monolayer. This problem was first solved by Brunauer, Emmet, and Teller
(BET) by developing a simple isotherm model to estimate the monolayer capacity and hence the

specific surface area. The simplified form of BET isotherm equation (Brunauer et al., 1938) is

p _ 1 (ﬂ) (2.3)

V(p°-p) VmC  VpC \p°

where, V is the volume adsorbed at STP (cm’g™), V,, is the volume of monolayer capacity at STP
(cm’g"), and the term C, the BET constant, is related to the energy of adsorption in the first
adsorbed layer and its value is an indication of the magnitude of the adsorbent-adsorbate

interactions. BET isotherm is based on following assumptions.

1. Adsorption occurs only on well defined sites of adsorbent surface.
ii. A molecule can act as a single adsorption site for a molecule of the upper layer.
iii.  The uppermost molecular layer is in equilibrium with the gas phase.

iv.  The molecular layer number tends to infinity at the saturation pressure.

The DR (Dubinin-Radushkevich) isotherm

Many microporous adsorbents including activated carbons contain pores over a wide
range of pore sizes, including micro and mesopores. Hence, the isotherm obtained from such
type of adsorbents reveals features from both type I and type IV isotherms. The filling of
micropores occurs at very low relative pressures and is entirely governed by the enhanced gas-
solid interactions. In addition to the strong adsorption potential a cooperative mechanism may
play an important role in the micropore filling process. Dubinin and Radushkevich postulated an
equation which allows the micropore volume to be calculated from the adsorption isotherm

(Dubinin and Radushkevich, 1989):

logW = log(V,p) — K [log (%0)]2 (2.4)

where, W is the volume of adsorbate filling micropores, p is the density of liquid adsorbate; V, is

the micropore volume and & is defined as

k = 2.303K (‘%T)2 (2.5)
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where, [ is the affinity coefficient, and K is a constant, determined by the shape of the pore size
distribution. A plot of logW versus [log(p’/p)]* should be a straight line with an intercept of
log(V,p), from which the micropore volume (7,) can be calculated. The DR equation often fails
to linearize when the adsorbent contains heterogeneous micropores. To overcome this, a more
general equation, known as DA equation, was proposed by Dubinin and Astakhov. The
linearized form of DA equation is

i = in(7,p) - K [1n (Z)] (2.6)

where, K is an empirical constant, and »n is the Dubinin-Astakhov parameter. Depending on the
type of micropore system, the value of n ranges from 2 to 5, and for adsorbents with

homogeneous micropore structure, n is usually close to 2.
2.2.5.2. Spectroscopic Methods

The chemical structure of activated carbons can be investigated by using various
spectroscopic techniques. Infrared (IR), Transmission and Absorption Infrared spectroscopy
(T/A-IR), and Fourier Transform Infrared (FTIR) spectroscopy are the most commonly used

spectroscopic techniques for the analysis of chemical structure of activated carbons.

Infrared spectroscopy (IR) is an important tool in various forms that can provide
information about surface functional groups. Various studies have been sited on the IR studies of
surface functional groups of carbon materials (Friedel and Hofer, 1970; Friedel and Carlson,
1972; Ishazaki and Marti, 1981). Furthermore, the sensitivity of IR measurements has been
largely enhanced by Fourier-Transform (FT), Photoacoustic (PAS), and photothermal Beam
Deflection (PDS) IR spectroscopy.

The transmission and absorption IR (T/A-IR) studies show low IR signal-to-noise ratio
due to the preparation of pellets into thin layers (Ishazaki and Marti, 1981). The computerized
Fourier-transform infrared spectroscopy (FTIR) has several advantages over conventional,
dispersive spectroscopy. FTIR uses an interferometer in place of a grating or slits. This results in
the availability of higher energy, of the order of 100 to 200 times over the dispersive system.
This technique provides more precise information and also allows the measurement of lower

concentrations of surface groups. The main advantages of FTIR over the conventional techniques
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are the availability of higher energy throughout; the multiplex capability, and the greater
accuracy of the frequency scale. This technique was used extensively for the analysis of surface
functional groups of carbons materials (Chiang et al., 2002; Jaramillo et al., 2010; Kohl et al.,
2010; Olivares-Marin et al., 2006; Shafeeyan et al., 2010; Shin et al., 1997).

2.3. Activated Carbon Applications

Activated carbon is an excellent and versatile adsorbent and its main applications include
the adsorptive removal of color, odor, taste, and other undesirable organic and inorganic
impurities from drinking waters; in the treatment of industrial waste water; air purification in
food processing and chemical industries; in the purification of many chemical, food and
pharmaceutical products; in respirators for work in hostile environments; and in a variety of
other gas-phase applications. Nearly 80% of the total activated carbon is consumed for liquid-
phase applications where, both granular and powdered activated carbons can be used (Moreno-
Castilla and Rivera-Utrilla, 2001). For gas-phase applications, granular activated carbon is
usually the choice. Table 2.4 documents various applications of granular activated carbon in

removal of various contaminants.

The aqueous phase adsorption for the removal of both organic and inorganic compounds
has been a very important application of activated carbon and researchers have reported potential
applications of GAC to liquid phase. By using activated carbon, satisfactory results were
obtained in the removal of organic chemicals from water (Gupta et al., 2006; Jarvie et al., 2005;
Liyan et al., 2009; Namasivayam et al., 2007) and the adsorptive removal of organic compounds

was compared with the inorganic ones (Moreno-Castilla, 2004).

Heavy metal ions stand out among the inorganic aquatic pollutants due to their
persistence and toxicity. The heavy metal flux into groundwater and surface water has been
increased randomly due to the unrestrained usage in industrial processes. Natural waters have
been found to be contaminated with several heavy metals arising mostly from mining wastes and
industrial discharges (Grousset et al., 1999; Schalscha and Ahumada 1998). According to World
Health Organization (WHO, 2004; 2006), the most toxic heavy metals include cadmium,
chromium, copper, lead, mercury, and nickel. A compilation of some studies for the removal of

heavy metals by using activated carbon is presented in Table 2.5.
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Table 2.4. Application of granular activated carbon in adsorption of various contaminants from gas and liquid phase

Contaminant

Source

Sulfur dioxide (SO,)

Oxides of nitrogen (NO,)

Hydrogen sulfide (H,S)

VOCs

Dyes

Phenolic compounds

Heavy metals

Pesticides

(Boudou et al., 2007; Gao et al., 2011; Gaur et al., 2006; Li et
al., 2001a, b; Ling et al., 1999; Liu, 2008; Liu and Liu, 2011,
Long et al., 2004; Lopez et al., 2007; Lopez et al., 2008;
Mochida et al., 2000; Sumathi et al., 2010a,b,c; Wang et al,,
2006).

(Gao et al., 2011; Kante et al., 2009; Lee et al., 2002; Liu, 2008;
Liu and Liu, 2011; Long et al., 2004; Miyawaki et al., 2011;
Mochida et al., 2000; Sumathi et al., 2010a,b,c).

(Bagreev et al., 2001a,b; Boudou et al., 2007; Chung et al,,
2005; Huang et al., 2006; Masuda et al., 1999; Monteleone et
al., 2011; Pipatmanomai et al., 2009; Sakanishi et al., 2005;
Xiao et al, 2008; Yan et al., 2002; Yan et al., 2004).

(Bansode et al., 2003; Cal et al., 1996; Das et al., 2004; Dwivedi
et al.,, 2004; Huang et al., 2003; Li et al., 2011; Lu and Wey,
2007; Navarri et al., 2001; Sidheswaran et al., 2012; von Kienle
et al., 1994; Yao et al., 2009).

(Ahmad et al.,, 2011; Amin, 2009; Foo and Hameed, 2011;
Gomez et al., 2007; Kadirvelu et al., 2003; Mohamed, 2004,
Namasivayam et al., 2007; Rahman et al., 2005; Rozada et al.,
2003; Sekaran et al., 1998; Stavropoulos and Zabaniotou, 2005;
Valix et al., 2004; Wu and Tseng, 2006).

(Aber et al., 2009; Ahmaruzzaman, 2008; Ariyadejwanich et al.,
2003; Daifullah and Girgis, 1998; Gonzalez-Serrano et al., 2004;
Laszlo, 2005; Laszlo and Szucs, 2001; Ren et al., 2011; Soto et
al., 2011; Tancredi et al., 2004).

(Table 2.5).

(Ayranci and Hoda, 2005; Gupta et al., 2011; Humbert et al.,
2008; Ioannidou et al., 2010; Jusoh et al., 2011; Martin-Gullon
and Font, 2001)
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Table 2.5. Removal of heavy metals using activated carbon

Heavy metal Source
(Kadirvelu and Namasivayam, 2003; Madhava Rao et al., 2006;

Cadmium (Cd) Monser et al., 2009; Tang et al., 2010; Tazar et al., 2009; Youssef et
al., 2004).

Chromium (Cr) (Di Natale et al., 2007; Hsu et al., 2009; Mohan et al., 20006;
Muthukumaran and Beulah, 2011; Yue et al., 2009; Zhang et al., 2010).

Copper (Cu) (Chen and Wu, 2004; Madhava Rao et al., 2006; Monser and Adhoum,
2002; Yang et al., 2009; Wang et al., 2011).

Lead (Pb) (Dwivedi et al., 2008; Goel et al., 2005; Issabayeva et 1., 2006;
Mohammadi et al., 2010; Nadeem et al., 2006).

Nickel (Ni) (Demirbas et al., 2002; Erdogan et al., 2005; Kadirvelu, et al., 2002;
Kalavathy et al., 2010; Lu et al., 2008).

Mercury (Hg) (Choi et al., 2009; Madhava Rao et al., 2009; Scala et al., 2011; Vitolo
and Seggiani, 2002; Zhang et al., 2005).

Zinc (Zn) (Kalavathy et al., 2010; Madhava Rao et al., 2008; Monser et al.,
2002).

2.4. Chromium

2.4.1. Overview

Chromium is the 21* most abundant element in earth crust and its valance state ranges
from -2 to +6, but it is generally found as trivalent [Cr(III)] and hexavalent chromium [Cr(VI)] in
natural environments. Trivalent chromium occurs naturally in many vegetables, fruits, meat,
grains and is often added to vitamins as a dietary supplement, whereas hexavalent chromium,
most often produced by industrial processes and mining of chromium ore, is an indicator of
environmental contamination. It occurs in combination with other elements as chromium salts,

some of which are soluble in water.

Chromium is an extremely versatile element and finds a wide variety of uses. About 80%
of the mined chromium is used for metallurgical applications, of which most is used in the

stainless steel industry. It is used to manufacture ferrous and non-ferrous alloys, in chemical
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industry for pigment production, electroplating, leather tanning, and as a catalyst in the synthesis

of many organic chemicals (Palmer and Wittbrodt, 1991; Opperman and van Heerden, 2007).
2.4.2. Chemistry and Behavior

Elemental chromium is a transition group metal and the most commonly occurring states
in chromium compounds are +2, +3, and +6 with the +2 being unstable and readily oxidizes to
+3. Cr(III) compounds are most stable and the presence of Cr(VI) can generally be attributed to
the industrial activity. Most of the Cr(I1I) compounds are sparingly soluble in water, whereas the
majority of Cr(VI) compounds are highly soluble. Table 2.6 shows some of Cr(VI) compounds

which are soluble in water.

Table 2.6. Hexavalent chromium compounds.

Compound Form Solubility in water
Yellow Crystal Soluble

Sodium Chromate (Na,CrO,)

Calcium Chromate (CaCrOy) Yellow Crystal Slightly soluble

Sodium Dichromate (Na,Cr,07) Orange red crystal Soluble

Potassium Chromate (K,CrOy) Yellow Crystal Soluble

Chromium Trioxide (CrO;) Dark red/brown crystal Soluble

Potassium Dichromate (K,Cr,0-) Orange red crystal Soluble

Strontium Chromate (SrCrO,) Yellow crystal Slightly soluble

Chromium(VI) generally exists in monomeric (HCrO; and CrO4?) or bimeric state
(Cr,077). Presence of monomeric and bimeric species imparts yellow and orange colors to
water, respectively (Palmer and Puls, 2004). The dependancy of concentration of these species
on the pH and concentration of Cr(VI) solution are dipicted in Figures 2.11 and 2.12,

respectively.

Table 2.7. Chromium(VI) concentration in varoius industrial effluents.

Type of effluent Cr(VI) Conc. (mg/L) Reference Type of effluent Cr(VI) Conc. (mg/L) Reference

Sukinda effluent 43-85 Mishra, 2012 Leather industry Dhungana and

effluent 10.3 — 345 Yadav, 2009
Electroplating Ganguli and Metal finishing Sarin and Pant,
discharge 3.0 Tripathi, 2002 industry 200 2006
Electropolishing Davis et al., Chrome plating Selvaraj et al.,
plant 42.8 1995 effluent 28.2 2003
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1971 Cr(V1)io: = 5 mmol/L
' Crog2™

Fraction of Species
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Figure 2.12. Fraction of HCrO, and Cr,0; at pH 4 as a function of total Cr(VI) concentration (Palmer and Puls,
2004)

Under oxidizing conditions, chromium is present in the hexavalent state [Cr(VI)]. At
concentrations less than 10 mM or at neutral pH, Cr(VI) exists in monomeric species HyCrOy,
HCrO,, CrO4*, and dimeric form Cr,O;%. It is evident (Figure 2.11) that CrO,* predominates
above pH 6.5 and HCrO4 dominates in the pH range of 1 to 6.5.

2.4.3. Environmental Occurrence

Almost all the sources of chromium in the earth’s crust are in the trivalent state. The most
important mineral deposit for chromium is in the form of chromite (FeCr,O4). Acid mine
drainage can make the chromium available to the environment. Hexavalent chromium

compounds are used in metal finishing and chrome plating, in stainless steel production, in the
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manufacture of pigments, as corrosion inhibitors, and wood preservation. As the living matter
does not produce energy required for the oxidation of Cr(IIl) to Cr(VI)in the organism, all the

hexavalent chromium present in the environment is due to the human or industrial activities.

Hexavalent chromium is a strong oxidizing agent particularly in acidic media and tends
to associate with oxygen, thereby forming chromate and dichromate (Lai and Lo, 2008). The
mineral form of Cr(VI) rarely occurs naturally in the environment as the crocoite (PbCrO4) and
only a small amount of hexavalent chromium is formed by natural oxidation of Cr(IlI) in the soil,
the rest is mostly introduced anthropogenically into the environment as a result of industrial

processes (Barceloux, 1999).
2.4.5. Toxicology

Occupational exposure to hexavalent chromium generally occurs by inhalation and by
skin (dermal) contact. Workers may be exposed by inhalation to fumes and mists containing
Cr(VI) when hot-cutting or welding stainless steel, or other chromium-containing metal alloys.
However, when a substance is inhaled, a small amount is inevitably ingested. The general public
may be exposed to Cr(VI) by drinking water from contaminated sites. The tolerance limit for Cr
(VD) for discharge into inland surface waters is 0.1 mg/l and in potable water is 0.05 mg/l (EPA
1990).

2.4.5.1. Effects of Short-term Exposure

Soluble trivalent chromium substances cause irritation to the eyes and skin, but this effect is
usually related to their acidic nature. Chromium compounds can cause skin rashes in some
people who are ‘chromium-sensitive’. By contrast, hexavalent chromium is hazardous by all

exposure routes:

® Inhalation may cause acute toxicity, irritation and ulceration of the nasal septum and
respiratory sensitization (asthma).
® Ingestion may affect kidney and liver functions.

e Skin contact may result in systemic poisoning, damage or even severe burns.
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2.4.5.2. Effects of Long-term Exposure

Exposure to hexavalent chromium, if prolonged or repeated, may lead to perforation of
the nasal septum. The oral exposure of Cr(VI) can cause vomiting, oral ulcers, abdominal pain,
indigestion, and diarrhea. Hematological effects such as leucicytosis and immature neutrophils
were also noted. Both soluble and insoluble Cr(VI) compounds are able to cause structural
damage to DNA, leading to genotoxicity. Studies indicate that Cr(VI) induced DNA damage
may result in clastogenesis, altered gene expression, and the inhibition of DNA replication and

transcription.

Chromium(VI) exists as highly soluble dichromate or chromate anions and is known to
be toxic to all living organisms. It is proved to have a well-established carcinogen effect on
human beings by the inhalation and oral route of exposure. The main concern about Cr(VI)
compounds is associated with their mobility, which can easily lead to the contamination of both
surface and ground waters (Bagchi et al., 2002; Cieslak-Golonka, 1996; Cohen et al., 1993;
Costa, 1997). Cr(VI) can be toxic for biological systems (Shanker et al., 2005; Zhitkovich,
2005), and water-soluble Cr(VI) is extremely irritating and toxic to human body tissue owing to
its oxidizing potential and easy permeating of biological membranes (Outridge and
Scheuhammer, 1993). It leads to liver damage, pulmonary congestion, oedema, and skin
irritation resulting in ulcer formation (Raji and Anirudhan, 1998). Chromium (VI) is toxic to
numerous plants, animals, bacteria and as a confirmed human carcinogen, poses a great threat to
human health and environment (Demirbas et al., 2004; Goswami and Ghosh, 2005). Trivalent
chromium on the other hand, present mainly as relatively insoluble, immobile and non-toxic
hydroxides and oxides (Palmer and Wittbrodt, 1991; Rai et al., 1987). The toxicity of trivalent
chromium is 500 to 1000 times less to a living cell than hexavalent chromium (Costa, 2003).
Hexavalent chromium has been recognized as more toxic among heavy metals and hence it

receives much more attention.
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2.5. Hexavalent Chromium Removal by Activated Carbons from Aqueous

Phase

As discussed, the toxicity caused by hexavalent chromium is high and therefore priority
is given to regulate this pollutant at the discharge level. Currently there are several methods
available for the removal of Cr(VI) from industrial effluents. Chemical precipitation,
coagulation, ion exchange, solvent extraction, and membrane filtration produce large amounts of
sludge and waste that need to be disposed of and can consequently cause a lot of problems to the
environment due to the presence of high content of chromium. Other techniques such as ultra-
filtration, nano-filtration, and reverse osmosis are associated with high capital and operational
costs. Table 2.7 summarizes various technologies used for Cr(VI) removal and the difficulties of

each process.

One of the technologies that can overcome these disadvantages is the adsorptive removal
of hexavalent chromium by various adsorbents. In recent years, scientists focused on the
preparation of adsorbents from various waste materials for the removal of contaminants from the
environment as this technology not only solves the problem of waste disposal and also converts a
potential waste to a valuable product. Adsorption by activated carbons for the removal of
contaminants has various advantages over other processes. Activated carbons are very effective
adsorbents due to their very high surface area and pore volume. Rate of adsorption by AC is very
high and faster adsorption kinetics. High quality effluents can be obtained after treatment

(Mohan and Pittman Jr, 2006).
2.5.1. Chromium(VI) Removal by Activated Carbons

Among the numerous adsorbents available, activated carbon has been undoubtedly the
most popular and widely used for the removal of hexavalent chromium from aqueous phase.
Activated carbon can be prepared from various precursors through different methods and
operating conditions. The adsorption capacity of the prepared activated carbon depends mainly
on the type of precursor used and method of preparation. List of different types of precursors,

preparation conditions and their adsorption capacities for Cr(VI) were shown in Table 2.8.
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Table 2.8. Various techniques used for Cr(VI) removal and their drawbacks

Technique

Disadvantages

Source

Distillation

Ion exchange

Filtration

Reverse osmosis

Ultraviolet (UV)

radiation

Takes time for purification

Uses electricity all the time the unit is operating
Some contaminants can be carried into the
condensate

Requires careful maintenance to ensure purity

Resin fouling

Heating is required to maximize efficiency
Does not effectively remove particles, pyrogens
or bacteria

High operating costs over long-term

Low chemical and thermal stability
Membrane fouling
High capital cost

Requires tight operation and Maintenance

Limited flow rates

Two to four gallons of water are flushed down
the drain for each gallon of filtered water
produced

Requires high pressure inflow

Damaged membranes are not easily detected

RO systems require maintenance

Not suitable for water with high levels of
suspended solids, turbidity, color, or soluble
organic matter

Not effective against non-living contaminant,
lead, asbestos, many organic chemicals,
chlorine, etc

Requires electricity to operate

Owlad et al., 2008;
Mohan and Pittman Jr,
2006

Pehlivan and Cetin,

2009; Tor et al., 2004

Aroua, 2007; Dzyazko,
2007; Pugazhenthi,
2005

Kang and Cao, 2012;
Perez-Gonzalez et al.,
2012; Radjenovic et
al., 2008

Owlad et al., 2008
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Table 2.9. Comparison of activated carbons prepared from various feed stocks and the optimum conditions for Cr(VI) removal

Temperature
Precursor Preparation conditions Activating agent C, (mg/l) pH C) Q. (mg/g) Source
Olive Stones 600 °C,3h H,SO, 5-50 1.5 30 71.0 (Attia et al., 2010)
110°C,5h H,SO, 40 - 400 1-3 30 290.1
Tamarind Seeds (Babu and Gupta 2008)
110°C,5h H,SO, 20 -200 3.0 30 10.5
(Sharma and Forster
AC(Filtrasorb—400) - - 100 2.5 25 75.6
1996a)
ACF-307 - - 20 - 1000 5.5 - 60.0 (Aggarwal et al., 1999)
Coconut Fibers 600 °C - 1-100 2.0 40 24.1
600 °C H,SO, 1-100 2.0 40 15.6
(Mohan et al., 2005)
Coconut Shell 600 °C - 1-100 2.0 40 32.6
600 °C H,SO, 1-100 2.0 40 16.4
ACF (Commercial) - - 1-100 2.0 10 116.9
Fullerenes - - 34.2 4.5 25 5.5 (Lalvani et al., 1998)
425 +25°C H,SO, 20 2.5-3.0 302 5.4
Casurina equisetifolia
425 +25°C Na,HPO, 20 2.5-3.0 302 5.0 (Ranganathan 2000)
leaves
425+25°C, 1h ZnCl, 20 2.5-3.0 302 18.6
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Hazelnut shell

Cornelian cherry(CC),

Apricot stone (AS),

Almond shells (ASC)

Waste tires

Saw dust

Hevea Brasilinesis
sawdust

almond nutshells
Tamarind wood

Coconut Tree Sawdust

Terminalia arjuna nuts

Activated carbon fibers

(ACFs)

850+25°C,0.5h

850+25°C,0.5h

150°C, 24 h

200 °C,24h

200°C,24h

200 °C,24h

900 °C,N,, 2 h

650°C, Ny, 2h

400°C, 1 h

170°C,0.5h
439 °C, 40 min
80°C, 12h

500°C,N,, 1 h

HzSO4 + C02

Nazl‘IPO4 + C02

H,SO,

H,SO,

H,SO,

H,SO,

C0,,900°C,2h

CO,, 650°C,2h

H,SO,4, 110°C, 24 h

N, 450°C, 1 h
ZnCl, (296 %)
H,SO,
ZnCl, (300 %)

1) 1 M NaOH
2) 3M H,0,

3) Non-treated ACFs

20

20

50 -300

20 -300

20 -300

20 -300

100 — 1000

100 — 1000

50 -200

60 — 100

10-50

51.9

51.9

51.9

25-30

25-3.0

1.0

1.0

1.0

1.0

2.0

2.0

2.0

2.0

1.0

3.0

1.0

3.0

3.0

3.0

302

302

30

25

25

25

22

22

30

302

25

2505

2505

25+0.5

Chapter — 2: Literature Review

11.6

17.2

170.0

21.0

21.0

20.0

30.0

24.65

44.05

97.8

28.02

3.46

30.0

37.0

40.0

42.0

(Kobya 2004)

(Demirbas et al., 2004)

(Hamadi et al., 2001)

(Karthikeyan et al.,
2005)
(Bhatti et al., 2007)
(Acharya et al., 2009)

(Selvi et al., 2001)

(Mohanty et al., 2005)

(Ko et al., 2004)
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Fir Wood Slabs

Acticarbone

CAC (Merck—Germany)
Tridax procumbens
Wood based AC

Dust coal carbon
Coconut shell based AC
Tuncbilek lignite

1)AC 1

2)AC2
Qil shale

Powdered AC (AC 1)
Granular AC (AC 2)

Aquacarb 207EA

Ground nut husk

700 °C,N,, 2 h

160 £5°C

800 °C, Ny, 2 h

800 °C, Ny, 1 h

270 °C, air

150-155°C, 24 h

150-155°C, 24 h

KOH, N,, 300 °C

H;PO,

H,SO,

ZnCl,

C0,,950°C,3h

H2504 + I‘INO3

H,SO,

H, + AgNO;

5-200

5-200

25 -100

25-50

5-120

5-120

5-120

250 — 1000

250 — 1000

25 -300

1-20

1-20

25

50

50

3.0

3.0

5.5

2.5

2.0

2.0

2.0

2.0

2.0

4.0

2.0

2.0

3.0

3.0

25

25

20

50

50

22+1

25

25

20

30

30
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180.3

124.6

66.8

9.7

87.6

101.9

107.1

7.9

30.4

92.0

28.0

16.0

7.0

7.0

11.3

(Khezami and Capart

2005)

(Barkat et al., 2009)

(Singanan et al., 2007)

(Selomulya et al., 1999)

(Yavuz et al., 2006)

(Shawabkeh 2006)

(Ram Mohan Rao and
Basava Rao 2007)
(Natale et al., 2007)
(Dubey and Gopal

2007)
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2.5.2. Effect of Process Parameters

The effect of different process parameters such as pH, Initial metal concentration, contact
time, adsorbent dose, and temperature were strongly studied and the optimum conditions

determined in various studies can be found in Table 2.8.
2.5.2.1. Effect of pH

The pH of the solution is an important factor for the removal of Cr(VI) by activated
carbons. Tang et al., (2009) tested coconut shell based activated carbons for the removal of
Cr(V]) at different pH values ranges from 2.0 to 8.0. They observed that the adsorption of Cr(VI)
continuously decreased with the increase in pH and the maximum adsorption was observed at pH
2.0. Similar results were also obtained by Goswami and Ghosh (2005) and Karthikeyan et al.,
(2005). Chromium exists in different oxidation states and the stability of these forms depends on
the pH of the system (Sharma and Forster, 1994; Hamadi et al., 2001) and the equilibrium

between different ionic species of chromium as follows (Karthikeyan et al., 2005):
H,Cr0, < H* + HCrO;
HCrO; < H* + Cr03~
2HCr0; < Cr,0% + H,0

The rapid decrease in the removal of Cr(VI) with the increase of pH may be due to that
low pH leads to an increase in H+ ions on the carbon surface, which results in significantly
strong electrostatic attraction between HCrO, and positively charged carbon surface (Stumm and
Morgan, 1996; Benjamin, 2002, Selomulya et al., 1999). Bhatti et al., (2007) also found that the
sorption capacity of AC prepared from almond shells was higher in acidic pH (<5) due to the
negatively charged chromium species bind through electrostatic attraction to positively charged
functional groups of the adsorbent surface. At pH >5, the decrease in sorption capacity is due to
the increase of the negative charge on the adsorbent surface, thus the electrostatic force of

attraction between the adsorbent surface and adsorbate ion decreased.
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Based on the equilibrium constants of hydrolysis for Cr(VI), the two major species in the
solution are HCrOj (dominant in pH range of 1.0 to 6.0), and CrO%~ (dominant in pH range of
6.0 to 8.0). Park et al., (1999) and Valdes et al., (2002) explained the adsorption of Cr(VI) on
activated carbon by the following reactions and they observed the pH of the final solution

decrease due to the release of protons.
AC — OH; + HCrO; < AC-— OH,CrO; + H*
AC — OH; + Cr0%” & AC— OHCrO%™ + H*

Sharma and Forster (1996) proposed totally different mechanism that the removal of
Cr(V]) at low pH is governed by the active reduction reaction given by the following equations

and they noticed the increase in pH of the final solution.
at low pH
Cr,0%~ + 14H* + 6e~ — 2Cr3* + 7H,0
at moderate pH
HCrO; + 7H* + 3e~ - Cr3* + 4H,0

The effect of pH on the adsorption of Cr(VI) is attributed to the interactions between ions
in solution and complexes formed at the adsorbent surface. The Cr(VI) can form different
species at different pHs in aqueous solutions and the maximum adsorption of Cr(VI) on the
various adsorbents was found at pH 2.0 and negligible at pH values over 8.0 (Mohan et al.,
2005). The optimum pH values for different activated carbons for Cr(VI) removal were

presented in Table 2.8.
2.5.2.2. Effect of Contact Time and Initial Chromium(VI) Concentration

Activated carbons prepared using different precursors such as cornelian cherry, apricot
stone, and almond shells were applied for the removal of Cr(VI) from aqueous solution
(Demirbas et al., 2004). The removal of Cr(VI) for all the types of AC was shown to increase

with time and initial Cr(VI) concentration. The amount adsorbed increased from 10.60 mg/g to
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59.40 mg/g with the increase in initial Cr(VI) concentration from 20 to 300 mg/l in 72 h of

contact time.

The adsorption of Cr(VI) on tamarind wood activated carbon was rapid initially within 20
min and with further increase of time the adsorption kinetics decreased, and finally reached
equilibrium within 40 min. The adsorption capacities increased from 44 to 99% with the
decrease of initial Cr(VI) concentration from 50 to 10 mg/l (Acharya et al., 2009). Similar type
of results were also obtained by Attia et al., (2010), Selomulya et al., (1999), Khezami and
Capart (2005).

Much slower rate of adsorption was reported for the removal of Cr(VI) by various
commercially available ACs and the equilibrium was reached in about 5 days (Hu et al., 2003),
whereas Cr(VI) removal by Hevea Brasilinesis sawdust activated carbon increases with time and
attains equilibrium value at a time of about 300 min. The amount adsorbed was found to be
dependent on the initial Cr(VI) concentration, and it increases with the increase in metal
concentration. At low concentration of Cr(VI), the available surface for adsorption is very large,
so that the removal becomes independent of the initial Cr(VI) concentration. However, at high
concentrations this ratio is low concluding that the percentage removal depends on the initial
concentration of Cr(VI) (Karthikeyan et al., 2005). Range of initial Cr(VI) concentrations used in

various studies was presented in Table 2.8.
2.5.2.3. Effect of Adsorbent Dose

The Cr(VI) removal efficiency was found to increase with the increase of adsorbent dose
in various studies and after reaching the optimum value, further increase in adsorbent dose does
not shows any significant change (Lalvani et al., 1998; Dubey and Gopal, 2007; Barkat et al.,
2007; Ranganathan, 2000). The trend of increase in removal capacity is due to the fact that the

availability of more adsorption sites for the metal ions (Mohanty et al., 2005).
2.5.2.4. Effect of Temperature

Process temperature has a profound effect on heavy metal removal by using various
adsorbents and the optimum temperature for better removal changes with the type of adsorbent

and adsorbate. With the increase of temperature the uptake of Cr(VI) increases (Hu et al., 2003;
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Barkat et al., 2007) continuously. The adsorption of Cr(VI) on activated carbon increases as the
temperature increases and thus the adsorption reaction is endothermic in nature (Kartikeyan et
al., 2005). The enhancement of adsorption capacity may be due to the chemical interaction
between adsorbate ions and adsorbent, creation of some new adsorption sites or increase in the
intraparticle diffusion of Cr(VI) into the pores of adsorbent at high temperatures (Namasivayam
and Yamuna, 1995). Various adsorbents used for the removal of Cr(VI) and their respective

optimum process temperatures were presented in Table 2.8.

The more increase in temperature, the higher the removal rate. This is explained by a
combination of ‘activated diffusion’ and an increase in surface area caused by oxidation
associated with the observed reduction of ions on the surface of carbonaceous material. Such
activated adsorption would widen and deepen the very small micropores, i.e., causes ‘pore

burrowing’ (Yavuz et al., 2000).

2.6. Design of Experiments (DOE)

2.6.1. Fundamentals of DOE

Design of Experiments (DOE) refers to the process of planning, designing, and analyzing

the experiment so that valid and objective conclusions can be drawn effectively and efficiently.

A process is a transformation of inputs into outputs and sometimes, an output can also be
referred as response. In performing a designed experiment, changes to the input variables (or
factors) are to be made intentionally to observe the corresponding change in the response. Some
of the inputs or factors can be controlled fairly easily and some of them are hard or expensive to
control at standard conditions (Antony, 2003). The general model of a process or system was

shown in Figure 2.13.
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Controllable variables (factors)
(Xy) [P, €] I (X
Input {s) Output (s)
PROCESS/SYSTEM "
£ [P0 | PO |
Uncontrollable variables (factors)

Figure 2.13. The general model of a process or system (Antony, 2003)

The easily controllable variables, represented by X; (Figure 2.13), have a key role to play
in the process characterization. The uncontrollable variables, represented by Z’s, are difficult to
control during the experiment. These both controllable and uncontrollable factors are responsible
for the variability in the response of the system. The fundamental strategy of DOE is to
determine the optimal settings of controllable factors (X’s) to minimize the effects of

uncontrollable factors (Z;) on the response.
2.6.2. Factorial Designs

Many experiments involve the study of the effects of two or more factors. The general
approach to determine the effect of parameters is the one-factor-at-a-time experimentation. This
approach consists of selecting a starting point for each factor, then successively varying each
factor over its range with the other factors held constant at the baseline level. The major
disadvantage of this approach is that it fails to consider any possible interaction between the
factors. The correct approach in dealing with several factors is to conduct a factorial experiment.
This is an experimental strategy in which factors are varied together instead of one at a time

(Elibol, 2002).

Full factorial and fractional factorial designs are widely used experimental designs at
two-levels and three-levels. A full factorial design consists of all possible combinations of levels

for all factors. A common experimental design is one with all input factors set at two-levels each.
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These levels are called ‘high’ and ‘low’ or ‘+1’ and ‘-1°, respectively. The total number of
experiments for studying k factors at 2-levels is 2. The 2* full factorial design is particularly
useful when the number of process parameters is less than or equal to 4. A fractional factorial
design is a variation of the basic factorial design in which only a subset of the runs are used to
provide good information about the main effects and some information about interaction effects

(Montgomery, 1997; Brasil et al., 2005).

Factorial designs were used extensively in industrial research and development, and for
process development (Ferreira et al., 2003; Carmona et al., 2005; Srinivasan and Viraraghavan,
2010; Zhao et al., 2009; Cestari et al., 2007; Baral et al., 2009). The application of factorial

designs in process development can result in

1.  Improved process yields
ii.  Reduced variability and closer conformance to nominal or target requirements
iii.  Reduced development time

iv.  Reduced overall costs
2.7. Regeneration of Activated Carbon

One possible way to reduce the cost of adsorption process is to efficiently desorb the
retained substances and by regenerating the adsorbent for repeated use. Thus, the regeneration of
porous carbons is a crucial issue and requires a detailed investigation to ascertain if such
procedures are economically attractive. Generally spent activated carbon can be regenerated by
several methods such as chemical regeneration, thermal regeneration, and electro-chemical
treatment so on. Among all the methods, thermal regeneration is by far the most commonly used
because of its simplicity, high efficiency and solvent free property (Chiang and Wu, 1989;
Suzuki, 1990; Torrents et al., 1997). Thermal regeneration includes pyrolysis in inert atmosphere
or regeneration by steam. Hu et al (2003) successfully regenerated the spent activated carbon for
Cr(VI) removal by treating with H,SO, and reported high adsorption capacity and regeneration
values. Ranganathan (2000) reported that treatment with NaOH and HCI can desorb about 65 %

of Cr(VI) from the adsorbent prepared from Casurina equisetifolia.

45



Chapter — 3: Materials and Methods

Materials and Methods

3.0. Summary

This chapter describes in detail about various materials, chemical reagents and
methodologies followed to achieve the objectives of the study. Methodology mainly includes
characterization of precursor, preparation and characterization of activated carbon, application of

AC in Cr(VI) removal and modeling of adsorption process.
3.1. Materials

The carbonaceous precursor used for preparation of activated carbon (AC) is Bael fruit
shell and was collected from the premises of the N.I.'T. campus. Prior to use, sample was washed
gently with water to remove mud and other impurities present on the surface and then sundried
for one week. Commercial activated carbon prepared from coconut shell was procured from
Kalpaka chemicals, Tuticorin, India. All chemical reagents used in this work are procured from

the Merck, India.
3.2. Methodology

3.2.1. Characterization of Precursor

Composition of the raw material is an important factor that dictates the selection of
precursor for activated carbon production. The chemical composition of the precursor material,
mainly the percentages of the cellulose and lignin present in Bael fruit shell were found by
means of standard methods (Thimmaiah, 1999). Materials with high lignin content develops AC
with high macropores (> 50 nm), whereas, materials with high cellulose yields AC with

predominantly microporous structure (Daud and Ali, 2004; Gani and Naruse, 2007).
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3.2.1.1. Estimation of Cellulose

About 3 ml of acetic : nitric reagent (150 ml of 80 % acetic acid + 15 ml of concentrated
nitric acid) was mixed with the 0.5 — 1.0 g of sample in a vortex mixer and placed in water bath
at 100 °C for 30 min. After centrifugation the collected residue was washed with water and
added 1 ml of 67 % H,SO, and left forl h. Then 1 ml of the solution was diluted to 100 ml and
10 ml of anthrone reagent was added to 1 ml of this solution and mixed well. The tubes were
heated in water bath for 10 min and measured the absorbance at 630 nm after cooling (TAPPI, T
264). The amount of cellulose was determined from the standard graph (40 — 200 pg/L of

cellulose).
3.2.1.2. Estimation of Lignin

The raw material is first oven dried and about 100 g of the sample was moistened with
water in a mortar. Sample was grinded with ether until it is free from the chlorophyll pigment.
The residue was collected by centrifuging at 5000 rpm. The sediment was washed with water and
recentrifuged to collect the residue. 2 ml of NaOH was added to the residue and extracted at 70 —
80 °C for 12-16 h. 0.45 ml of 2.0 N HCI was added and pH was adjusted to 7 — 8 by using
NaOH. Solution was centrifuged at 2000 rpm and supernatant was collected. To 0.8 ml of
extract, 0.8 ml of 0.1 M sodium phosphate buffer was added at pH 7.0. To another aliquot of 0.8
ml of extract 0.8 ml of 0.1 M NaOH was added at pH 12.3. Absorbance (A) was measured at 245
nm and 350 nm (TAPPI T-222, TAPPI T-203). The amount of lignin is calculated by the
difference between Ayss (pH — 7.0) and Aszso (pH — 12.3).

3.2.1.3. Thermogravimetric Analysis

The Thermogravimetric analysis (TGA) profile of the raw material clearly gives an
approximation about the weight loss with respect to temperature due to the release of surface
bounded water and volatile matter. TGA of the raw precursor (Bael fruit shell) was carried out
by a thermogravimetric analyzer (Shimadzu, DTG — 60H). About 30 mg of the sample was taken
in silica crucible and subjected to pyrolysis under N, flow (35 ml/min) to 900 °C with heating

rate, 10 °C/min.
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3.2.1.4. Proximate Analysis

Proximate analysis of the Bael fruit shell was carried out by using a thermogravimetric
method (moisture and volatile matter) (Pastor-Villegas et al., 1993), ash content was determined
by heating for about 8 h at 650 °C until mass constancy in muffle furnace, and the carbon content

was estimated by difference (Duran-Valle et al., 2005).
3.2.2. Preparation of Activated Carbon

Bael fruit shell, collected after discarding the fruit pulp, was sun dried, crushed and
grinded in a ball mill. The grinded sample was sieved to obtain the particles of uniform size, 1.0
— 1.5 mm. The precursor obtained was washed to remove surface bounded impurities and mud
and dried at 100 °C for 12 h. Raw material of about 100 g was impregnated with different
chemicals such as H3POy4, ZnCl, and KOH for 12 h in varying impregnations. For phosphoric
acid impregnation 100 ml of different concentrations of H3PO4 (0, 10, 20, 30, 40 and 50 %) was
used. For ZnCl, and KOH impregnations, different impregnation ratios (0.5, 1.0, 1.5, 2.0 and
2.5) were used. The impregnation was carried out at 70 °C in a hot air oven to achieve well

penetration of chemical into the interior of the precursor.

About 10 g of the Bael fruit shell impregnated with different activating agents and
different impregnations was transferred to a stain less steel reactor (150 mm length and 40 mm
diameter) with narrow ports at both ends. The tube is placed inside an electric horizontal tubular
furnace (Bysakh & Co) controlled by the proportional integral derivative (PID) controller. The
furnace tube dimensions are 800 mm length and 50 mm in diameter. The temperature of the
reaction zone was measured by the chromel — alumel (K-type) thermocouple. The pyrolysis of
the samples was carried out under continuous flow of N, gas (200 ml/min). The carbonized
samples were cooled to room temperature under inert atmosphere and washed with water
followed by 0.1 M hydrochloric acid (HCI) to remove the residual chemical agents until the pH
value of the rinsed water was neutral. The adsorbents prepared by Hs3PO., ZnCl, and KOH
activations were denoted as AC-PA, AC-ZC and AC-PH, respectively throughout the work. The

schematic diagram for the preparation and activation of AC was shown in Figure 3.1.
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Figure 3.1. Schematic diagram for preparation of activated carbon

Different process parameters such as impregnation ratio, carbonization temperature and
holding time were studied to estimate the effect on porous characteristics of ACs. Other factors
such as N; gas flow rate (100, 200 and 300 ml/min) and the heating rate of the furnace (4, 8, 12

°C/min) are found to be not significantly affecting the porosity of the final carbon products.
3.2.2.1. Effect of Impregnation

The effect of impregnation of different chemical agents such as phosphoric acid (H3POy),
zinc chloride (ZnCl,) and potassium hydroxide (KOH) on the porous characteristics was studied.
Acid concentrations ranging from 0 — 50 % was used for impregnation in case of H3PO4 and
impregnation ratios of 0.5 — 2.5 (0.5, 1.0, 1.5, 2.0, and 2.5) were used in case of ZnCl, and KOH.
Impregnation ratio was determined as weight of precursor to weight of chemical agent. For
H;PO,4 activation, 100 mg of raw material was impregnated with 100 ml of different

concentrations of acid.
3.2.2.2. Effect of Carbonization Temperature

Carbonization temperature is one of the most influencing factors for the development of
porosity during activation process (Mohan et al., 2005; Ranganathan, 2000; Diao et al., 2002;

Nabais et al., 2008). Effect of carbonization temperature on porous characteristics of developed
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ACs was investigated in the range 400 — 700 °C (400, 500, 600, and 700 °C) for each chemical
impregnation. The optimum carbonization temperature varies with the type of chemical used for

impregnation.
3.2.2.3. Effect of Holding Time

Holding time is the duration of the sample kept at final carbonization temperature. The
holding time at final temperature was varied in between 0 — 120 min (0, 30, 60, 90, and 120 min)

to investigate its effect on porous characteristics.
3.2.3. Characterization of AC

Various properties of prepared activated carbons were characterized by following the

standard procedures.
3.2.3.1. Proximate Analysis

The moisture content was found by oven-drying test method (ASTM D2867 — 09). A
sample of carbon is put into a dry, closed capsule (of known weight) and weighed accurately.
The capsule is opened and placed with the lid in a preheated oven (145 — 155 °C). The sample is
dried to constant weight them removed from the oven and with the capsule closed, cooled to
room temperature. The closed capsule is weighed again accurately. The percentage difference of

weight is expressed as the moisture content of the sample.

The percentage of volatile matter of the AC samples was determined by the standard
method (ASTM D5832 — 98). Approximately 1.0 g of the sample was taken in crucible with
cover (of known weight). The covered crucible was placed in muffle furnace regulated at 950 °C
for 7 min. Then the covered crucible was cooled to room temperature in a desicator and recorded

the weight. The percentage weight loss was regarded as the percentage of volatile matter.

To determine the ash content, dried sample of activated carbon weighed to the nearest 0.1
mg was taken into the crucible (of known weight). The crucible was placed in the muffle furnace
at 650 °C and ashing was considered to be completed when constant weight is achieved. The
crucible is cooled to room temperature in a desicator and the percentage weight of the sample

remained was considered as ash content (ASTM D2866 — 94). Fixed carbon is a calculated value
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and it is the resultant of summation of percentage moisture, ash, and volatile matter subtracted

from 100.
Fixed carbon (%) = 100 — (moisture, % + ash, % + volatile matter, %) (3.1)
3.2.3.2. Ultimate Analysis

The ultimate analysis or elemental analysis was carried out by using CHNS analyzer
(Elementar Vario EL CUBE). The percentage of oxygen was calculated by the difference as

follows.
Oxygen (%) = 100 —(C, % + H, % + N, % + S, %) 3.2)
3.2.3.3. Yield

The yield of activated carbon (AC) was calculated on a chemical-free basis and can be
regarded as an indicator of the process efficiency for the chemical activation process. The yield
of AC is calculated as the percentage weight of the resultant activated carbon divided by weight

of dried Bael fruit shell.

Weight of AC after carbonization

Yield (%) =

X 100 (3.3)

Weight of the raw material

3.2.3.4. Bulk Density

The bulk density (p) of the AC was estimated by using pycnometer. Initially, the weight
of pycnometer with inserted AC sample (m,+ mac) was measured. Then the pycnometer filled
up with water and the weight of water m g0 (measured weight minus m, + mac) was noted. The
volume of added water Vyp0 obtained as

Vio = MHp0 (3.4)

szO

The volume of AC (Vac) is the difference between the volume of water that fills the

empty pycnometer V and volume V'po.

Vaic =V =Vio = MH;07MH;0 (3.5)

szO
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Density of AC was calculated as

Pac = % (3.6)

AC

3.2.3.5. Porosity Characterization

Nitrogen (N,) gas adsorption-desorption isotherms on prepared ACs at liquid nitrogen
temperature (—195.6 °C) were carried out using an automatic adsorption unit, Autosorb — 1
(Quantachrome). The samples were degassed at 200 °C for 5 h prior to analysis so as to remove

any adsorbed moisture or other impurities bounded to the surface of the sample.

Surface area (St) values were calculated from the experimental adsorption isotherm over
a relative pressure range of 0.01 to 0.3 using the standard BET (Brunauer, Emmett and Teller)

method. The BET equation is given as (Brunauer et al., 1938)

P _ ;Jrﬂ(ﬂ) (3.7)

V(p°-p) VmC  VpC \p°

where, V is the volume adsorbed at STP (cm’g™), V,, is the volume of monolayer capacity at STP
(cm’g™), and the term C, the BET constant, is related to the energy of adsorption in the first
adsorbed layer and its value is an indication of the magnitude of the adsorbent-adsorbate

interactions.

The total pore volume (Vr) of the samples was determined as the total volume of N, gas

adsorbed at high relative pressure (0.995) (Sricharoenchaikul et al., 2008).

The micropore surface area (Spni) and micropore volume (V) were determined by
applying Dubinin — Radushkevich (DR) equation commonly used in its linear form for analysis
of activated carbons (McEnaney, 1987). The DR equation was applied to the experimental N,
isotherm data at 77 K to determine the micropore characteristics of ACs and the DR equation can

be written as

logW = log(V,p) — K |log (%)]2 (3.8)

where, W is the volume of adsorbate filling micropores, p is the density of liquid adsorbate; V, is

the micropore volume and & is defined as
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k = 2.303K (‘%T)2 (3.9)

where, [ is the affinity coefficient, and K is a constant, determined by the shape of the pore size
distribution. A plot of logW versus [log(p”/p)]> should be a straight line with an intercept of
log(V,p), from which the micropore volume (¥,) can be calculated. The DR equation often fails
to linearize when the adsorbent contains heterogeneous micropores. To overcome this drawback
a more general equation known as DA equation, proposed by Dubinin and Astakhov was used.
The linearized form of DA equation is

i = in(7,p) - K [1n (Z)] (3.10)

where, K is an empirical constant, and »n is the Dubinin-Astakhov parameter. Depending on the
type of micropore system, the value of n ranges from 2 to 5, and for adsorbents with

homogeneous micropore structure, n is usually close to 2.
3.2.3.6. Determination of Surface Chemistry

The surface functional groups of the ACs were estimated by Fourier Transform Infrared
(FTIR) spectroscopy (FTIR-2000, Perkin Elmer) analysis. FTIR spectra of different samples
were recorded within 400 — 4000 cm™. The transmission spectra of the samples were recorded
using the KBr pellet. About 1.0 — 2.0 % of the sample was mixed with dry KBr and grinded in
mortar. Then the sample was transferred to hydraulic press. The pressure in hydraulic pump was
increased until it reaches 20,000 prf and then the pressure was slowly released. The pellet which
is homogeneous and transparent in appearance was inserted into the IR sample holder for the

analysis. The pellets were dried overnight at 100 °C before the spectra were recorded.
3.2.3.7. Microscopy

The surface morphology of the AC samples was analyzed by the Scanning Electron
microscope (SEM) (JEOL, JSM-T330) which was coupled with Energy dispersive X-ray
spectrometer (EDS) to carryout elemental analysis. Samples were analyzed by Transmission
Electron Microscope (TEM) (JEOL, 2010 UHR) to visualize the porous nature of the adsorbents.
Alcohol (40 %) was used as solvent to spread the sample on the grid for TEM analysis. The
sample preparation for TEM was described elsewhere (Ishizaki et al., 1988).
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3.2.3.8. Other Analyses
3.2.3.8.1. X-ray diffraction spectroscopy

The extent of graphitization in prepared ACs was determined by X-ray diffractometer
(Philips X’PERT). Scans were run with a step size of 0.02°/s of 2e, typically in the angle range
between 10° and 70°.

3.2.3.8.2. Iodine number

The iodine number (IN) is a relative indicator of porosity in an activated carbon. It is a
measure of micropore content of the AC (up to 2 nm). The iodine number is determined
according to the ASTM D4607-94 method. The iodine number is defined as the milligrams of
iodine adsorbed by 1.0 g of carbon when the iodine concentration of the filtrate is 0.02 N (0.02
mol/L). It is based upon a three-point isotherm. A standard iodine solution is treated with three
different weights of activated carbon under specified conditions. The activated carbon sample is
treated with 10.0 mL of 5% HCI and boiled for 30 s and subsequently cooled. About 100 mL of
0.1 N (0.1 mol/L) iodine solution is added to the mixture and stirred for 30 s. The resulting
solution is filtered and 50 mL of the filtrate is titrated with 0.1 N (0.1 mol/L) sodium thiosulfate
and using starch as indicator. The iodine amount adsorbed per gram of carbon (X/M) is ploted
against the iodine concentration in the filtrate (C), using logarithmic axes. Until the residual
iodine concentration (C) is within the range of 0.008 to 0.04 N (0.008 to 0.04 mol/l), the whole
procedure is repeated using different carbon masses for each isotherm point. A least squares
fitting regression is applied for the three points. The amount of iodine adsorbed in milligrams per
gram of carbon at a residual iodine concentration of 0.02 N is represented as the iodine number.

The X/M and C values are calculated by the equations 3.11 and 3.12 respectively.

(N, X 12693 X V) — [(Vz;#cz)]
F

/ M, (3.11)
X (Nya,s,0,X 126.93) X Vya,s,0,

~(mg/g) =

C = (NNa25203 XVNa25203) (3.12)

where NV is the iodine solution normality, Vi is the added volume of iodine solution, Vyc is the

added volume of 5% HCI, Vg is the filtrate volume used in titration, Nnas203 1S the sodium
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thiosulfate solution normality, Vna2s203 1s the consumed volume of sodium thiosulfate solution

and M is the mass of activated carbon.

3.2.3.8.3. Methylene blue number

The methylene blue number (MBN) is a measure of mesoporosity (2 — 5 nm) present in
AC. The methylene blue number is defined as the maximum amount of dye adsorbed on 1.0 g of
adsorbent. In this assay, 10.0 mg of activated carbon are placed in contact with 10.0 mL of a
methylene blue solution at different concentrations (10, 25, 50, 100, 250, 500 and 1000 mg/L)
for 24 h at room temperature (approximately 25 °C). The remaining concentration of methylene

blue is analyzed using a UV/Vis spectrophotometer (Jasco, V-530) (Nunes and Guerreiro, 2011).

The amount of methylene blue adsorbed from each solution is calculated by the equation 3.13

MBN (mg/g) = L= XV (3.13)

M

3.2.4. Adsorption Experiments

Batch adsorption experiments for adsorption of Cr(VI) on prepared activated carbons
were conducted using aqueous solutions of the metal. A stock solution of 100 mg/L of Cr(VI)
was prepared by dissolving 282.9 mg of potassium dichromate in 1.0 L of distilled water. The
stock solution was diluted as required to obtain different concentrations of Cr(VI) solutions. For
each run, a definite amount of AC was added to 100 ml of Cr(VI) solution taken in 250 ml
Erlenmeyer flasks. All the adsorption experiments were carried out at constant temperature of 30
°C in an environmental incubator shaker (DENEB Instruments) at constant shaking speed of 120
rpm. Concentration of hexavalent chromium in solution was determined by UV/Vis absorption
spectrophotometer at 540 nm by complexing Cr(VI) with 1,5-diphenylcarbazide (Clesceri et al.,
1998; Hosseini-Bandegharaei et al., 2010). The indicator was prepared by dissolving 250 mg of
diphenylcarbazide in 50 ml of acetone which develops a pink color by reacting with Cr(VI).

Adsorption of Cr(VI) on developed ACs was conducted with 100 ml of solution taken
into 250 ml Erlenmeyer flasks by varying different parameters such as pH (2.0 — 11.0), initial
Cr(VI) concentration (2.0 — 10.0 mg/L), adsorbent dose (0.5 — 4.0 g/L) and temperature (20.0 —
50.0 °C). Batch adsorption experiments were performed by contacting 3.0 g/L of the selected
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carbon sample with 100 ml of the aqueous solution of different initial concentrations and pH
values. Simultaneously, a control sample without adsorbent at the same experimental conditions
was studied. All the experiments were carried out in triplicate and the mean values were

considered.

Adsorption equilibrium isotherms on the three prepared ACs were determined using
sample dosage of 3.0 g/L, imitial Cr(VI) concentration of 10.0 mg/L and at different pH values.
For these experiments the flasks were incubated at constant temperature (30 °C) and agitation
speed (120 rpm) for 3h of contact time to attain equilibrium. The pH values were adjusted with
dilute sulfuric acid and sodium hydroxide solutions by using pH meter (Systronics 361 — micro).

Different types of isotherms studied were tabulated in Table 3.1.

Langmuir isotherm is based on the assumptions that adsorption cannot proceed beyond
monolayer coverage, all surface sites are equivalent and can accommodate only one adsorbate
molecule, and the ability of a molecule to adsorb at a given site is independent of the occupation
of neighboring sites. The Freundlich isotherm model assumes that the adsorption takes place on
heterogeneous surfaces which have different adsorption energies. The Temkin isotherm model
assumes that the heat of adsorption of all molecules decreases linearly with coverage due to
adsorbate-adsorbate interactions and adsorption is characterized by a uniform distribution of
binding energies. The Dubinin-Radushkevich (DR) isotherm model gives an idea about the type

of adsorption depending on the activation energies.

Table 3.1. Different isotherm models used in the present study

Isotherm model Equation

Langmuir C 1 a
£ Z=—+-2C,
9. K. K,

Freundlich Ing, =InKp +(1/n)InC,
Temkll’l qe = BT ln AT + BTln Ce
Dubinin-Radushkevich (DR) Ing, =Inqp — 2B,RT In(1 + 1/C,)

56



Chapter — 3: Materials and Methods

The adsorption percentage and adsorption capacity (Q.) of prepared AC for Cr(VI) were

calculated according to following equations

Adsorption (%) = 22 X 100 (3.14)
Qe = L (3.15)

where, C, and C; are the initial and equilibrium concentrations (mg/L), respectively of Cr(VI) in

solution, V is the volume of the solution (L), and W is the weight (g) of the adsorbent.

Adsorption kinetic studies were carried out by using the pseudo-first order and pseudo-

second order models, and particle diffusion and film diffusion models.

Table 3.2. Different kinetic models used in present study

Kinetic model Equation

Pseudo-first order model log( ) =1 k, .
Og qe qt - Og qe 2.303

Pseudo-second order model t 1 1
—=—+—t
q: k29 qe
Intra-particle diffusion q = k;gt'/?
Boyd model

6
F = —7 €XP (—Bt)

Bt = —0.4977 —In (1 — F)

T[ZDi

T2

The nature of the adsorption of Cr(VI) on prepared ACs was determined by estimating
the thermodynamic parameters of the process such as free energy (AG®), enthalpy (AH®) and

entropy (AS°).
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3.2.5. Comparison and Regeneration

The porous characteristics and Cr(VI) adsorption capacities of activated carbons prepared
from Bael fruit shell by different chemical activations were compared with commercially

available AC prepared from coconut shell.

Regeneration of spent AC was carried out by simple method by using hot water and mild
acid (0.1 M H,SOy). The spent AC (3 g) was taken in 100 ml distilled water and heated up to 80
°C for 10 to 15 min for 2 times to remove physically adsorbed Cr(VI). Then the sample was
washed with 100 ml of 0.1 M H,SO,4 to remove Cr(VI) which is retained on the surface of the
adsorbent due to some interactions. Finally again the sample was washed with distilled water

until the pH of the water reaches near to neutral.
3.2.6. Modeling of Cr(VI) Adsorption

Modeling of the adsorption of Cr(VI) on prepared ACs was carried out by using Full
Factorial Design (FFD) by Designing of Experiments (DoE) using the software Design Expert —
7.1.6 (Stat-Ease, Inc). Factorial design is employed to reduce the total number of experiments in
order to achieve the best overall optimization conditions of the process. Effect of various factors
such as pH, Cr(VI) concentration, adsorbent dose and temperature on the percentage removal of
Cr(V]) by each type of AC was studied. The effect of main factors as well as the effect of their

interactions on the response was determined.

In the present study, a two-level and four-factor full factorial design (2* runs) was used
for the modeling of adsorption process. The general mathematical model developed by using

factorial design is as follows

R=X,+X,A+ X,B + X5C + X,D + XsAB + X,AC + X,AD + XgBC + XoBD + X,,CD +
X,1ABC + X1,ABD + X,3ACD + X,,BCD + X,sABCD (3.16)

where, R is the response, X, is the global mean, X; represents the other regression coefficients

and A, B, C and D are the coded symbols for the factors under study.
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Preparation and Characterization of Activated Carbon

4.0. Summary

The raw material, Bael fruit shell, was characterized to estimate its suitability for the
preparation of activated carbon. AC was prepared by chemical activation by impregnating the
precursor with different chemical agents such as H3PQO4, ZnCl,, and KOH. Effect of various
preparation parameters like impregnation, carbonization temperature and holding time on porous
characteristics of ACs was determined by N, gas adsorption-desorption isotherms. Optimum
conditions for the preparation of AC were estimated by estimating the micropore surface area,
and micropore volume and their respective contribution to total surface area and total pore
volume. Various other characterizations such as pore size distribution (PSD), SEM and TEM

analysis, EDX and XRD were carried out to be acquainted with other properties of ACs.
4.1. Selection of Precursor

Activated carbons (ACs) can be produced from any carbonaceous materials, both
naturally occurring and synthetic. Process economics however dictates the selection of readily
available and cheaper feed stocks. Most commonly used precursors for the production of
commercial ACs are coconut shell, wood, fruit stones, etc. Biomass precursors offer most
economical service because they are renewable with low mineral content and appreciable

hardness.

Literature pertaining to use of lignocellulosic materials such as nutshells, coconut shells,
apricot stones, plum stones is very extensive. On the contrary, Bael fruit (Aegle Marmelos) shell
received much less attention as a precursor for the preparation of AC. The chemical composition
and various physical properties of bael fruit shell were presented in Table 4.1. Proximate and
ultimate analyses were performed for the raw material. The proximate analysis was conducted
following the procedure described elsewhere (UNE 32001-81, 1981; UNE 32019-84, 1984). The
ultimate analysis was performed using a CHNS analyzer. The results reported in Table 4.1

indicate that the bael fruit shell has a high cellulose content (24.35 %) and low lignin content
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(19.9 %) than that of coconut shell, which is an important factor for preparation of AC. However,
ultimate analysis highlights that the precursor has negligible sulfur and low nitrogen content with

high carbon and oxygen contents.

Table 4.1. Comparison of chemical and physical properties of Bael fruit shell with other precursors

Property Coconut shell Bael fruit shell

Chemical composition

Cellulose 19.82 24.35
Lignin 30.11 19.90
Hemicellulose + Others * 50.07 55.75
Proximate analysis (Mozammel et al., 2002)
Moisture 10.46 8.27
Volatile Matter 67.67 72.12
Fixed Carbon 18.29 16.72
Ash 3.58 2.89
Ultimate analysis (Yusup et al., 2010)
C 40.12 46.91
H 2.56 6.22
N 0.61 0.79
S 0.23 0.07
o’ 56.48 46.01
+Phy difference

Figure 4.1 illustrates the thermogravimetric profile of the raw material (Bael fruit shell)
and H3PO, impregnated sample. The TGA was conducted in N, atmosphere with teperature
range 25 to 900 °C. The heating rate of 10 °C/min was maintained. In case of raw material, the
first step represents 12.84 % of weight loss in the temperature range 27 °C to 246 °C due to the
surface bound water and moisture release. The steep weight loss (42 %) was evidenced in the
temperature range from 250 °C to 351 °C. This weight loss is attributed mainly to the
decomposition of cellulose and other low molecular weight furan derivatives. Above 350 °C, the
weight loss is gradual and continuous up to 850 °C bur to the decomposition of hemicellulose
and lignin. Hence, the range 400 °C to 700 °C is considered as the carbonization temperature in

this study. For H3PO4 impregnated sample the shift in temperature for weight loss is clearly
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observed and the major weigt loss (about 76 %) occurred in the temperature range 397 °C to 537

°C.
TGA Temp
rmg C
- 800
Start 27.39C Start 249.88C
2000 |End 245.97C End 350.63C
Weight Loss -12.842% Weight Loss 41.620%
- 600
- 400
10.00p Start 356.94C
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-4 200
o000 | . . , 1 0.00
0.00 20.00 40.00 60.00 80.00
Time [min]
(a)
TGA Temp
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10.00F "
\ Start 47.23C
End 386. - 800
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Start 540.50C
2.00- End 890.55C 7200
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0.00: | . . ) . =4 0.00
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Figure 4.1. TGA analysis for (a) raw material and (b) raw material after impregnation with H;PO4
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4.2. Preparation of AC

Washed and cleaned Bael fruit shells (after discarding the plum) were sundried for a
week, which facilitated easy crushing and grinding. 100 g of the sample obtained after sieving
(0.5 — 1.0 mm) was impregnated with 100 ml of diluted H3;POs (85 wt %) to varying
concentration in the range (0 — 50 %). Similarly, each 100 g of sieved sample was mixed with
100 ml solution of dissolved chemicals such as ZnCl, and KOH in varying concentrations (0.5 —
2.5 w/w). All the samples were soaked for overnight at room temperature and then transferred to
a stain less steel reactor with narrow ports of 6 mm dia at both the ends. Gases and liquid vapors
were vented through these narrow ends. The tube is admitted into an electric tubular furnace and
heated to final temperature ranges between 400 — 700 °C, at a rate of 4 °C/min and under
continuous N, flow of 200 ml/min. Holding time at final temperature was varied in between 0 —
120 min and the cooled samples were subjected to thorough washing with hot water (80 °C),
mild acid (0.1 M HCI) and base (0.1 M NaOH) till the effluent water shows the neutral pH. The
samples were dried at 110 °C for overnight and stored in air tight containers. The ranges of

various preparation parameters were tabulated in Table 4.2.

Table 4.2. AC preparation conditions and ranges of various parameters

Parameter H;PO, ZnCl, KOH
Impregnation Ratio 0-50% 0.25 - 2.5 (w/w) 0.5 -2.5 (w/w)
Carbonization Temperature (°C) 400 - 700 400 - 700 400 - 700
Holding Time (Min) 0-120 0-120 0-120

4.3. Effect of Process Parameters

In the preparation of activated carbon (AC) by chemical activation, the development of
porosity depends on various process parameters such as impregnation ratio, carbonization

temperature and holding time.
4.3.1. Effect of Impregnation Ratio

Impregnation ratio is defined as the ratio of chemical activating agent to the precursor.

Impregnation ratio is a key parameter for the preparation of AC by chemical activation. Type of

62



Chapter —4: Preparation and Characterization of Activated Carbon

the chemical used and effect of impregnation ratio on various properties of prepared samples

were explored in this section.
4.3.1.1. Effect of Impregnation on the Yield of AC

The yield of activated carbon was calculated from the weight of the resultant activated
carbon divided by weight of dried Bael fruit shell. The yield of AC increased with increase of
impregnation up to certain value and then decreased. As generally recognized, the transformation
from lignocellulosic materials into carbon involved releasing of O and H atoms as H,O, CO,
CO,, CH,, aldehydes or distillation of tar. The carbonization yield depends on the amount of
carbon removed by binding with O and H atoms (Caturla et al, 1991). The effect of
impregnation ratio and the chemical used for activation on the yield of AC was shown in Figure
4.2. In case of H3PO4 impregnation, maximum yield (74.47 %) was obtained at 20 %
impregnation, whereas in case of ZnCl, and KOH the maximum yields were obtained at 2.0
(69.33 % and 85.33 %, respectively). Increasing impregnation ratio increases the release of
volatiles from the sample and therefore the decrease in yield can be observed. The lower yield
with the higher impregnation might be caused by the enhancement of carbon burn-off by extra

activating agent (Qian et al., 2007).
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Figure 4.2. Effect of impregnation ratio on yield of ACs (a) AC-PA and (b) AC-ZC and AC-PH
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4.3.1.2. Nitrogen Gas Adsorption — Desorption Isotherms

Nitrogen (N;) gas adsorption-desorption isotherms of the activated carbons prepared with
different chemical activating agents such as H3POy4, ZnCl,, and KOH at different impregnation

ratios were carried out to investigate the porous characteristics.

Figure 4.3 illustrates the volume of N, adsorbed on AC prepared at various
concentrations of HszPO4 used for impregnation. The figure depicts that the volume of Nj
adsorbed increases with the increase in concentration of H3PO,. The high acid concentration
would enhance the porosity development (Diao et al., 2002; Girgis and El-Hendawy, 2002) and
hence the increase in adsorption of N». The adsorption capacity increased with increase in H;POy4
concentration and reached maximum (392.61 cc/g) for AC prepared at 40 % impregnation.
Further increase in acid concentration resulted in negative trend due to the damage of porous
structure or may be due to the formation of polyphosphate layer which acts as a skin covering the
porous structure. These results are in agreement with the findings of Girgis and Hendawy (2002).
It is proposed that H3PO, impregnation not only promotes the pyrolytic decomposition of raw

material but also leads to the formation of cross linked structure (Jagtoyen and Derbishire, 1998).

The broad hysteresis loops found at low acid concentrations (10 % and 20 %) confirmed
the existence of mesoporosity which narrowed at higher acid concentrations due to the absence
of mesopores. The isotherms obtained at higher impregnations resemble typical Langmuir
isotherms (type — I), being extremely microporous (Sing et al., 1985). Samples prepared at low
impregnation ratios (10 % and 20 %) exhibited low pressure hysteresis (LPH) (P/P, < 0.3) which
occurs due to the swelling of non-rigid walls in pores with trapping of adsorbate molecules
(Gregg and Sing, 1982), and/or retention of molecules in pores similar in size to them (Freeman

et al., 1993).
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Figure 4.3. N, gas adsorption — desorption isotherms of AC-PA samples prepared at different impregnation

concentrations

Figure 4.4 shows the N, adsorption-desorption isotherms of the ACs samples prepared by

different ZnCl, impregnations and carbonized at 500 °C for 1 h. The carbons exhibited steep type

— I isotherms which indicate high content of microporosity with a narrow pore size distribution.

With the increase of impregnation ratio from 0.25 to 2.0, the volume of N, adsorbed gradually

increased (65.92 cc/g to 342.04 cc/g), which suggests the evolution of new pores. The decrement

in the volume of N, adsorbed (214.8 cc/g) with further increase in impregnation ratio to 2.5 is
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due to the destruction of pore walls caused by high impregnation of ZnCl, to the precursor.
However, development of mesoporosity as indicated by the pronounced desorption hysteresis
loops is observed at low impregnation ratios. Small hysteresis loops, steeper branches, and
widening of the knee at low pressures are the indications for the development of mesopores. It

confirms to the findings reported by the authors Rosas et al (2009) and Diao et al (2002).
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Figure 4.4. N, gas adsorption — desorption isotherms of AC-ZC samples prepared at different impregnation ratios

N, adsorption-desorption isotherms of KOH activated carbon prepared at different

impregnation ratios (0.5 to 2.5), and carbonized at 600 °C for 1 h were presented in Figure 4.5.
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The N, adsorption capacity of the samples increased from 37.31 cc/g to 215.12 cc/g with the
increase of impregnation ratio from 0.5 to 2.0 and then decreased to 122.68 cc/g with the further
increase of impregnation ratio to 2.5. The low pressure hysteresis (LPH) tends to decrease with
the increase of impregnation ratio denoting the distribution of micropores with uniform pore
width. Preparation of activated carbons from a variety of precursors by KOH activation was

reported by various authors (Deng et al., 2010; Kawano et al., 2008; Tseng et al., 2008).
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Figure 4.5. N, gas adsorption — desorption isotherms of AC-PH samples prepared at different impregnation ratios

67



Chapter —4: Preparation and Characterization of Activated Carbon

4.3.1.3. Surface Area and Pore Volume

Activating agents play a critical role in surface area and porosity development. The
typical effect of H3PO4 concentration on the surface area and pore volume of the ACs was shown
in Figure 4.6. H;PO, impregnated samples at varying concentrations were carbonized at 400 °C
for 1 h holding time. As acid concentration increased from 10 % to 40 % the surface area and
pore volume of ACs were enhanced from 205 m?*/g to 1739 m*/g and 0.07 cc/g to 0.60 cc/g,
respectively. A 12 h impregnation of the raw material promoted the penetration of acid into the
interior and depolymerization of the constituents into smaller units (Jagtoyen and Derbyshire,
1998; Lopez et al., 1996). Increase in H3PO4 impregnation ratio promotes degradation of the
carbon structure with subsequent carbonization which causes charring and aromatization of the
carbon skeleton and creation of the porous structure (El-Hendawy et al., 2001; Molina-Sabio,
2004; Olivares-Marin, 2006). Girgis et al (1998) prepared activated carbon from apricot stones
by H3PO, activation (20 — 50 %) and observed a progressive increase in BET surface area 700
m?/g to 1400 m*/g. Phosphoric acid impregnation produces phosphate and polyphosphate bridges
for connecting and crosslinking the biopolymer fragments. These reactions become pronounced
with dehydration of the samples that creates an expanded state of highly porous surface. This
porosity is accessible after removal of residuals by thorough washing (Rosas et al., 2009; Diao et
al.,, 2002, Patnukao and Pavasant, 2008). Reaction occurs during H3PO, activation can be

represented as

nH;POy,  —*  H,42PaOsny1+(n—1) HO 4.1)
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Figure 4.6. Effect of H;PO, impregnation on surface area and pore volume of AC

Influence of ZnCl, impregnation ratio on surface characteristics of AC was depicted in
Figure 4.7. With the increase of impregnation ratio, surface area and pore volume gradually
increased and achieved its peak value at 2.0 whereas the trend reversed at higher impregnation.
Similar results were obtained in various studies with different types of precursors with ZnCl,
activation (Khalili et al., 2000; Qian et al., 2007). It is evident that as the ZnCl, impregnation
ratio increases both pore volume and surface area improved. At impregnation ratio 2.0,
carbonization temperature 500 °C with 1 h holding time maximum surface properties such as
surface area (1488 m’/g) and pore volume (0.529 cc/g) were attained. ZnCl, acts as a
dehydration agent during activation that inhibits tar formation and any other liquids that can clog
up the pores of the sample (Rodriguez-Reinoso and Molina-Sabio, 1992; Guo and Lua, 2000).
With ZnCl, impregnation, the movement of the volatiles through the pore passages was not
hindered and volatiles were released from the carbon surface with activation. The mechanism of
pore formation in AC prepared from Bael fruit shell by ZnCl, activation is not well known.
However, Smisek and Cerney (1970) explained that ZnCl, mainly degrades cellulose by
dehydration during pyrolysis. This causes aromatization of the carbonaceous skeleton. The

fundamental difference resides in the activation which is a decisive stage in the creation of pores.
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Figure 4.7. Effect of ZnCl, impregnation ratio on surface area and pore volume of AC

Figure 4.8 illustrates the effect of KOH impregnation on surface area and porosity.

Surface area of the samples increased from 161.0 to 936.7 m*/g and pore volume increased from

0.06 to 0.33 cc/g with the increase of impregnation ratio from 0.5 to 2.0. However, further

increase in impregnation ratio beyond 2.0 resulted in decrement of surface area and pore volume.

The generally accepted chemistry of KOH activation involves redox reactions in which carbon is

oxidized to carbonate and the hydroxide reduction induces the evolution of potassium and

hydrogen (Hsu and Teng, 2000; Lillo-Rodenas et al., 2004; Okada et al., 2003). Reactions taking

place during KOH activation are:
2KOH —
4KOH + C —
K:CO3 +C+ K, O —>
4KOH + C —

4KOH + 2CO, —*

KZO + HZO

K2C03 + KQO + 2H2

2C02 + 4K

4K + C02 + 2H20

K2C03 + 2H20

4.2)
(4.3)
4.4)
4.5)

(4.6)
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Figure 4.8. Effect of KOH impregnation ratio on surface area and pore volume of AC

4.3.1.4. Micropore Surface Area and Micropore Volume

Nitrogen adsorption-desorption isotherms confirm that all the samples prepared by
chemical activation with various chemical agents were rich in micropores. The contribution of
micropores to the porous characteristics was investigated by applying DR isotherm. The role of
micropores in attaining high surface area and pore volume is appreciable and the evolution of
micropores was affected greatly by the type and concentration of the chemical used for

impregnation.

Figure 4.9 depicts the micropore surface area and micropore volume of ACs prepared by
H;PO, activation. Micropore surface area (Smi) and micropore volume (Vi) showed increasing
trend with the increase of H3PO4 impregnation up to 30 % and then followed the reverse trend
with further increment in acid concentration. ACs prepared by H3PO, activation liberates tar at
lower temperature that is more pronounced at higher impregnation of H3PO4. Tar acts as a
binder that fills the inter space within the precursor. Increase in carbonization activates the
release of tar that provides mechanical rigidity and well developed microporous structure (Rosas
et al., 2009). Maximum values of micropore surface area (1625 m?/g) and micropore volume
(0.56 cc/g) were obtained for the sample prepared at 30 % H3;PO4 impregnation and carbonized
at 400 °C for 1 h holding time. Micropore volume (0.56 cc/g) contributes 93.33 % of the total

71



Chapter —4: Preparation and Characterization of Activated Carbon

pore volume (0.60 cc/g). The hysteresis loops (Figure 4.3) of N, adsorption — desorption
isotherms observed at higher concentrations (40 % and 50 %) and slight decrease in the volume
of N, adsorbed confirmed the transformation of micropores to mesopores (Ip et al., 2008; El-
Hendawy, 2003). Therefore, impregnation of precursor with 30 % of H;PO, was considered as

the optimum concentration for the development of microporosity.
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Figure 4.9. Effect of H;PO, impregnation on micropore surface area and micropore volume

The change in the micropore surface area (Spi), and micropore volume (Vi) by varying
impregnation ratio of ZnCl, to precursor was presented in Figure 4.10. Micropore characteristics
of the samples prepared with different impregnation ratios ranging from 0.5 to 2.5 with
carbonization at 500 °C for 1 h holding time were analyzed by applying DR isotherm. A gradual
change in the shape of the isotherm and N, adsorption capacity with the increase of impregnation
ratio indicates highly microporous distribution (Figure 4.2). With the increase of impregnation
ratio, the evolution of micropores increased gradually up to 2.0 and then declined. Micropore
surface area increased from 513.8 m*/g to 1339 m*/g and micropore volume increased from 0.18
cc/g to 0.48 cc/g with the increase of impregnation ratio from 0.5 to 2.0. Further increase in
impregnation ratio to 2.5 did not show appreciable change in microporosity. The absence of
broad hysteresis loop and decrement in total pore volume at 2.5 impregnation ratio again

confirmed the destruction of microporous network without any widening of micropores. The
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obtained results were different from that of Hu et al. (2001), who proposed an activation method
for production of microporous and mesoporous ACs by ZnCl, activation from coconut and palm

shells.
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Figure 4.10. Effect of ZnCl, impregnation on micropore surface area and micropore volume

Effect of KOH impregnation on the evolution of micropores was depicted in Figure 4.11.
Samples were prepared at carbonization temperature of 600 °C for 1 h of holding time and with
different impregnation ratios (0.5 — 2.5). The micropore surface area (Smi) and micropore
volume (Vi) increased gradually with increase of impregnation ratio from 0.5 to 2.0 and then
decreased with further increase. The maximum values of Sy; and Vi, obtained for AC prepared
at 2.0 impregnation ratio by applying DR isotherm are 924 m*/g and 0.32 cc/g, respectively. The
major uptake of N, occurred at low relative pressure (less than 0.1) indicates the availability of
high volume of micropores with narrow pore size distribution (Figure 4.5). Creation of
microporosity is attributed to the removal of K metal that intercalated between the graphene

layers at higher temperatures of activation (Marsh and Rodriguez-Reinoso, 2000).
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Figure 4.11. Effect of KOH impregnation on micropore surface area and micropore volume
4.3.2. Effect of Carbonization Temperature

The final carbonization temperature is a key parameter in the preparation of AC which
has a significant effect on the yield and porous characteristics. The effect of carbonization
temperature on the preparation AC using different precursors was investigated by several authors
(Acharya et al., 2009; Basta et al., 2009; Deng et al., 2010; Foo et al., 2011; Girgis et al., 2002;
Lua and Yang, 2005; Tsai et al., 2001; Tseng et al., 2008; Wu et al., 2010, 2011).

4.3.2.1. Effect of Carbonization Temperature on the Yield of AC

Figure 4.12 represents the effect of carbonization temperature on yield of ACs prepared
by different chemical activations. In all three cases, the percentage yield obtained decreased with
the increase of temperature. This is mainly due to the promotion of carbon burn-off and tar
volatilization at higher temperatures (Adinata et al., 2007). With the increase of carbonization
temperature from 400 °C to 700 °C, the yield of prepared ACs decreased from 70.82 to 55.77 %,
72.0 to 40.86 % and 84.0 to 56.0 % for AC-PA, AC-ZC and AC-PH, respectively.
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Figure 4.12. Effect of carbonization temperature on the yield of prepared ACs

4.3.2.2. Nitrogen Gas Adsorption — Desorption Isotherms

The N, adsorption-desorption isotherms of the ACs prepared at different temperatures
ranging from 400 to 700 °C were carried out to investigate the porous characteristics. The acid
concentration used for impregnation was kept constant at 30 % in case of H3PO4 and an
impregnation ratio of 2.0 in the case of both ZnCl, and KOH. The holding time of 1 h at final

carbonization temperature was maintained in all cases.

Figure 4.13 depicts the adsorption-desorption isotherms of activated carbon samples
prepared by H3;PO, activation at different carbonization temperatures. It has been established by
several researchers that carbonization temperature around 450 °C is optimum for AC preparation
from agricultural waste residues by H3PO, activation (Girgis and Hendawy, 2002). For the
present study, carbonization at 300 °C of Bael fruit shell impregnated with H;PO, has
insignificant role in formation of porous structure. Rising of carbonization temperature to 400 °C
resulted in well developed porosity at optimum impregnation (30 % H3;POQO,). It is observed that
with increasing of carbonization temperature from 400 °C to 700 °C, the N, adsorption capacity
of the ACs decreased from 377.21 cc/g to 214.43 cc/g. Earlier studies (Liou, 2010; Diao et al.,
2002) reported porosity reduction with rise in temperature which was ascribed to the breakdown
of micropore structure resulting in low internal surface area. The activation proceeds relatively

at low temperature (400 °C) with a significant development of microporous network. The
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widening of the ‘knee’ of the isotherms at low relative pressures is typical for the materials with
wide micropores suggesting pore widening with the increase of temperature (Jagtoyen and
Derbyshire, 1998; Solum et al., 1995). A noticeable transition from microporosity to
mesoporosity occurs at activation temperatures between 500 °C and 700 °C which is confirmed

by the presence of hysteresis loops at higher temperatures.
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Figure 4.13. N, gas adsorption — desorption isotherms of AC-PA samples prepared at different carbonization

temperatures

Figure 4.14 shows N, gas adsorption-desorption isotherms for ZnCl, activated samples
prepared at different carbonization temperatures by keeping impregnation ratio and holding time
constant at 2.0 and 1 h, respectively. From the figure, it was observed that at 500 °C the volume
of N, adsorbed is high as compared to the samples prepared at other temperatures. All the
isotherms obtained represent typical microporous adsorbents and the narrow hysteresis loops
observed are due to the evolution of narrow mesopores at higher temperatures. The steep
branches of isotherms obtained at 400 °C and 500 °C represent the presence of mesopores along
with micropores. Isotherms obtained for the samples prepared at higher temperatures (600 °C and

700 °C) are parallel to the P/P, axis which reveals the presence of narrow micropores. The more
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open knees at low relative pressures of isotherms at 400 °C and 500 °C represent the presence of

mesopores (Diao et al., 2002).
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Figure 4.14. N, gas adsorption — desorption isotherms of AC-ZC samples prepared at different carbonization

temperatures

Nitrogen adsorption-desorption isotherms of KOH activated AC samples prepared at
varying carbonization temperatures at 2.0 impregnation ratio and 1 h holding time were shown in
Figure 4.15. The N, adsorption capacity of the prepared ACs increases with the increase of
carbonization temperature from 400 °C to 600 °C and then declined with the increase in
temperature. Maximum adsorption capacity (215.12 cc/g) was achieved at 600 °C. Despite the
narrow hysteresis loop, the adsorption isotherm obtained at 600 °C resembles a typical type — I

isotherm which consists of micropores at a great extent.
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Figure 4.15. N, gas adsorption — desorption isotherms of AC-PH samples prepared at different carbonization

temperatures

4.3.2.3. Surface Area and Pore Volume

The effect of carbonization temperature on surface area and pore volume within the range
400 to 700 °C was investigated for the samples activated at different chemical conditions.
Although, the precursor used for AC preparation is same, the optimum temperature was found to

be different for different chemical activating agents.

The influence of the carbonization temperature on specific surface area (S) and pore
volume (V) of H3PO4 ACs were shown in Figure 4.16 by keeping other factors constant (H;POy4
impregnation — 30 % and holding time — 1 h). Surface area and pore volume decreased with the
increase in temperature from 400 °C to 700 °C. The higher values obtained for surface area and
pore volume are 1657 m*/g and 0.58 cc/g, respectively for AC prepared at 400 °C. Beyond 500
°C, surface area and pore volume decreases which may be due to the collapse of micropores

formed at low temperature (400 °C) and due to the extensive carbon burn off. It leads to
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widening of pores and destruction of pore walls resulting in reduction in pore volume. Similar
results have been reported by other researchers (Haimour and Emeish, 2006; Hu and Srinivasan,
1999; Srinivasakannan and Abu Bakar, 2004). At low temperatures (around 400 °C) phosphoric
acid catalyzes the hydrolysis of the glycosidic linkages in hemicellulose and cellulose and it
cleaves aryl ether bonds in lignin, obtaining many transformations that include dehydration,
degradation and condensation. These reactions promoted the release of H,O, CO, CO,, and CH4
at low temperatures and consequently evolution of more porosity (Jagtoyen and Derbyshire,
1998). Therefore, the optimum value of carbonization temperature was considered as 400 °C for

H3POy, activation.

1800 - - 0.7
1600 - 06
1400 -
= - 05
= 1200 - >
£ L
= 1000 - - 04 g
~ 5
< —
800 - L o
§ 0.3 S
t 600 - o
] - 02 a
400 -
200 - 0.1
O T T T O
400 500 600 700
Temperature (°C)
| B Surface Area OPore Volume |

Figure 4.16. Effect of carbonization temperature on surface area and pore volume of AC-PA

Surface area and pore volume of ACs altered to a great extent with the change in
carbonization temperature for ZnCl, activated samples. Role of final carbonization temperature
in the development of porous characteristics of ZnCl, activated samples was shown in Figure
4.17. To determine the effect of carbonization temperature (400 — 700 °C) on porous
characteristics, other parameters like impregnation ratio and holding time were maintained
constant at 2.0 and 1.0 h, respectively. From the figure it is evident that 500 °C is the optimum
carbonization temperature that showed high surface area (1488 m’/g) and pore volume (0.53

cc/g) and further increase in pyrolysis temperature resulted in gradual decrease in St and V.
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Figure 4.17. Effect of carbonization temperature on surface area and pore volume of AC-ZC

Variation in surface area (St) and pore volume (V1) with the change in carbonization
temperature of KOH activated AC samples were revealed in Figure 4.18. Samples analyzed were
prepared at different carbonization temperatures with 2.0 impregnation ratio of KOH to
precursor and 1 h holding time at final temperature. With the increase of temperature from 400
°C to 600 °C, both surface area and pore volume were increased and showed decreasing trend
with further increase of temperature to 700 °C. The maximum values of St and Vr obtained for
the sample prepared at 600 °C (impregnation ratio, 2.0 and holding time, 1 h) were 937 m*/g and
0.33 cc/g, respectively.
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Figure 4.18. Effect of carbonization temperature on surface area and pore volume of AC-PH
4.3.2.4. Micropore Surface Area and Micropore Volume

As discussed previously, the contribution of micropores to achieve high surface area and
pore volume is highly appreciable for the prepared samples with various chemical activations.
Besides the impregnation ratio, the carbonization temperature also influences the evolution of

micropores to a greater extent.

The adsorbents prepared by H3PO, activation at different carbonization temperatures
were rich in micropores and hence micropore surface area (Smi) and micropore volume (Vi)
contributed greatly to the total surface area (St) and total pore volume (Vr) of the samples.
Maximum values of Sy (1625 m?*/g) and Vi (0.57 cc/g) were achieved for the sample
carbonized at 400 °C with 30 % H3PO, impregnation concentration and 1 h holding time. The
trend of changes in microporous characteristics of H3zPO,4 activated carbons with different
carbonization temperatures were presented in Figure 4.19. The results obtained at 400 °C were
appreciable and confirmed that the porous network formed was not due to the evaporation of

phosphorus-containing constituents, but due to the exposure of pores on thorough washing.
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Figure 4.19. Effect of carbonization temperature on micropore surface area and micropore volume of AC-PA

Effect of carbonization temperature on the micropore properties of ZnCl, activated
carbon samples was shown in Figure 4.20. With the increase of temperature from 400 to 500 °C,
micropore surface area (Spi) and micropore volume (Vy,;) increased randomly and then decreased
gradually with the rise in temperature. Higher values of Sy (1339 m*/g) and Vy; (0.48 cc/g) were
obtained at carbonization temperature of 500 °C (impregnation ratio, 2.0 and holding time, 1 h).
The gradual decrease in Sy and Vi, beyond 500 °C may be due to the collapse of the porous
structure which resulted in decrease of St and Vr. The preferable results obtained at 500 °C
revealed that the most of porosity could be developed from the spaces left by ZnCl, after acid
wash rather than volatilization of ZnCl, which has boiling point at above 732 °C (Qian et al.,
2007).
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The evolution of micropores and changes in micropore surface (Spi) area and micropore volume

(Vi) with the change in carbonization temperature of KOH activated samples at 2.0 impregnation ratio

and 1 h holding time were illustrated in Figure 4.21. With the increase of temperature from 400 °C to 600

°C, Smi and Vp; increased from 218 m*/g to 924 m*/g and 0.08 to 0.33 cc/g, respectively. As

compared to micropores, the contribution of mesopores and macropores to the total surface area

and pore volume was negligible.

1000

900

800

700

600

500

400

300

Micropore Surface Area (m?/g)

200

100

400 500

600 700

Temperature (°C)

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

B Micropre Surface Area

O Micropore Volume

Figure 4.21. Effect of carbonization temperature on micropore surface area and micropore volume of AC-PA
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4.3.3. Effect of Holding Time

Along with impregnation ratio and final carbonization temperature, holding time at final
carbonization temperature played an important role in the development of porous structure. The
AC samples were prepared at optimum conditions of impregnation ratio and carbonization

temperature with different holding times (0 — 120 min).
4.3.3.1. Effect of Holding Time on the Yield of AC

Figure 4.22 represents the effect of holding time at final carbonization temperature on
yield of ACs prepared. In all three cases, the percentage of yield obtained was decreased with the
increase of holding time (0 — 120 min). The yield was decreased at longer holding times because
of the higher carbon burn-off (Qian et al., 2007). With the increase of holding time from 0 to 120
min, the yield of prepared ACs was decreased from 73.86 to 62.81 %, 83.33 to 54.00 % and
84.66 to 52.00 % for AC-PA, AC-ZC and AC-PH, respectively. It could be attributed to the
release of more volatiles by keeping the sample for longer duration at final carbonization

temperature.

Yield (%)

—— AC-PH

40 T T T 1
0 30 60 90 120
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Figure 4.22. Effect of holding time on the yield of prepared ACs
4.3.3.2. Nitrogen Gas Adsorption — Desorption Isotherms

The nitrogen gas adsorption-desorption isotherms were carried out to reveal the effect of

holding time on porous characteristics of ACs prepared by H;PO,, ZnCl,, and KOH activations.
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The influence of holding time on the N, adsorption capacity of ACs prepared by H3PO4
activation can be observed in Figure 4.23. The N, adsorption capacity increased greatly with the
increase of holding time from O to 60 min and then decreased. It clearly indicates that 60 min of
holding time is the optimum value and the shape of the isotherm and the absence of hysteresis
loop strongly confirmed the presence of immense micropores. The hysteresis loop observed at
low relative pressures for 0 min holding time indicates the presence of mesopores. With the
increase of holding time, the isotherm became more parallel to the P/P, axis at high relative

pressures which is a typical characteristic of microporous solids (Youssef et al., 2005).
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Figure 4.23. N, gas adsorption — desorption isotherms of AC-PA samples prepared at different holding times
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The N, adsorption isotherms of samples prepared at different holding times by ZnCl,
activation at optimum operating conditions were shown in Figure 4.24. The N, gas adsorption
capacity increased as the holding time increases and extended till 60 min and then decreased. All
the carbons obtained are of typically microporous (type — I) with little amount of mesopores
which was confirmed by the narrow hysteresis loops. The volume of N, adsorbed continuously
increased with the pressure exhibiting a steep branch of isotherm at 60 min due to the availability

of narrow mesopores.
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Figure 4.24. N, gas adsorption — desorption isotherms of AC-ZC samples prepared at different holding times
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The porous characteristics of the prepared KOH activated samples at different holding

times were studied using N, adsorption-desorption isotherms. Holding time duration at final

temperature showed significant effect on the N, adsorption capacity of the samples prepared by

KOH activation. From Figure 4.25, with the increase of holding time, the N, adsorption capacity

of the samples increased and reaches maximum at 60 min and then decreased. Though the

decrement in the width of the hysteresis loop beyond 60 min showed the presence of immense

micropores, the decrement in the volume of N, shows the availability of reduced pore volume.
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Figure 4.25. N, gas adsorption — desorption isotherms of AC-PH samples prepared at different holding times
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4.3.3.3. Surface Area and Pore Volume

Surface area and pore volume of the prepared activated carbons by KOH activation are
highly dependent on the duration of holding time at final carbonization temperature. The
optimum values of holding time changes with the type of precursor and type of chemical used for

activation.

Figure 4.26 illustrates the change in surface area (St) and pore volume (V1) of the ACs
prepared by H3;PO, activation with different holding times at final carbonization temperature
ranging from 0 to 60 min. The St and Vy values were increased from 833 m*/g to 1657 m*/g and
0.3 cc/g to 0.58 cc/g, respectively with the increase of holding time from 0 to 60 min at 400 °C.
Samples were prepared at optimum conditions (H3PO4 concentration, 30 % and carbonization
temperature, 400 °C) and different holding times (0 to 120 min). Further increase in the holding
time beyond 60 min resulted in the decrement of surface area and pore volume. This indicates
that longer duration of holding time caused some of the pores to enlarge or even collapse, thus

reducing the surface area and pore volume (Diao, et al., 2002).
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Figure 4.26. Effect of holding time on surface area and pore volume of AC-PA

Surface area (St) and pore volume (V1) of ZnCl, activated samples with different holding
times were characterized and shown in Figure 4.27. ACs were prepared at optimum conditions of

carbonization temperature (500 °C), impregnation ratio (2.0) and at different holding times
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ranging from O to 120 min. Initially at O min of holding time, greater values of St and Vr were
observed and then gradually increased with the increase of holding time and reached maximum
at 60 min. Further increase of holding time resulted in weakening of pore walls due to more

evaporation of volatiles which caused the destruction of pores.
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Figure 4.27. Effect of holding time on surface area and pore volume of AC-ZC

Surface area and pore volume of the KOH activated samples pyrolyzed at 600 °C for
different holding times ranging from O to 120 min and with an impregnation ratio of 2.0, were
presented in Figure 4.28. With the increase of holding time, surface area and pore volume are
increased gradually up to 60 min and then decreased slowly with further increase. There is not
much change in the both properties for the samples prepared at 60 and 90 min of holding time.

But, the values are slightly decreased with the increase of holding time beyond 60 min.
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Figure 4.28. Effect of holding time on surface area and pore volume of AC-PH
4.3.3.4. Micropore Surface Area and Micropore Volume

The evolution of micropores also greatly depends on the holding time at final
carbonization temperature along with impregnation ratio and carbonization temperature. The
contribution of micropores is highly appreciable for achieving high surface area and pore volume

of the prepared samples in all the three cases of chemical activation.

The effect of holding time on the micropore evolution of H;PO4 activated carbon samples
were shown in Figure 4.29. Since the contribution of micropores is very high to the total surface
area and pore volume, the trends of micropore surface area and micropore volume are also
followed the same fashion of total surface area and pore volume. Preferable results of micropore
surface area — 1625 m*/g and micropore volume — 0.56 cc/g were obtained at 60 min holding
time. Micropores contributed majorly in attaining high surface area and pore volume of ACs
prepared at optimum conditions i.e., H3PO4 concentration — 30 %, carbonization temperature —

400 °C, and holding time — 1 h.
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Figure 4.29. Effect of holding time on micropore surface area and micropore volume of AC-PA
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Figure 4.30 shows micropore surface area and micropore volume changes in ZnCl,

activated samples with the change in holding time at final temperature. Activated carbons

prepared majorly consist of micropores and their contribution to the total surface area and pore

volume is appreciable. Optimum values of micropore surface area and micropore volume

obtained for the sample prepared at 60 min of holding time by keeping other parameters at

optimal conditions were 1339 m*/g and 0.48 cc/g, respectively. However, by prolonged heating

of samples at final temperature the micropore surface area and micropore volume decreased

significantly due to the weakening and destruction of porous network.
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Figure 4.30. Effect of holding time on micropore surface area and micropore volume of AC-ZC
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Micropore analysis was carried out by applying DR isotherm. Micropore surface area

(Smi) and micropore volume (Vi) of the samples prepared by KOH activation with different

holding times were shown in Figure 4.31. Micropores comprise 97 % of the total surface area

and pore volume of the samples. The maximum values of Sy; and Vi, obtained are 924 m*/g and

0.32 cc/g, respectively at 60 min of holding time. It is also observed that prolonged heating

caused the micropores to widen and thus resulted in decrement in micropore surface area and

micropore volume.
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Figure 4.31. Effect of holding time on micropore surface area and micropore volume of AC-PH

4.4. Optimum Conditions and Comparison

The optimum preparation conditions investigated for various parameters and the porous

characteristics of ACs prepared at these conditions were presented in Table 4.3.

Table 4.3. Optimum preparation conditions for ACs and their porous characteristics

. Carbonization  Holding (Vmi/ Vi) Dy,

AC type Impregnation St Vi Smi mi
temperature (°C) time (min) X100 (nm)
AC-PA 30 % 400 60 1657 058 1625 0.56 98 1.68
AC-ZC 2.0 500 60 1488 053 1339 048 91 1.69
AC-PH 2.0 600 60 937 0.33 924 0.32 97 1.54

The porous characteristics of various activated carbons prepared from different

precursors by activating with H3;POy4, ZnCl,, and KOH were compared in the Table 4.4.
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Table 4.4. Comparison of porous characteristics of prepared ACs with ACs prepared from different precursors

Surface Area

Pore volume

Chemical agent Precursor 5 Source
(m’/g) (cc/g)
Hemp fibers 1355 1.250 Rosas et al., 2009
Ploy(p-phenylene 1774 0.830 Castro-Muniz et al., 2011
terephthalamide)
Grain sorghum 528 0.197 Diao et al., 2002
Rice straw 786 1.050 Fierro et al., 2010
H;PO, Birch wood 1165 1.296 Klijanienko et al., 2008
Sewage sludge 377 0.243 Wang et al., 2011
Chestnut wood 783 0.288 Gomez-Serrano et al., 2005
Eucalyptus bark 1239 1.109 Patnukao and Pavasant, 2008
Bael fruit shell 1657 0.580 Present study
Apricot stones 728 0.327 Youssef et al., 2005
Tamarind wood 1322 1.042 Achrya et al., 2009
Hazelnut bagasse 1489 0.932 Demiral et al., 2008
Pistachio nut shell 1635 0.832 Lua and Yang, 2005
ZnCl Rice husk 750 0.380 Kalderis et al., 2008
Enteromorpha prolifera 1416 0.90 Lietal., 2010
Bael fruit shell 1488 0.53 Present study
Corn cob hulls 1516 1.082 Wu et al., 2011
Olive stones 1090 0.38 Ubago-Perez et al., 2006
KOH Cotton stalks 621 0.38 Deng et al., 2010
Rice straw 866 0.57 Basta et al., 2009
Pineapple peel 1006 0.59 Foo and Hameed, 2011
Bael fruit shell 937 0.33 Present study

4.5. Pore Size Distribution (PSD)

The pore size distribution (PSD) of the ACs prepared at optimum conditions was

determined by the Dubinin-Astakhov (DA) equation and presented in Figure 4.32. From the

figure it was confirmed that the adsorbents contain micropores (< 2 nm) with the average

diameter of 1.68, 1.69 and 1.54 nm for AC-PA, AC-ZC and AC-PH, respectively.
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Figure 4.32. Pore size distribution of the prepared ACs (a) AC-PA (b) AC-ZC and (c) AC-PH
4.6. Fourier Transform Infrared spectroscopy (FTIR)

The surface chemistry of the raw bael fruit shell was compared with the H;PO, activated
sample in Figure 4.33. Raw material consists of several functional groups which include amines,
hydroxyl groups, aldehydes, various unsaturated hydrocarbons, carbonyl compounds, phosphates
and sulfonates (Olivares-Marin et al., 2006; Phan et al., 2006; Nabais et al., 2008). Whereas, the
spectrum of prepared AC is very simple consisting of considerable number of peaks or functional
groups. The various functional groups of IR spectrum of AC-PA were described in Chapter 5.

The complete interpretation of IR spectra was carried out by Coates (2000).

In case of raw material, the broad peak observed at 3350.35 cm™ is due to the presence of
hydroxyl groups (O — H stretch) on the surface. The sharp peaks observed at 2920.23 cm™ and
2852.72 cm™ are due to the asymmetric and symmetric stretchings of methylene (C — H) group,
respectively. Bands due to the presence of silane (Si — H) groups can be observed in the range
2100 — 2360 cm™. The weak bands observed between 1350 — 1260 cm™ might be due to the

existence of in-plane bending of primary or secondary OH groups or due to the presence C — N
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stretch of aromatic amines. The existence of phenol (C — O stretch) was confirmed by the peak
obtained at 1236.37 cm™. Peaks found at 1651. 07 cm™ and 1037.70 cm™ were due to primary
amine groups. Band at 1651.07 cm™ is due to the N — H bend and at 1037.70 cm™ is due to the C
— N stretch of phenols. The N — H bend of the secondary amines was observed at 1558 cm™. The
sharp peaks at 1375.25 and 1446.61 were attributed to the C — H bending vibrations in methane
and methylene groups, respectively. Various weak bands observed throughout the spectrum
consist of various functional groups such as nitrogen-oxy compounds (1560 — 1540 cm™/ 1380 —
1350 cm™), phosphorus-oxy compounds (1350 — 1250 cm™ and 1050 — 990 cm™), sulfur-oxy
compounds (1335 — 1300 cm™ and 1200 — 1100 cm™) and silicon-oxy compounds (1055 — 1020

cm'l).

The FTIR analysis of prepared ACs reveals a simple spectrum in case of AC-PA
compared to AC-ZC and AC-PH. The broad peaks at around 3321, 3396 and 3205 cm-1 are
assigned to presence of OH groups (adsorbed moisture) on surface. The C — H stretchings
observed in the raw material were disappeared in case of AC-PA whereas, in case of AC-ZC and
AC-PH these stretchings are shifted to higher wave number. Silane (Si — H) groups in the raw
material as well as prepared ACs were confirmed by the peak at around 2360 cm™. A little shift
of the bands corresponding to silane groups was observed in prepared ACs. The presence of
amine groups are confirmed by the peaks observed in the range 1650 — 1550 cm™ and 1190 —
1130 cm™ and are due to the N — H and C — N stretchings, respectively.
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Figure 4.33. FTIR analysis of (a) raw material and (b) AC-PA, AC-ZC and AC-PH
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4.7. Scanning Electron Microscope (SEM) and Transmission Electron

Microscope (TEM) analysis

The prepared activated carbons were examined by Scanning Electron Microscope (SEM)
to analyze the surface of the adsorbents. SEM micrographs of the chemically activated carbons
by H3PO4, ZnCl,, and KOH were presented in Figure 4.34. In all three cases, well-developed
porous surface was observed at higher magnification. The pores observed from SEM images are
having diameter in micrometer (Um) range. These pores are considered as channels to the

microporous network. From the figure, it can be observed that all the adsorbents have rough

texture with heterogeneous surface and a variety of randomly distributed pore size.
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(c.1) (c.2)
Figure 4.34. SEM images of the prepared ACs (a) AC-PA (b) AC-ZC and (c) AC-PH

As the prepared carbons are of highly microporous (pores having width in nanometers) in
nature, ACs prepared at optimum conditions by different chemical activations were characterized
by Transmission Electron Microscope (TEM) to observe the internal microporous network.
Figure 4.35 shows the TEM images of the chemically activated ACs. Analytical electron
microscopy studies of activated carbons were reported by various authors (Ishizaki et al., 1988;
Williams and Reed, 2006). From the figure, micropores of uniform pore size were observed

clearly in all the cases.
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(a)
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©

Figure 4.35. TEM images of the prepared ACs (a) AC-PA (b) AC-ZC and (c) AC-PH
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4.8. X - Ray Diffraction spectroscopy (XRD)

Franklin, on the basis of XRD studies, classified activated carbons into two types, based
on their graphitizing ability (Franklin, 1951). The non-graphitizing carbons are hard and show a
well-developed microporous structure due to the formation of strong cross-linking between the
neighboring randomly oriented elementary crystallites. Whereas, graphitizing carbons has weak

cross-linking and had a less developed porous structure (Bansal et al., 1988).

Figure 4.36 shows the X-ray diffraction profiles of the ACs prepared at optimum
conditions. The AC samples with broad peaks and absence of sharp peak that revealed
predominantly amorphous structure, which is an advantageous property for well-defined porous
adsorbents (Tongpoothorn et al., 2011). Broad peaks found at around 24° for all the samples
confirm that the samples are non-graphitized and can have high microporous structure (Zhao et
al., 2009) which was confirmed by the gas adsorption isotherms. The other sharp peaks observed
in case of AC-ZC confirmed the presence of Zn metal by interacting with other functional
groups. The sharp peaks observed at 31.71°, 34.29°, 36.15° and 47.39° are may be due to the
presence of zinc p — benzoquinone dioxime (32-1985 from JCPDS PDF number) and the peaks
found at 56.49, 62.79, 67.85 and 68.97 are due to the presence of zinc guanidinium sulfate (76-
0798 from JCPDS PDF number).
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Figure 4.36. XRD patterns of the prepared ACs
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Adsorption of Chromium(VI) on Activated Carbon

The demand for activated carbon (AC) depends on its suitability in various applications.
This chapter emphasizes on proper utilization of AC to remove heavy metals, typically for

Cr(VI).
5.0. Summary

Application of activated carbon in Cr(VI) adsorption is significantly influenced by its
method of preparation. Chemical activation method using different chemical activating agents
such as H3PO,, ZnCl, and KOH was employed for the preparation of AC. The adsorbents
prepared by H3zPO,4, ZnCl, and KOH activations are denoted as AC-PA, AC-ZC and AC-PH,
respectively. The influence of various process parameters such as contact time, initial metal
concentration, pH, adsorbent dose, and temperature on adsorption of Cr(VI) on prepared
activated carbons were investigated. Distribution of Cr(VI) adsorption data between solid and
liquid phase was expressed through different isotherm models such as Freundlich, Langmuir,
Temkin and DR isotherms. The experimental kinetic data were fitted to pseudo-first order and
pseudo-second order models. Intra particle diffusion and Boyd models were used to evaluate the
rate controlling step in the process of Cr(VI) adsorption. Thermodynamic parameters were

estimated to determine the nature and spontaneity of adsorption process.

The porous characteristics and Cr(VI) removal efficiencies of prepared AC by H3;PO,
activation and commercial AC were compared and the spent AC-PA was regenerated by simple

and feasible techniques.
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5.1. Effect of Process Parameters

5.1.1. Effect of pH

Significance of various process parameters on adsorption of pollutants from aqueous
phase has been well established. Solution pH is one of the important process parameters that
significantly influences the adsorption of Cr(VI) on adsorbent (Acharya et al., 2009; Tang et al.,
2009; Karthikeyan et al., 2005; Zhang et al., 2010). ACs prepared by various chemical
activations were employed for Cr(VI) removal at different pH values (2.0 — 11.0). The
preliminary experiments were performed at definite experimental conditions (initial chromium
concentration — 10.0 mg/L, adsorbent dose — 3.0 g/L, contact time — 3.0 h, and temperature — 30
°C). Figure 5.1 shows the higher removal of Cr(VI) at acidic pH. It is true for ACs prepared from
Bael fruit shell at different conditions and AC-PA showed high Cr(VI) removal capacity as
compared to the other two ACs. It is evident from the figure that the percentage adsorption is
higher at acidic pH (2.0 — 5.0), reaching maximum of about 99 %. But it decreased gradually
with the increase in pH. The adsorption capacity of AC-PA for Cr(VI) at pH 2.0 was 3.30 mg/g,
which was reduced to 1.15 mg/g with increase of pH to 11.0. Similarly, for AC-ZC and AC-PH
the maximum adsorption capacities observed at pH 2.0 (2.79 mg/g and 1.72 mg/g, respectively),
which were decreased randomly with increase of pH. The results obtained are in close agreement
with previously reported studies (Aggarwal et al., 1999; Barkat et al., 2009; Natale et al., 2007).
Similarly AC-ZC witnessed maximum Cr(VI) reduction (82.73 %) at pH 2.0. Significant change
in Cr(VI) removal was observed in pH range 3.0 to 6.0 using AC-ZC. However, this change was
negligible at higher pH. At pH 2.0, AC-PH showed maximum (52.02 %) adsorption for Cr(VI).

Significant decrease in percentage adsorption occurred with change of pH from 2.0 to 3.5.
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Figure 5.1. Effect of pH on chromium(VI) removal by different ACs (a) AC-PA (b) AC-ZC and (c) AC-PH (Initial

chromium concentration — 10 mg/L, adsorbent dose — 3.0 g/L, contact time — 3.0 h, and temperature — 30 °C)

The dependence of Cr(VI) adsorption on pH can largely be related to type and ionic state
of the functional groups present on the surface of adsorbent and as well as the metal chemistry in
the solution. High adsorption of Cr(VI) at low pH can be attributed to availability of Cr(VI) in
different forms and the surface groups of the adsorbent. At acidic pH the predominant Cr(VI)
species are HCrO4~ and Cr,O;> and above neutral pH only CrO,> is stable (Palmer and Puls,
2004). When the pH of the solution decreases to the range 2.0 — 6.0, the equilibrium shifts to

dichromate according to the overall equilibrium as follows:
2Cr04” + 2H° —>  CnO;” + M0 (5.1

Under acidic conditions, the surface of the adsorbent becomes highly protonated and
favors the adsorption of Cr(VI) in the anionic form (Palmer and Puls, 2004; Selomulya et al.,
1999). With the increase of pH, the degree of protonation of the surface decreases gradually and
that results in low adsorption of Cr(VI). Moreover, as pH increases there is competition between
OH™ and CrO,” ions, the former being the dominant species at higher pH. The reduction in net
positive surface potential of adsorbent results in the weakening of electrostatic forces between

Cr(V1]) species and adsorbent, which ultimately leads to reduced adsorption capacity.
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Adsorption trends of Cr(VI) on activated carbons such as AC-PA, AC-ZC and AC-PH were
shown in Figures 5.2, 5.3 and 5.4, respectively. ACs prepared using different activating agents
attained equilibrium at different contact times. AC-PA, AC-ZC, and AC-PH were attained
equilibrium at 120, 180 and 240 min, respectively. Variation in Cr(VI) adsorption on AC-PA
was observed from 98.74 to 75.93 % with increase in pH from 2.0 to 6.8. Adsorption of Cr(VI)
on AC-ZC and AC-PH decreased from 82.30 to 30.53 % and 38.16 to 16.65 % when pH rises
from 2.0 to 6.8. Other adsorbents such as activated neem (Azadirachta Indica) leaf, coconut shell
activated carbon, activated char coal and beech saw dust witnessed maximum uptake of Cr(VI)
at lower pH (Babu and Gupta, 2007; Choudhari et al., 2011; Mor et al., 2007; Owlad et al.,
2010).
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Figure 5.2. Effect of pH on the percentage adsorption of Cr(VI) from aqueous solution by AC-PA (Initial chromium

concentration — 10 mg/L, adsorbent dose — 3.0 g/L, contact time — 3.0 h, and temperature — 30 °C)
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Figure 5.3. Effect of pH on the percentage adsorption of Cr(VI) from aqueous solution by AC-ZC (Initial chromium
concentration — 10 mg/L, adsorbent dose — 3.0 g/L, contact time — 3.0 h, and temperature — 30 °C)
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Figure 5.4. Effect of pH on the percentage adsorption of Cr(VI) from aqueous solution by AC-PH (Initial chromium
concentration — 10 mg/L, adsorbent dose — 3.0 g/L, contact time — 3.0 h, and temperature — 30 °C)
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Activated carbons are considered as amphoteric solids due to the existence of variety of
surface functional groups (Song et al., 2010). Therefore, the isoelectric point (IEP) of the ACs
can be evaluated at pH value where the zeta potential is zero. IEP is used to qualitatively asses
the polarity of the adsorbent surface charge (Li et al., 2001). At pH < IEP, the adsorbent has
positive surface charge and can acts as anion exchanger. While at pH > IEP, the surface charge
of the adsorbent is negative, which benefits for cations adsorption. The IEP of AC-PA is 4.2,
while it is less than 2.0 in case of AC-ZC (pH — 1.9) and AC-PH (pH - 1.3). Aggarwal et al
(1999) reported the formation of oxyanions such as Cr,07> and CrO,” in aqueous solution at pH
2.0 and 7.5, respectively. With the increase of solution pH, the repulsion between negatively
charged adsorbent surface and Cr(VI) oxyanions increases. The trends of zeta potential for
various prepared ACs (Figure 5.5) suggested that AC-PA might have more tendency for Cr(VI)
cations as compared to other ACs even at high pH. The high zeta potential values with increasing
pH are attributed to the presence of oxygen surface functional groups on AC surface. This is in

agreement with the experimental observations showing better adsorption of AC-PA.

Zeta potential (mv)

pH

Figure 5.5. Surface charge distribution for prepared ACs

5.1.2. Effect of Adsorbent Dose

The effect of adsorbent dose on adsorption of Cr(VI) using AC-PA, AC-ZC and AC-PH
was illustrated in Figure 5.6. Different doses of adsorbents ranging from 1.0 — 4.0 g/L were

considered and other process parameters were maintained constant (pH — 3.5 for AC-PA and 2.0
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for AC-ZC and AC-PH, Cr(VI) concentration — 10.0 mg/L, contact time — 3.0 h, and temperature
— 30 °C). The maximum percentage removal of Cr(VI) was observed for AC-PA as compared to
the other two types of ACs. Maximum Cr(VI) adsorption was achieved using 3.0 g/L of
adsorbent dose for both AC-PA and AC-ZC within 180 min. AC-PH evidenced less adsorption
of Cr(VI) within the studied range (1.0 — 4.0 g/L) of adsorbent dose comparing to other ACs. The
adsorption capacities rapidly decreased with increase of adsorbent dose from 0.25 to 0.5 in all
the cases and then the decrement is gradual with further increase of adsorbent dose to 4.0 g/L.
For AC-PA, the adsorption capacity (Q.) decreased from 16.8 mg/g to 2.5 mg/g with the increase
of adsorbent dose from 0.25 g/L to 4.0 g/L. In case of AC-ZC and AC-PA, Q. values decreased
from 11.8 mg/g to 2.3 mg/g and 4.5 mg/g to 0.9 mg/g, respectively with increase of adsorbent
dose. The low adsorption percentage can be ascribed to the fact that all the adsorbents have a
limited number of active sites that would have achieved saturation above a certain adsorbate

concentration.
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Figure 5.6. Effect of adsorbent dose on Cr(VI) adsorption by different ACs (a) AC-PA (b) AC-ZC and (c) AC-PH
(pH-3.5 for AC-PA and 2.0 for AC-ZC and AC-PH, Cr(VI) concentration — 10.0 mg/L, contact time — 3.0 h, and

temperature — 30 °C)

Figures 5.7, 5.8, and 5.9 show Cr(VI) adsorption on AC-PA, AC-ZC, and AC-PH,
respectively at varying adsorbent doses. A gradual increase in Cr(VI) adsorption percentage is

observed for all the samples with increasing adsorbent dose. AC-PA exhibits high adsorption rate
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and achieved maximum adsorption of 98.33 % at 4.0 g/L of adsorbent dose. The gradual increase
in Cr(VI) removal with increase in adsorbent dose is due to available adsorption sites. A
negligible change was observed in percentage adsorption of Cr(VI) with increase in adsorbent
dose beyond 3.0 g/L for AC-PA and AC-ZC. However, AC-PH continues to show increasing
trend and the maximum adsorption (37.77 %) can be observed at 4.0 g/L. This trend is expected
because as the adsorbent dose increases the number of adsorbent particles increases and hence
more Cr(VI) ions attach to the adsorption sites (Barkat et al., 2007; Dubey and Gopal, 2007;
Mohanty et al., 2005; Ranganathan, 2000). At a particular adsorbent dose the percentage
adsorption reaches equilibrium by maintaining constant initial Cr(VI) concentration. The

adsorbent dose of 3.0 g/L. was considered as optimum.

AC-PA demonstrated Cr(VI) adsorption in two stages. In the first stage, instantaneous
adsorption can be observed within 60 min which can be clearly observed at high adsorbent dose
(3.0 g/L). The rate of Cr(VI) adsorption gradually changed beyond 80 min with negligible
changes. The intensity of adsorption is gradual at low adsorbent dose (1.0 g/L).

Similarly, the intensity of adsorption became more pronounced at high adsorbent dose of
AC-ZC. At 1.0 g/L, the rate of adsorption was very slow and achieved equilibrium in 180 min
showing minor changes to percentage adsorption observed at 60 min. It is due to the fact that at
10 mg/L of initial Cr(VI) concentration, the available active sites on 1.0 g/L of adsorbent were
insufficient. Thus, the sites are filled up as early in 60 min with less competition at prolonged

time. Cr(VI) adsorption on AC-PH evidences gradual increase at higher adsorbent doses.
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Figure 5.7. Effect of adsorbent dose on the percentage adsorption of Cr(VI) by AC-PA (pH-3.5, Cr(VI)

concentration — 10.0 mg/L, contact time — 3.0 h, and temperature — 30 °C )
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Figure 5.8. Effect of adsorbent dose on the percentage adsorption of Cr(VI) by AC-ZC (pH - 2.0, Cr(VI)

concentration — 10.0 mg/L, contact time — 3.0 h, and temperature — 30 °C )
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Figure 5.9. Effect of adsorbent dose on the percentage adsorption of Cr(VI) by AC-PH (pH - 2.0, Cr(VI)

concentration — 10.0 mg/L, contact time — 3.0 h, and temperature — 30 °C )
5.1.3. Effect of Initial Chromium(VI) Concentration

The initial concentration of metal ions in the solution is an important parameter as the
metal concentration changes over a broad range in industrial effluents. Figure 5.10 depicts the
changes in adsorption trends of ACs with variation in initial concentration of adsorbate in the
solution and at definite experimental conditions (pH — 2.0, adsorbent dose — 2.0 g/l, contact time
— 3.0 h and temperature — 30 °C). The adsorption behavior in figure clearly indicates the
increasing trend of Cr(VI) adsorption on AC-PA (80.84 % to 98.38 %) as the initial Cr(VI)
concentration increased from 0.5 to 10.0 mg/L. Similar trend was also observed for AC-ZC, that
depicts increasing trend from 74 % to 97.23 % with the increase of metal concentration from 0.5
mg/L to 6 mg/L. However, further increase in metal concentration to 10 mg/L resulted decrease
in adsorption to 81.66 %. For AC-PH, gradual improvement in metal adsorption was observed
from 75 % to 92.67 % with the increase in Cr(VI) concentration from 0.5 mg/L to 2.0 mg/L and
then exhibited an opposite trend and finally reduced to 52.51 % with increase in Cr(VI)
concentration to 10 mg/L. Esmaeili et al (2010) reported about 91 % of Cr(Vi) removal from

aqueous solution by activated carbon prepared from marine algae. The Q. values were increased

115



Chapter — 5: Adsorption of Chromium(VI) on Activated Carbon

continuously with the increase of initial metal concentration from 2.0 mg/L to 10.0 mg/L and

reached 3.3 mg/g, 2.7 mg/g and 1.6 mg/g for AC-PA, AC-ZC and AC-PH, respectively.
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Figure 5.10. Effect of initial metal concentration on Cr(VI) adsorption by different ACs (a) AC-PA (b) AC-ZC and
(c) AC-PH (pH - 2.0, adsorbent dose — 3.0 g/1, contact time — 3.0 h and temperature — 30 °C)

Plots for percentage of Cr(VI) adsorption versus adsorption time by ACs prepared by
H3POy4, ZnCl,, and KOH activations were shown in Figures 5.11, 5.12 and 5.13, respectively. It
is evident from the figures that the equilibrium time is dependent on the adsorbate concentration
and it varied from 60 min to 210 min by varying initial metal concentration and type of

adsorbent.

AC prepared by H3;POj, activation (AC-PA) showed instantaneous adsorption of Cr(VI)
within first 30 min and then increased gradually till it became constant after 120 min. At 2 mg/L
and 10 mg/L initial metal concentrations, the percentages of Cr(VI) adsorbed were 98.6 % and
98.38 %, respectively over 180 min of contact time. No significant changes were evidenced in
percentage adsorption with the change in Cr(VI) concentration in the studied range (2.0 — 10.0
mg/L) using AC-PA. It can be attributed to the presence of even more unoccupied adsorption
sites on the surface of AC-PA. On the other hand, adsorption of Cr(VI) on AC-ZC and AC-PH
clearly followed the decreasing trend with the increase of metal concentration. The Cr(VI)
adsorption on AC-ZC and AC-PH reduced by 14.13 % and 40.16 % with the increase of metal
concentration from 2 mg/L to 10 mg/L, respectively. At lower initial metal concentrations,
sufficient adsorption sites are available for adsorption of Cr(VI) ions. At higher concentrations,

relatively less available sites induced reduction in adsorption of Cr(VI) on the AC surface.
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Similar results were reported by many authors using different types of adsorbents (Acharya et al.,
2009; Khezami and Capart, 2005). Hence Cr(VI) adsorption studies at higher concentrations (25
— 100 mg/L) were carried out by using AC-PA (Figure 5.14).

Adsorption is very fast at initial stages due to the high concentration gradient of adsorbate
in solution and in adsorbent and also due to the availability of more vacant adsorption sites on
the surface of adsorbent at the beginning. The adsorptive removal progressively increased with
time due to the limited mass transfer of the adsorbate molecules from liquid to the external
surface of AC, and reached equilibrium due to slower internal mass transfer within the adsorbent

particles (Acharya et al., 2009).
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Figure 5.11. Effect of initial metal concentration on the percentage adsorption of Cr(VI) by AC-PA (pH - 3.5,

adsorbent dose — 3.0 g/1, contact time — 3.0 h and temperature — 30 °C)
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Figure 5.12. Effect of initial metal concentration on the percentage adsorption of Cr(VI) by AC-ZC (pH - 2.0,

adsorbent dose — 3.0 g/1, contact time — 3.0 h and temperature — 30 °C)

The nature of adsorbent and available adsorption sites affect the rate of Cr(VI)
adsorption. The mechanism of solute transfer to the solid surface involves diffusion through the
fluid film around the adsorbent particle and diffusion through the pores to the internal adsorption
sites. In the initial stage the concentration gradient between the film and available pores being
large, the rate of Cr(VI) adsorption is faster. This rate decreases in the later stage primarily due

to the slow pore diffusion of the solute into the bulk of the adsorbent.

It is also observed that the rate of adsorption of Cr(VI) reduced gradually as initial metal
concentration rises from 2 mg/L to 10 mg/L. This can be clearly observed within 20 to 40 min

time interval in case of AC-PA.

In case of AC-ZC, much difference in rate of adsorption was observed within first 120
min and gradually reached its maximum (95.98 %) in 240 min whereas, significant difference
was observed in the Cr(VI) adsorption percentage in case of AC-PH throughout the studied range

of contact time.
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Figure 5.13. Effect of initial metal concentration on the percentage adsorption of Cr(VI) by AC-PH (pH - 2.0,

adsorbent dose — 3.0 g/1, contact time — 3.0 h and temperature — 30 °C)
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Figure 5.14. Adsorption trends of AC-PA at high initial Cr(VI) concentrations (pH — 3.5, adsorbent dose — 3.0 g/l,

contact time — 3.0 h and temperature — 30 °C)
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5.1.4. Effect of Temperature

Effect of temperature on Cr(VI) adsorption on AC-PA, AC-ZC, and AC-PH was shown
in Figure 5.15. Experiments were performed in the temperature range 20 — 50 °C at constant
Cr(VI) concentration (10.0 mg/L), adsorbent dose (3.0 g/L), contact time (3.0 h) and pH (3.5 for
AC- PA and 2.0 for AC-ZC and AC-PH). Adsorption of Cr(VI) on all the adsorbents witnessed
the increase in adsorption percentage and adsorption capacity (Q.) from 20 °C to 30 °C and no

significant change with further increase of temperature.
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Figure 5.15. Effect of temperature on Cr(VI) adsorption by different ACs (a) AC-PA (b) AC-ZC and (c) AC-PH
(pH-3.5 for AC-PA and 2.0 for AC-ZC and AC-PH, Cr(VI) concentration — 10.0 mg/L, adsorbent dose — 3.0 g/L,

and contact time — 3.0 h)

The rate of adsorption on AC-PA at different temperatures is illustrated in Figure 5.16.
The figure represents high rate of adsorption at 50 °C. However low rate of Cr(VI) adsorption
was observed at 20 °C within studied range of time. A rapid increase in adsorption was observed
initially (within 60 min) at different temperatures and then a gradual increase was observed. The
adsorption of Cr(VI) on AC-PA, AC-ZC, and AC-PH increased from 78.78 to 98.54 %, 75.55 to
98.36 %, and 38.53 to 58.26 %, respectively with the rise in temperature from 20 to 50 °C
(Figures 5.16, 5.17 and 5.18, respectively).

The increase in percentage adsorption of Cr(VI) by prepared ACs indicates an
endothermic process. At higher temperatures the rate of diffusion of solute within the pores of
the adsorbent increases since diffusion is an endothermic process. Thus, the percentage
adsorption of Cr(VI) increases as the rate of diffusion of Cr(VI) ions in the external mass
transport process increases with temperature (Meena et al., 2008). The high percentage
adsorption of Cr(VI) in case of AC-PA may be due to the high diffusion rate of Cr(VI) ions into
the pores as the surface area and pore volume of the adsorbent were large compared to the other
two types (Ref. Table in chapter 4 ). Moreover, at low temperatures the kinetic energy of Cr(VI)
species is low and hence contact between the metal ions and the active sites of AC is insufficient,

resulting in reduced adsorption efficiency. Increased adsorption with temperature may also be
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due to the increase in number of adsorption sites generated as a result of breaking of some
internal bonds near edge of active surface sites of adsorbent (Pandey et al., 1986). In case of AC-
PA and AC-ZC, the change in percentage adsorption is negligible at higher temperatures (> 30
°C) whereas, AC-PH displayed different adsorption percentages at different temperatures.
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Figure 5.16. Effect of temperature on percentage removal of Cr(VI) by AC-PA (pH - 3.5, Cr(VI) concentration —
10.0 mg/L, adsorbent dose — 3.0 g/L, and contact time — 3.0 h)
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Figure 5.17. Effect of temperature on percentage removal of Cr(VI) by AC-ZC (pH - 2.0, Cr(VI) concentration —
10.0 mg/L, adsorbent dose — 3.0 g/L, and contact time — 3.0 h)
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Figure 5.18. Effect of temperature on percentage removal of Cr(VI) by AC-ZC (pH - 2.0, Cr(VI) concentration —
10.0 mg/L, adsorbent dose — 3.0 g/L, and contact time — 3.0 h)
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5.2. Adsorption Equilibrium Study

The successful representation of the dynamic adsorptive separation of solute from
solution by an adsorbent depends upon a good description of the equilibrium between the two
phases. Adsorption equilibrium is established when the amount of solute being adsorbed onto the
adsorbent is equal to the amount being desorbed (Allen et al., 2003). The equilibrium adsorption
isotherms were depicted by plotting solid phase concentration (g.) against liquid phase

concentration (C.) of solute.
5.2.1. Langmuir Isotherm

Adsorption isotherm explains the interaction between adsorbate and adsorbent and is
critical for design of adsorption process. The Langmuir, Freundlich, Temkin, and D-R isotherms
are the most frequently used models to describe the experimental data of adsorption. In the
present work these four isotherms were applied to investigate the adsorption process of Cr(VI)

on prepared ACs at different conditions of process parameters.

The Langmuir isotherm is applicable to homogeneous sorption where the sorption of each
sorbate molecule on to the surface has equal sorption activation energy and is represented as
follows (Dubinin and Radushkevich, 1947; Choy et al., 2000):

_ K1.Ce
e 1+aCe

(5.1

where ¢, is the solid phase sorbate concentration at equilibrium, K and ar are the Langmuir

isotherm constants.

The linear form of Langmuir equation is given as

C_ezi_}_ﬂce (5'2)

qe Kp  Kp

The adsorption data were analyzed according to the linear form of equation (equation
5.2). The plots of C/g. versus C. are linear which indicate that the adsorption data fitted
reasonably to the Langmuir isotherm (Figure 5.19). The constants were evaluated from the slope
ar/Ky. and intercept 1/Ki, where Ki/a; gives the theoretical monolayer saturation capacity Q..
The Langmuir constants obtained for all the three adsorbents are summarized in Table 5.1. The

negative value of a;. obtained for AC-PA indicates the inefficiency of Langmuir model to explain
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the adsorption process. The adsorption data of other two adsorbents (AC-ZC and AC-PH) were
well fitted to the Langmuir equation with reasonably high regression coefficients. The essential
characteristics of Langmuir isotherm can be explained in terms of a dimensionless constant,

separation factor (Ryr), which is represented as

R, = — (5.3)

- 1+arC;

where, C; and ai are the initial concentration and constant related to the affinity of binding sites
with the metal ions, respectively. The value of Ry, a positive number (0 < Ry < 1), signifies the

feasibility of the adsorption process for all developed ACs.
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Figure 5.19. Langmuir isotherms of different ACs for the Cr(VI) adsorption data at 30 °C
5.2.2. Freundlich Isotherm

The most important multisite or multilayer adsorption isotherm for heterogeneous
surfaces is the Freundlich isotherm which is characterized by the heterogeneity factor 1/n, and is

represented by the equation:

= K.c./n 5.3
Qe FYe ()
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where, ge is the solid phase concentration in equilibrium, C. is the liquid phase sorbent
concentration at equilibrium, K is the Freundlich constant and 1/n is the heterogeneity factor.
The magnitude of n gives an indication on the favorability of adsorption. It is generally stated
that the values of n in the range 2 — 10 represent good, 1 — 2 moderately good, and less than 1
poor adsorption characteristics (Aksu and Kutsal, 1991). The Freundlich isotherm is an empirical
equation based on an exponential distribution of adsorption sites and energies. The linear form of

Freundlich equation is:
Ing, = InK; +-InC, (5.4)

where, the intercept In Kr is a measure of adsorption capacity, and the slope 1/n is the adsorption

intensity.

The values of Kr and n were calculated from the intercept and slope of the plots In g
against In C. (Figure 5.20). The Freundlich isotherm describes reversible adsorption and was not
restricted to the formation of monolayer. The isotherms were found to be linear as evidenced
from correlation coefficients obtained in the range of 0.963 — 0.996. The Freundlich isotherm
showed a better fit to the adsorption data than Langmuir isotherm suggesting heterogeneous
nature of the ACs. Freundlich sorption isotherm constants were determined for all the ACs and
are summarized in Table 5.1. The steepness and curvature of isotherms were obtained from the
values of Kr and n (Akgerman and Zardkoohi, 1996). The value of K signifies the adsorption
intensity and higher Kr value of AC-PA confirmed the higher adsorption capacity for Cr(VI) as
compared to other ACs i.e. AC-ZC and AC-PH. The obtained Kr and n values of AC-PA are
4.07 and 5.1, respectively.
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Figure 5.20. Freundlich isotherms of different ACs for the Cr(VI) adsorption data at 30 °C

5.2.3. Temkin Isotherm

Temkin isotherm model contains a parameter that explicitly accounts for the interaction
of adsorbent and adsorbate species. It is based on the assumption that the heat of adsorption of all
the molecules in the layer diminishes linearly with coverage which is attributed to adsorbate —
adsorbate repulsions. It also assumes that adsorption is due to uniform distribution of binding
energy. Contrary to Freundlich model, it assumes that fall in heat of adsorption is linear rather

than logarithmic. The Temkin equation can be given as (Temkin and Pyzhev, 1940):
qe = BT ln AT + BTln Ce (5.5)

where, Br = RT/b, T (K) is the absolute temperature; R is the universal gas constant (8.314 J/K
mol); Ar (L/mg) is the equilibrium binding constant that corresponds to the maximum binding
energy; Br is related to the heat of adsorption; and ¢. and C. are the amount of adsorbate
adsorbed per unit weight of adsorbent and equilibrium concentration of adsorbate remained in
solution, respectively. The Temkin isotherm parameters were obtained by plotting g. versus In Ce
shown in Figure 5.21. The positive values (Table 5.1) of adsorption energy (Br) obtained

indicate that the process is exothermic, which is contrary to the obtained results. The low R?
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values obtained (0.916, 0.974 and 0.881 for AC-PA, AC-ZC and AC-PH, respectively) suggest

that the adsorption data does not follow the Temkin isotherm.
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Figure 5.21. Temkin isotherms of different ACs for the Cr(VI) adsorption data at 30 °C

5.2.4. Dubinin — Radushkevich Isotherm

The linear form of Dubinin — Radushkevich (DR) isotherm equation is presented as (Igwe

and Abia, 2007):
Ing, =Inqp — 2BpRT In(1 + 1/C,) (5.6)

A plot of In g. against RT In (14+1/C.) shown in Figure 5.22 yielded straight lines and
indicates a good fit of the isotherm to the experimental data. The apparent energy (E) of

adsorption from DR isotherm model can be estimated using the equation given below.

1

J2Bp

E = (5.7)

The DR isotherm constants and mean free energy were presented in Table 5.1. It was
found that the DR isotherm model gives a satisfactory fit for Cr(VI) adsorption data irrespective

of type of AC with high regression coefficients (0.999 for AC-PA, 0.994 for AC-ZC, and 0.969

for AC-PH). The magnitude of the activation energy can be used to determine the type of
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adsorption process. Although it is not well supported to determine the rate controlling step from
activation energy, the simplicity makes it easy to have a general insight into the undergoing
process. If the value of E < 8 kJ/mol, the adsorption type can be explained by physisorption, and
if £ is in the range of 8 — 18 kJ/mol then the adsorption type is ion exchange (Maji et al., 2007).
And also the process is classified as film-diffusion-controlled when E < 16 kJ/mol, particle-
diffusion-controlled when E is 21 — 38 kJ/mol, and chemical-reaction-controlled when £ > 50
kJ/mol (Boyd and Soldano, 1953; Helfferich, 1962; Swami and Dreisinger, 1995). The low
values of apparent energies obtained for all the samples ranging from 0.037 — 0.05 kJ/mol
confirms that the adsorption of Cr(VI) on prepared ACs is physical adsorption (Horsfall Jnr et
al., 2004).
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Figure 5.22. Dubinin — Radushkevich isotherms of different ACs for the Cr(VI) adsorption data at 30 °C
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Table 5.1. Langmuir, Freundlich, Temkin and D-R isotherm constants for the Cr(VI) adsorption on different

prepared activated carbon samples

Isotherm parameters AC-PA AC-ZC AC-PH
Langmuir

Ky (L/g) 4.65 8.20 2.35
ar (L/mol) -4.63 1.92 1.13
Q, (mg/g) 1.01 4.27 2.07
R, 0.02 0.05 0.08
R’ 0.981 0.960 0.937
Freundlich

K¢ [(mol/g)(mol/L)"] 4.07 2.95 1.06
1/n 0.196 0.602 0.315
R’ 0.996 0.965 0.963
Temkin

Br 3.71 0.92 0.34
At (L/mg) 12.96 20.20 29.91
R’ 0.916 0.974 0.881
Dubinin - Radushkevich

B X 10 (1/(J/mol)®) 2.0 2.5 3.5
gp (mg/g) 1.47 2.37 4.75
E (J/mol) 30.15 57.74 70.71
R’ 0.995 0.979 0.969

5.3. Adsorption Kinetic Study

Adsorption kinetic study is important in determining the efficiency of adsorption. Kinetic
models have been exploited to test the experimental data and to determine the mechanism of
adsorption and its potential rate-controlling step that include mass transfer and chemical reaction.
Adsorption kinetics expressed as the solute removal rate that controls the residence time of the
sorbate in solid-solution interface. These models include pseudo-first order and pseudo-second

order models, and particle diffusion and film diffusion models.
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5.3.1. Pseudo-First-Order Kinetic Model

Lagergren proposed a pseudo-first-order kinetic model. This model was successfully
applied to describe the kinetics of many adsorption systems. The integral form of the model

equation expressed as follows (Ho, 2004):

k
log(ge — q¢) =logqe ———t (5.8)

2.303

where, g. and ¢; (mg/g) are the amount of Cr(VI) that was adsorbed at the equilibrium and at
time ¢ (min), respectively and k; (1/min) is the rate constant. The values of k; and g. were
calculated from the slopes and intercepts of log (ge — ¢:) against the ¢ plots and were presented in
Table 5.2. The pseudo first order plots of Cr(VI) adsorption on AC-PA, AC-ZC and AC-PH are
shown in Figures 5.23, 5.24 and 5.25, respectively. The lower correlation coefficients obtained
suggest that the adsorption of Cr(VI) on prepared activated carbons does not follow the pseudo
first order kinetics. Pseudo-first order kinetic model does not comply with the kinetic data which
can be attributed to the control of boundary layer over Cr(VI) adsorption at the initial stages

(Boudrahem et al., 2009).
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Figure 5.23. Pseudo first order plots for adsorption of Cr(VI) on AC-PA
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Figure 5.24. Pseudo first order plots for adsorption of Cr(VI) on AC-ZC
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Figure 5.25. Pseudo first order plots for adsorption of Cr(VI) on AC-PH
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5.3.2. Pseudo-Second-Order Kinetic Model

The adsorption kinetics may also be described by a pseudo-second-order kinetic model

(Ho, 2006 a, b). The linearized integral form of the model is represented as

t 1

1
= —t 5.9
qc  k2q% + de (5.9)

where, g. and ¢; (mg/g) are the amount of Cr(VI) that was adsorbed at the equilibrium and at
time ¢ (min), respectively and k; is the pseudo-second-order rate constant of adsorption (g/mg
min). The initial adsorption rate, & (k»g.”), has been widely used for evaluation of the adsorption
rates (Ho and Mckay, 1998, 1999; Ho, 2000). This model is based on the assumption that the rate
of occupation of adsorption sites is proportional to the square of number of unoccupied sites

(Karthikeyan et al., 2007; Sag and Aktay, 2002).

From the slopes and intercepts of the linear plots obtained by plotting #/q; versus ¢, the
values of the pseudo-second-order rate constants g. and k, were calculated and given in Table
5.3. The pseudo second order plots of AC-PA, AC-ZC and AC-PH were shown in Figures 5.26,
5.27 and 5.28, respectively. For all the three types of ACs the results showed a very good
compliance with the pseudo-second-order equation with high regression coefficients. The
regression (R) values obtained are very close to unity and the adequate fitting of the plots
confirmed that the adsorption of Cr(VI) by the prepared ACs followed pseudo second order
kinetics. The values of 4 followed the trend AC-PA > AC-ZC > AC-PH indicating that AC-PA
adsorbs Cr(VI) more rapidly than AC-ZC and AC-PH.
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Figure 5.26. Pseudo second order plots for adsorption of Cr(VI) on AC-PA
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Figure 5.27. Pseudo second order plots for adsorption of Cr(VI) on AC-ZC
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Figure 5.28. Pseudo second order plots for adsorption of Cr(VI) on AC-PH
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Table 5.2. Pseudo first order parameters for the adsorption of Cr(VI) on different prepared ACs

AC-PA AC-ZC AC-PH
pH
K (1/min) g. (mg/g) R? K (1/min) g. (mg/g) R? K (1/min) g. (mg/g) R?
2.0 0.032 3.119 0.997 0.023 2.559 0.948 0.014 2.600 0.875
3.5 0.029 2.897 0.992 0.023 1.820 0.984 0.009 0.879 0.875
5.0 0.039 3.758 0.986 0.014 10.162 0.843 0.012 0.668 0.961
6.8 0.014 2.084 0.964 0.007 3.412 0.823 0.014 0.767 0.948
Table 5.3. Pseudo second order parameters for the adsorption of Cr(VI) on different prepared AC samples
AC-PA AC-ZC AC-PH
PH (K, (g/mg q.(mg/g) h(mg/lg R°  Quexp) |K:»(g/mg g.(mg/g) h(mglg R Qcexp) [K> (g/mg g.(mg/g)  h(mglg R Quexp)
min) min) min) min) min) min)
2.0 0.011 3.817 0.16 0.996 33 0.010 2.801 0.08 0.993 2.8 0.005 2.257 0.025 0.925 1.8
3.5 0.011 3.717 0.15 0.997 32 0.016 2.288 0.08 0.997 2.0 0.021 0.795 0.013 0.971 0.7
5.0 0.010 3.610 0.13 0.995 3.1 0.023 1.923 0.08 0.986 1.8 0.019 0.716 0.009 0.991 0.6
6.8 0.012 2.907 0.10 0.997 2.5 0.046 0.976 0.04 0.986 1.1 0.012 0.737 0.006 0.971 0.5
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5.4. Adsorption Mechanism

It is always important to predict the rate limiting step in an adsorption process to
understand the mechanism associated with the phenomena. For a solid-liquid adsorption process,
the solute transfer is usually characterized by either external mass transfer or intraparticle
diffusion or both. Generally three types of mechanisms are involved in the adsorption process,

mentioned as follows (Chingombe et al., 2006).

1. Metal ion from the bulk liquid to the liquid film or boundary layer surrounding the
adsorbent.

2. Transport of solute ions from the boundary film to the external surface of the adsorbent
(film diffusion).

3. Transfer of ions from the surface to the intra-particular active sites (particle diffusion).

4. Adsorption of ions by the active sites of adsorbent.

Because the first step is not involved with adsorbent and the fourth step is a very rapid
process, they do not belong to the rate controlling steps. Therefore, the rate controlling steps

mainly depend on either film diffusion or particle diffusion.
5.4.1. Intra-Particle Diffusion

Weber and Morris model is a widely used intra-particle diffusion model to predict the
rate controlling step (Weber and Morris, 1963; Wang et al., 2010). When mass transfer is the
controlling step, it is important to identify the diffusion mechanism. According to intra-particle

diffusion model, the initial rate of diffusion is given by the following equation:
q = k; t'/? (5.10)

where, g (mg/g) is the amount adsorbed at time ¢, kiq is the rate constant of intra-particle diffusion

172 172 172

and " (min ) is the square root of time. The values of kiq (mg/g min"") were determined from

the slopes of respective plots of g versus "%,

The plots of ¢, against 1 at different pH values showed multi-linearity characterizations
with two steps occurred in the adsorption process (Wu et al., 2005) and are shown in Figures
5.29, 5.30 and 5.31 for AC-PA, AC-ZC and AC-PH, respectively. The initial steep portion is due

to the instantaneous adsorption on the external surface and the second step is the gradual
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adsorption stage, where intra-particle diffusion is rate controlling (Cheung et al., 2007). The
larger slopes of the initial steep sections indicate that the rate of Cr(VI) adsorption is higher in
the beginning due to the instantaneous availability of larger surface area and adsorption sites.
The lower slopes of the second subdued portions are due to the decreased concentration gradient
which make the diffusion of Cr(VI) ions into the micropores of the adsorbent. The obvious two
steps of the process suggested that the intra-particle diffusion is not only the rate controlling step
for the adsorption of Cr(VI) (Ho and Ofomaja, 2005). As the pH shifts to more acidic, the slopes
of the plots increased confirming the higher Cr(VI) adsorption at acidic pH. The calculated
values of rate constants (kiq) and regression coefficients (R*) were presented in Table 5.4. It was
observed that the kig values continuously decreased with the increase in pH and the maximum
values were obtained for AC-PA at pH 2.0. The higher values of kg (Table 5.4) for all ACs
corresponded to the lower values of k, (Table 5.3), indicating that the intra-particle diffusion
retards the adsorption process. This also indicates that in all cases, the adsorption of Cr(VI) is

rather complex and involves more than one diffusive mechanism.
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Figure 5.29. Intra-particle diffusion model for the adsorption of Cr(VI) on AC-PA
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Figure 5.30. Intra-particle diffusion model for the adsorption of Cr(VI) on AC-ZC
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Figure 5.31. Intra-particle diffusion model for the adsorption of Cr(VI) on AC-PH
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Table 5.4. Intra-particle diffusion model parameters for adsorption of Cr(VI) on prepared AC samples

AC-PA AC-ZC AC-PH
pi K (mg/gmin™) R Kia (mg/g min') R Kia(mg/gmin') R
2.0 0.373 0.966 0.256 0.919 0.099 0.968
3.5 0.350 0.977 0.188 0.943 0.039 0.943
5.0 0.332 0.965 0.154 0.601 0.032 0.931
6.8 0.251 0.739 0.082 0.515 0.019 0.956

5.4.2. Boyd Model

Due to the double nature of intra-particle diffusion (both film and pore diffusion), and in
order to determine the actual rate-controlling step involved in the Cr(VI) adsorption, the kinetic
data were further analyzed by using Boyd model. Boyd kinetic equation (Boyd et al., 1947) is

represented as
F = Zexp (—Bt) (5.11)
and

_a
F=1 (5.12)

where, g. is the amount of Cr(VI) adsorbed at equilibrium (mg/g) and g represents the amount of
Cr(VI) adsorbed at any time ¢ (min), F represents the fraction of solute adsorbed at any time 7,

and Bt is the mathematical function of F. Equation (XI) can be rearranged by taking as:
Bt = —-0.4977 —In (1 —F) (5.13)

The plot of [-0.4977 — In (1 — F)] against ¢ was employed to test the linearity of the
experimental data. The linearity of these plots is employed to distinguish between external
transport and intra-particle transport controlled rates of adsorption of Cr(VI) (Wang et al., 2000).
A straight line passing through the origin is an indicative of adsorption processes governed by
particle diffusion mechanisms; otherwise they are governed by film diffusion (Mohan and Singh,
2002). The model plots for Cr(VI) adsorption for all the three samples are shown in Figures 5.32,
5.33 and 5.34, respectively.
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The diffusion coefficient D; (m*/g) is calculated from the B values using the relationship:

B— (5.14)

where, D; is the effective diffusion coefficient of solute in the adsorbent phase and r is the radius

of the adsorbent particles.

The Boyd plots of the adsorbents for Cr(VI) adsorption data are neither linear nor passes
through the origin. This indicates that, for all the adsorbents film diffusion is the rate-limiting
step for the adsorption of Cr(VI). The R* and D; values calculated were presented in Table 5.5.

Similar results were obtained by other authors in various studies (El-Kamash et al., 2005; and
Wang et al, 2006).
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Figure 5.32. Boyd model for the adsorption of Cr(VI) on AC-PA
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Figure 5.33. Boyd model for the adsorption of Cr(VI) on AC-ZC
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Figure 5.34. Boyd model for the adsorption of Cr(VI) on AC-PH
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Table 5.5. Boyd model parameters for the adsorption of Cr(VI) on prepared AC samples

AC-PA AC-ZC AC-PH

pH B D;X10° R? B D;X10° R* B D;X10" R?
(m*/g) (m*/g) (m*/g)

2.0 0.028  2.835 0.965 0.019 1.924 0.912 0.006  6.074 0.960

3.5 0.026  2.632 0.962 0.022 2223 0.905 0.005  5.062 0.936

5.0 0.032  3.240 0.935 0.011 1.114 0.931 0.01 0.101 0.940

7.0 0.012 1215 0.900 0.012 1.215 0.928 0.009  9.112 0.850

5.5. Adsorption Thermodynamic Study

The nature of the adsorption of Cr(VI) on the prepared ACs was predicted by estimating
the thermodynamic parameters. The changes in thermodynamic parameters such as free energy
(AG®), enthalpy (AH®) and entropy (AS°) were evaluated from the following equations (Tan et al.,
1993; Dwivedi et al., 2008):

AG® = —RT In K, (5.15)

where, K. is the equilibrium constant and calculated as

K, = e (5.16)

Ce

Cae (mg/g) and C. (mg/L) are the equilibrium concentrations for solute on the adsorbent and in
the solution, respectively. The K. values were used to determine the AG®°, AH® and AS°. The K,

expressed in terms of the AH® (kJ/mol) and AS® (kJ/mol) as a function of temperature:

In K, =25+ 25 (5.17)

AH’ and AS° were obtained from the slopes and intercepts of the plots of In K, against 1/ shown
in Figure 5.35. The free energy change (AG®) indicates the degree of spontaneity of the
adsorption process and the higher negative value reflects a more energetically favorable
adsorption. The increase in negative value of AG® with increase of temperature showed that the
adsorption of Cr(VI) on prepared AC samples increased with the rise in temperature. The

positive values of AH® shown in Table 5.6 confirmed the endothermic nature of the adsorbents
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for Cr(VI) adsorption in the studied range 20 — 50 °C. The positive values of AS° confirmed the
randomness of the adsorption process and it followed the order AC-PA > AC-ZC > AC-PH.
Other workers have also been reported similar results for the adsorption of Cr(VI) (Romero-

Gonzalez et al., 2005; Oguz, 2005).
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Figure 5.35. Plot of In K, vs. 1/T for adsorption of Cr(VI) on prepared AC samples

Table 5.6. Thermoduynamic parameters for adsorption of Cr(VI) on AC samples.

AG® (kJ/mol)
AC type AH’ (kJ/mol)  AS° (kJ/mol)
20 °C 30°C 40 °C 50 °C
AC-PA -3.39 -10.35 -11.61 -12.03 117.99 0.42
AC-ZC -2.89 -5.45 -10.77 -11.41 112.1 0.39
AC-PH 1.28 -0.15 -0.78 -1.20 31.39 0.10

5.6. Role of Surface Chemistry

The FTIR analysis of H;PO, activated carbon (AC-PA) before and after adsorption of
Cr(VI) was carried out to predict the role of surface groups in Cr(VI) adsorption. The spectra of
AC-PA was measured within 400 — 4000 cm’. The functional groups and their respective
frequency ranges are summarized in Table. 5.7.
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The FTIR spectrum of AC-PA before and after adsorption of Cr(VI) was shown in Figure
5.36. The peak observed at 3777 — 3707 cm™ was due to free hydroxyl groups or surface bonded
water (Tangjuank et al., 2009). The bands observed at 3313 cm™ suggest the presence of amine
groups. The peaks at 2930 — 2898 cm™ indicate the presence of C — H stretching vibrations of
methyl group (Farinella et al., 2007). The peaks at 1585 cm™ may be attributed to the presence of
ketone (C=0) groups. The absorption at 1165 cm™ can be ascribed to —CN stretching and
absorption 682 cm™ (< 1000 cm™) represents ‘fingerprint’ region which is mainly due to the
presence of phosphate groups. These results agree with the surface chemistry of other
agricultural by-products such as peach stones (Arriagada et al., 1997), pistachio nut shell (Yang
and Lua, 2006) and cashew nut shell (Tangjuank et al., 2009).

After Cr(VI) loading, the band at 3313 cmshifted to 3321 cm. The shorted peaks at
2930 cm™ and 2898 cm™' disappeared which was attributed to change in nature of binding after
interaction with Cr(VI) ions. Besides, the peak corresponding to ketone group was shortened
after adsorption of Cr(VI). From the FTIR analysis, it can be confirmed that the surface
functional groups such as N-H and C-H stretchings played very important role in Cr(VI)
adsorption. Though, the major percentage of Cr(VI) adsorption was took place by physical
adsorption, the surface functional groups have their own importance to drive the Cr(VI) ions to

adsorption sites present on the adsorbent.

Table 5.7. Various functional groups found for AC-PA and their frequency ranges

Group frequency (cm™) Functional group

Free OH groups
3770
3360 - 3310 N-H stretch (Amines)
2935 -2915 C-H stretch (Methylene)
2900 - 2880 C-H stretch (Methyne)
2360 - 2330 C=N stretch (Nitrile)
1650 - 1550 N-H bend (Amines)
1190 - 1130 C-N stretch (Amines)
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Figure 5.36. Determination of surface functional groups of AC-PA by FTIR (a) before adsorption and (b) after

adsorption
5.7. Energy Dispersive X-ray spectroscopy (EDX)

Natural adsorbents bear many oxygen surface groups such as carboxyl, carbonyl, ethers,

quinines, lactones and phenols (Serrano et al., 2004).

Energy dispersive X-ray spectroscopy (EDX) data of the three ACs before and after
Cr(VI) adsorption was presented in Figure 5.37. In all the three cases, EDX of the ACs before
adsorption of Cr(VI) contain the elements P, Zn and K which are incorporated by chemical
activation of H3;PO4, ZnCl, and KOH, respectively. After adsorption, EDX analysis of all
samples contains Cr peaks with varying height (percentage). The high adsorption efficiency of
AC-PA for Cr(V]) can also be confirmed by observing the EDX profiles of all ACs.
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Figure 5.37. EDX analysis of (a) AC-PA, (b) AC-ZC and (c) AC-PH (a.1 is before adsorption and a.2 is after

adsorption)
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5.8. Comparison and Regeneration

Adsorption by activated carbon (AC) is widely used technology for the removal of
pollutants in waste water treatment. The economy of the technology greatly depends on the reuse
of AC. Various regeneration techniques such as thermal regeneration, chemical regeneration and
wet air oxidation are well established (Leng and Pinto, 1996; Torrents et al., 1997; Hu et al.,
2003). On the other hand, thermal regeneration process needs to maintain temperature as high as
800 °C, which leads to high energy consumption. It typically involves some loss of carbon and
some changes in adsorption characteristics of carbon itself caused due to the enlargement of
pores during reactivation process. Regeneration by wet air oxidation requires high pressure
oxygen (0.1 — 1.0 MPa) that limits its application. An alternative technique is that of chemical
regeneration in which chemical reagents are used for the regeneration of exhausted carbon. The
advantages of this process include (1) performance at room temperature (2) requires less energy
(3) no additional pressure and (4) the used chemical can be recovered. The prepared activated
carbon by H3;PO, activation was compared with the commercially available AC for Cr(VI)
removal from aqueous phase. In the present study, granular activated carbon exhausted with

Cr(VI) was regenerated by using hot water and mild acid (H,SOy).
5.8.1. Porous Characteristics
5.8.1.1. N> Adsorption — Desorption Isotherms

The N, adsorption-desorption isotherms of CAC and AC prepared by H3PO, activation at
optimum conditions were shown in Figure 5.38. AC prepared by H3PO, activation shows high
adsorption capacity for N, gas which indicates the high surface area and pore volume compared
to others. The shape of the isotherms clearly indicates that both the samples are rich in

micropores including CAC.

149



Chapter — 5: Adsorption of Chromium(VI) on Activated Carbon

400 -

350

300

250

200

150

Volume of N, (cc/g)

100

50

O T T T T 1

0 0.2 0.4 0.6 0.8 1
P/P,

Figure 5.38. N, adsorption desorption isotherms of AC-PA and CAC

The surface area and pore volume of the optimized ACs prepared by different chemical
activations and CAC were illustrated in Table 5.8. The surface area and pore volume are high in
case of AC prepared by H3;PO, activation and are low in case of AC prepared by KOH

activation.

The micropore characteristics such as micropore surface area and micropore volume of
all the prepared samples at optimum conditions were compared with CAC in Figure 7.3. The
contribution of micropores to the total surface area and pore volume is very high and the H;PO4
activation results in evolution of more micropores compared to the other activating agents. The
surface characteristics of the AC-PA were compared with the CAC and proximate and ultimate
analyses were presented in Table 5.9. Different other parameters of ACs were compared in Table

5.10.

Activated carbons, unless preserved in air tight containers, are prone to adsorb moisture
from air. The amount of moisture present in prepared ACs depends on various porous
characteristics such as surface area and pore volume. Generally, ACs with high surface areas
adsorb more moisture when exposed to air. Ash content is the inorganic constituent in carbon
that leads to increase in hydrophilic nature and can cause catalytic effects resulting in
restructuring during regeneration of AC. Ash content below 2 % is considered to be a superior

property of AC. High carbon content in ACs is desirable. The carbon content of AC-PA was
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determined as 74.45 % whereas AC-ZC has higher carbon content (83.20 %) than AC-PA. The

high oxygen and hydrogen contents in AC-PA were attributed to the H3PO,4 impregnation. No

significant variation was observed in the yield of AC prepared by different chemical activations.

Iodine number and methylene blue numbers are approximate methods for estimating the

microporosity and mesoporosity in ACs. Iodine number is obviously high in case of AC-PA due

to high micropore surface area and micropore volume.

Table 5.8. Comparison of surface characteristics of ACs

Sample St (m2/ 2) Vr (cc/g) Smi (m2/ 2) Vi (cc/g) Daye (nm) (Vmi/V1) X 100
AC-PA 1657 0.58 1625 0.57 1.68 98
AC-ZC 1488 0.53 1339 0.48 1.69 91
AC-PH 937 0.34 924 0.32 1.54 97
CAC 957 0.43 503 0.26 2.47 61
Table 5.9. Proximate and ultimate analyses of prepared ACs and CAC

Proximate analysis (%) Ultimate analysis (%)

Sample
Moisture  Volatiles  Fixed carbon  Ash C H N S (0]
AC-PA 9.35 21.02 72.29 0.85 74.45 4.11 044 0.01 2099
AC-ZC 7.84 15.57 76.13 0.52 83.20 3.26 0.89 0.01 12.64
AC-PH 9.12 15.48 72.51 2.24 76.56 3.94 0.67 0.00 18.83
CAC 6.11 28.73 61.04 0.58 66.21 0.40 2.10 0.00 31.29
Table 5.10. Comparison of other properties of prepared ACs with CAC

Property AC-PA AC-ZC AC-PH CAC
Yield (%) 76.82 75.14 73.52 -
Bulk density (g/cc) 1.66 1.72 1.77 1.62
Iodine no (mg/g) 1584 1322 857 871
Methylene blue no (mg/g) 480 402 315 333
IEP 4.2 2.0 1.3 1.6
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5.8.2. Chromium(VI) Adsorption

Activated carbon prepared at optimum conditions by phosphoric acid (H3POjy) activations
was compared with the commercial activated carbon (CAC) for removal of Cr(VI) from aqueous
phase. Commercial activated carbon was applied for the hexavalent chromium removal from
aqueous solution for comparison studies. The batch experimentation was carried out at optimum
conditions which are different for different types of activated carbon samples used. Figure 5.39
shows that the removal percentage of Cr(VI) is more in the case of AC-PA. This is due to the
high surface area and pore volume of AC-PA than CAC. The experiments were conducted at
optimum conditions for AC-PA (pH - 3.5, Cr(VI) concentration — 10.0 mg/L, adsorbent dose —
3.0 g/L and temperature — 30 °C ) and for CAC (pH - 2.0, Cr(VI) concentration — 10.0 mg/L,
adsorbent dose — 3.0 g/L and temperature — 30 °C).
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Figure 5.39. Comparison of AC-PA and CAC for Cr(VI) removal efficiency

The adsorption capacities of activated carbons prepared from various precursors were

compared in Table 5.11.
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Table 5.11. Comparison of Cr(VI) adsorption capacities of activated carbons prepared from different precursors

AC precursor pH Initial Cr(VI) Adsorption Source
concentration (mg/L)  capacity (mg/g)
Used Tyres 2.0 60 48.1 Hamadi et al., 2001
Leaf mould 2.0 1000 43.10 Sharma and Forster, 1994
Beech sawdust 1.0 200 16.10 Acar and Malkoc, 2004
Palm shell 3.0-4.0 200 12.6 Owlad et al., 2010
Hazelnut shell 2.0 30 17.7 Cimino et al., 2000
Tamarind hull 2.0 25-75 45.95 Verma et al., 2006
Olive cake 2.0 100 334 Dakiky et al., 2002
Tarminalia Arjuna nuts 1.0 30 28.4 Mohanty et al., 2005
Hevea brasiliensis sawdust 2.0 - 44.1 Karthikeyan et al., 2005
Peanut shell 2.0 50 8.31 AL-Othman et al., 2012
Tamarind wood 1.0 50 28.02 Acharya et al., 2009
Wheat bran 3.0 15 0.94 Nameni et al., 2008
Sunflower waste 2.0 250 53.76 Jain et al., 2010
Oak wood 2.0 1-100 4.93
Mohan et al., 2011

Oak bark 2.0 1-100 7.51
Coconut shell 4.0 25 10.88 Babel and Kurniawan, 2000

2.5 - 20.0 Alaerts et al., 1989

3.0-4.0 120 6.0 Selomulya et al., 1999

2.0 50 5.95 Tang et al., 2009

Coconut coir 1.5-2.0 20-60 38.5 Chaudhuri and Azizan,
2010

Bael Fruit shell 2.0 100 98.6 Present Study

5.0 100 76.4 Present Study

5.8.3. Regeneration of Spent AC

The spent activated carbon which contains Cr(VI) is unsafe for disposal due to stringent

environmental regulations. Hence it is important to propose a methodology to regenerate and

reuse the adsorbent so as to reduce the environmental load.

After adsorption of Cr(VI) from aqueous solution, the spent carbon was regenerated by

various methods. The regeneration studies explored briefly only for AC-PA as it has more
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Cr(VI) removal capacity compared to the other carbons. Thermal regeneration methods were not
adopted as the activated carbon used for the adsorption study was prepared at low carbonization
temperatures. And the regeneration of AC at high temperatures (700 — 900 °C) may cause the
destruction of microporous network developed internally and hence the efficiency of AC might
be decreased for Cr(VI) adsorption. In addition to the destruction of porosity, high temperature

treatment results in carbon loss due to gasification.

In the present investigation, AC prepared from Bael fruit shell is used for Cr(VI) removal
at varying initial concentration (2.0 — 10.0 mg/L). Table 5.12 depicts the comparison for
percentage removal of Cr(VI) using fresh and regenerated AC. The regeneration of AC was
carried out by simple technique, which is economic. It was observed that there is no significant
change in the percentage removal of Cr(VI), but it decreases slightly with each cycle of AC
regeneration. Loss of carbon due to the regeneration is very less and about 99.3 % of the spent
AC was regenerated successfully for further application after 1* cycle of regeneration. The spent
AC was washed with hot water (80 °C) and 0.1 M H,SO, to remove Cr(VI) from AC surface for

each cycle of regeneration.

Table 5.12. Regeneration of AC and efficiency of regenerated AC for Cr(VI) adsorption.

Cr(VI) recovered (%) AC
Sample Cr(VD Total Cr(VI) retained
Step 1 Step 2 regeneration
stage adsorption (%) recovery (%) on AC (%)
Hot water (70 °C) H,SO4 (0.1 M) (%)
1* cycle 98.74 78.34 16.86 95.20 3.54 99.28
2" cycle 92.85 72.23 17.14 89.37 3.48 98.54
3" cycle 87.12 69.04 14.73 83.77 3.35 97.13
4™ cycle 82.17 64.00 11.38 75.38 6.79 95.92
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Modeling of Chromium(VI) Adsorption

An effective system for any process can be established only after optimization of its
process parameters. Conventional and classical methods of studying a process involve studying
of one factor at a time by maintaining other factors at unspecified constant levels. This approach
does not depict the combined effect of all the parameters involved in the process. This method is
not only tedious but also time consuming (Elibol, 2002). These limitations of a classical method
can be effectively conquered by optimizing all the parameters collectively by statistical
experimental designs such as factorial design (Box et al., 1978; Brasil et al., 2005; Montgomery,
1977). These designs reduce the total number of experiments in order to achieve the best overall

optimization of the process.
6.0. Summary

The modeling of Cr(VI) adsorption on prepared ACs (AC-PA, AC-ZC, and AC-PH) was
carried out by using Design of Experiments (DoE). A two-level and four-factor Full Factorial
Design (FFD) was employed for the process modeling. Different process parameters such as pH,
initial concentration of Cr(VI), adsorbent dose and temperature were taken as variables for the
designing of experimental matrix. Effects of main factors and their interactions on the response
were estimated. Optimization was carried out by using Desirability (D) function to estimate the

optimum conditions to achieve better response i.e. percentage of Cr(VI) removal.
6.1. Full Factorial Design

Full Factorial Design (FFD), determines the effect of each factor on response as well as
how the effect of each factor varies with the change in level of the other factors (Arenas et al.,
20006). Interaction effects of different factors could be attained using design of experiments

(DoE) (Brasil et al., 2005, Montgomery 1977). Full factorial design (FFD) comprises the greater
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precision in estimating the overall main factor effects and interactions of different factors. In full
factorial design every setting of every factor appears with every setting of every other factor.
Factorial designs are strong candidates in testing treatment variations. Instead of conducting a
series of independent studies we can combine these studies into one. A common experimental
design is one with all input factors set at two levels each. These levels are called “high' and “low'
or +1'and "-1' respectively. If there are k factors each at 2 levels, a full factorial design have 2

runs.

A 2% full factorial design was employed in this investigation. Thus, a total of 16
experiments were performed for each case. The modeling of the process focused on how Cr(VI)
removal efficiency of prepared ACs (AC-PA, AC-ZC and AC-PH) varies with the change in

process parameters such as pH, initial Cr(VI) concentration, adsorbent dose and temperature.
6.2. Designing of Experimental Matrix

Different process parameters such as pH, initial concentration of Cr(VI), adsorbent dose
and temperature were taken as variables for the designing of experimental matrix. Each factor
was studied at two levels ‘low’ and ‘high’ level. To analyze the factorial design, the original
measurement units for the experimental factors (uncoded units) were transformed into coded
units. The factor levels are coded as —1 (low) and +1 (high). The response was expressed as the

removal percentage (% R) of Cr(VI).

The experimental runs were carried out with all the prepared AC samples (AC-PA, AC-
ZC and AC-PH). The licensed statistical software Design Expert — 7.1.6 was used to design and
analyze the experimental matrix, in order to measure the effect of various factors on the removal
of Cr(VI) from aqueous phase. The levels and ranges of the studied factors are presented in

Table 6.1.
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Table 6.1. Experimental ranges and levels of the factors used in the factorial design

Range and level

Independent variable Coded symbol i i
- +
pH A 2 7
Initial metal ion concentration (mg/1) B 2 10
Adsorbent dose (g/1) C 1 5
Temperature (°C) D 20 40

The design matrix of all the factors in coded and actual values for all the experimental

runs was shown in Table 6.2.

Table 6.2. Factorial design matrix with coded and real values

Coded values Real values

Run Cr(VI) Conc. Adsorbent Temperature
(mg/L) dose (g/L) °C)

1 -1 -1 -1 -1 2 2 1 20
2 +1 -1 -1 -1 7 1 20
3 -1 +1 -1 -1 2 10 1 20
4 +1 +1 -1 -1 7 10 1 20
5 -1 -1 +1 -1 2 2 5 20
6 +1 -1 +1 -1 7 2 5 20
7 -1 +1 +1 -1 2 10 5 20
8 +1 +1 +1 -1 7 10 5 20
9 -1 -1 -1 +1 2 1 40
10 +1 -1 -1 +1 7 2 1 40
11 -1 +1 -1 +1 2 10 1 40
12 +1 +1 -1 +1 7 10 1 40
13 -1 -1 +1 +1 2 2 5 40
14 +1 -1 +1 +1 7 2 5 40
15 -1 +1 +1 +1 2 10 5 40
16 +1 +1 +1 +1 7 10 5 40
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The general mathematical model for 2* factorial designs in coded values can be given as:

%R = X, + X14 + X,B + X5C + X,D + Xs AB + X;AC + X, AD + XgBC + XoBD + X,,CD +
X,1ABC + X1,ABD + X,3ACD + X,,BCD + X,sABCD (6.1)

where, R is the percentage removal of Cr(VI), X, is the global mean, X; represents the other

regression coefficients and A, B, C and D are the coded symbols for the factors under study.

The percentage removal of Cr(VI) by the different activated carbons prepared by
activating with chemicals H3PO4 (AC-PA), ZnCl, (AC-ZC) and KOH (AC-PH) was compared
with the commercially available activated carbon (CAC). The responses i.e. percentage removal
of Cr(VI) (%R) for the design matrix shown in Table 6.2 by different activated carbons were
presented in Table 6.3.

Table 6.3. Responses for the Cr(VI) removal by different ACs as per the designed experimental matrix

Run %R (AC-PA) %R (AC-ZC) %R (AC-PH)
1 68.86 23.33 99.62
2 57.11 98.14 78.47
3 94.78 86.57 79.58
4 92.81 85.49 98.78
5 69.44 99.83 95.29
6 60.84 63.64 89.05
7 94.90 81.13 11.02
8 91.41 99.65 4.58
9 69.30 99.71 6.43
10 62.10 82.67 81.64
11 96.80 11.40 28.82
12 92.26 62.10 13.51
13 72.94 49.09 80.97
14 60.53 96.40 99.82
15 96.25 99.38 45.63
16 93.50 54.09 95.46
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6.3. Modeling of Chromium(VI) Removal by AC-PA

The individual runs of experimental design shown in Table 6.2 are conducted by using
AC-PA and the responses were measured. A linear regression model was fitted for the
experimental data using least square technique. The model coefficients, effects and standard

error of the factors and interactions are shown in Table 6.4.

Table 6.4. Estimated regression coefficients of model terms and their effects on the response for AC-PA

Factor / Term Effect Coefficient df Standard error  95% CI Low 95% CI High
Intercept - 79.61 1 0.19 79.18 80.05
A -6.59 -3.29 1 0.19 -3.73 -2.86
B 28.95 14.47 1 0.19 14.07 14.91
C 0.72 0.36 1 0.19 -0.076 0.80
D 1.69 0.85 1 0.19 0.41 1.28
AB 3.40 1.70 1 0.19 1.26 2.14
BC -0.87 -0.44 1 0.19 -0.87 0.001
ABCD 1.46 0.73 1 0.19 0.29 1.17

df — degrees of freedom

The model coefficients are obtained by dividing the effects by two. p-value is the
probability value that is used to determine the effects in the model that are statistically
significant. Factors having p-value less than 0.05 are considered to be statistically significant for
a 95% confidence level. After discarding the insignificant terms the resultant model is

represented as:
%R = 79.61 —3.73A+ 14.07B — 0.08C + 0.41D + 1.26AB — 0.87BC + 0.29ABCD (6.2)

After estimating the main effects, the effect of interactions were determined by
performing the analysis of variance (ANOVA). Sum of squares (SS) of each factor quantifies its
importance in the process and as the value of SS increases, the significance of the corresponding
factor in the process also increases. The ANOV A results for the Cr(VI) removal by AC-PA were
presented in Table 6.5.
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Table 6.5. ANOVA results for Cr(VI) removal by AC-PA

Factor Sum of squares df Mean square F-value p-value
Model 3596.00 7 513.85 892.72 < 0.0001
A 173.60 1 173.60 301.61 < 0.0001
B 3351.96 1 3351.96 5823.46 < 0.0001
C 2.09 1 2.09 3.63 0.0931
D 11.46 1 11.46 19.91 0.0021
AB 46.25 1 46.25 80.34 0.0001
BC 3.05 1 3.05 5.29 0.0504
ABCD 8.53 1 8.53 14.82 0.0049
Residual 4.60 8 0.58

Total 3601.54 15

df — degrees of freedom

6.3.1. Pareto Plot

Pareto plot visually represents the absolute values of the effects of main factors and the
effects of interaction of factors. A reference line is drawn to indicate that the factors which
extend past this line are potentially important (Antony, 2003). The pareto plot is a useful tool for
showing the relative size of effects. The effects of all the factors and their interactions were
shown in Figure 6.1. Effects above t-value (2.386) limit are possibly significant terms in the
model. The main factors such as pH (A), concentration (B), and temperature (D) and interactions
such as AB and ABCD are significantly influenced the response. Other terms like C and BC

were added to the model because of their importance.
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Figure 6.1. Pareto plot for effects of individual factors and interactions for Cr(VI) removal by AC-PA.
6.3.2. Main Effects

The main factors and their effect on the response were shown graphically in Figure 6.2.
Among the four main factors, concentration of Cr(VI) in solution greatly influences the response.
The sign of the main effect indicates the direction of effect. Form the figure, the effect of
concentration was characterized by a greater degree of departure from the overall mean having
positive effect on the response, whereas pH has a negative effect i.e. with the increase of pH the
percentage removal of Cr(VI) decreased. Adsorbent dose and temperature have very little effect

comparing to the pH and concentration.
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':h) Concentration {mgh)

(d) Temperature

Figure 6.2. Effect of main factors on response for AC-PA (a) pH, (b) concentration, (c) adsorbent dose and (d)

6.3.3. Interaction Effects

temperature.

The contour plots of interaction of factors were shown in Figure 6.3. Compared to the

effects of main factors, the effect of interaction of factors on the response is very less. From the

Table 6.5, the interaction effects pH * concentration (AB) and concentration * adsorbent dose

(BC) are considered to be significant in the case of AC-PA for Cr(VI) removal.
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6.3.4. Normal Probability Plot

The normal probability plot indicates whether the residuals follow a normal distribution,
in which case the points will follow a straight line. The normality of the data can be checked by
plotting a normal probability plot of the residuals. If the data points fall fairly close to the straight
line, then the data are normally distributed (Antony, 2003). The statistical analysis of the data in
terms of the standardized residual was conducted to verify the normality of the data. The normal
probability plot of the residuals of AC-PA for Cr(VI) adsorption was shown in Figure 6.4. The
data points fairly close to the straight line indicate that the experiments came from a normally

distributed population.
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Figure 6.4. Normal probability plot of residuals for Cr(VI) removal by AC-PA.

6.3.5. Optimization

Optimization of Cr(VI) removal was carried out by a multiple response method called

desirability (D) function to optimize the process parameters such as pH, initial Cr(VI)
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concentration, adsorbent dose and temperature. The goal of optimization was to improve
adsorptive removal of Cr(VI) by targeting the process parameters to desired levels. In the present
study, pH and temperature were set to be within the studied range, whereas initial concentration
was set to maximum and adsorbent dose targeted to minimum within the range. The 3D surface

plot of the Cr(VI) removal by AC-PA was shown in Figure 6.5.
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Figure 6.5. Desirability fitted 3D surface plot for Cr(VI) removal by AC-PA (Adsorbent dose — 1 g/L and

Temperature — 40 °C).

6.3.6. Validation Experiments

In order to verify the optimization results, an experiment was performed under predicted
conditions by the developed model. The model predicted 93.42 % removal of Cr(VI) at pH —
4.26, concentration — 10 mg/L, adsorbent dose — 1.0 g/L. and temperature 20 °C. The
experimental value obtained at these conditions is 92.71 % and is closely in agreement with the

result obtained from the model and hence validated the findings of the optimization.
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The experimental runs shown in Table 6.2 were performed by using activated carbon

prepared by zinc chloride activation (AC-ZC). A linear regression model was developed for the

experimental data and the coefficients, effects and standard error values are presented in Table

6.6.

Table 6.6. Estimated regression coefficients of model terms and their effects on the response for AC-ZC

Factor / Term Effect Coefficient df Standard error  95% CILow 95% CI High
Intercept - 73.91 1 0.70 72.25 75.57

A -27.00 -13.50 1 0.70 -15.16 -11.84

B -33.32 -16.66 1 0.70 -18.32 -15.00

C 23.01 11.51 1 0.70 9.85 13.17

D 1.17 0.58 1 0.70 -1.07 2.24

AB -12.52 -6.26 1 0.70 -7.92 -4.60

BC 19.78 9.89 1 0.70 8.23 11.55
ACD 4.64 2.32 1 0.70 0.66 3.98
ABCD 3.97 1.99 1 0.70 0.33 3.64

df — degrees of freedom

Depending on the ANOVA results the insignificant terms are discarded from the model

and developed model was give as:

%R = 7391 —13.504A - 16.66B + 11.51C + 0.58D — 6.26AB + 9.89BC + 2.32ACD +

1.994ABCD

(6.3)

The value of sum of the squares signifies the importance of the model term. The ANOV A

results of the Cr(VI) removal data by AC-ZC was presented in Table 6.7.
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Table 6.7. ANOVA results for Cr(VI) removal data by AC-ZC

Factor Sum of squares df Mean square F-value p-value
Model 11823.78 8 1477.97 187.64 < 0.0001
A 2915.88 1 2915.88 370.18 < 0.0001
B 4442 .19 1 4442 .19 563.96 < 0.0001
C 2118.28 1 2118.28 268.93 < 0.0001
D 5.47 1 5.47 0.69 0.4320

AB 627.43 1 627.43 79.65 < 0.0001
BC 1565.45 1 1565.45 198.74 < 0.0001
ACD 85.98 1 85.98 10.92 0.0131

ABCD 63.09 1 63.09 8.01 0.0254

Residual 55.14 7 7.88

Total 11878.91 15

df — degrees of freedom

6.4.1. Pareto Plot

The comparison between the relative effects of all the significant factors was shown by
pareto chart in Figure 6.6. From the figure, it can be observed that the main factors and some of
interactions of different factors play important role. The main factors like concentration of
Cr(VD) (B), pH (A) and adsorbent dose (C) and interaction effects such as BC, AB, ACD and
ABCD have significant effect on the response. Though the effect of temperature (D) is not
significant, it was included in the model considering its importance in the interaction with the

other factors.
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Figure 6.6. Pareto plot for effects of individual factors and interactions for Cr(VI) removal by AC-ZC.

6.4.2. Main Effects

The effect of main factors on the response was shown in Figure 6.7. The main factors like
pH and concentration of Cr(VI) have affected negatively i.e. with the increase of pH and
concentration the removal percentage decreased to a great extent. The other factors, adsorbent
dose and temperature had a positive effect on the response. From the figure it can be clearly
observe that the effect of temperature on the response is very less in the studied range when

compared to the other factors.
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Figure 6.7. Effect of main factors on response for AC-ZC (a) pH, (b) concentration, (c) adsorbent dose and (d)

temperature.

6.4.3. Interaction Effects

The effect of interaction of different factors on the response can be observed from the
pareto plot (Figure 6.6). The two interactions pH * concentration (AB) and concentration *
adsorbent dose (BC) have significant effect comparing to the other interactions. From the Figure
6.8(a), the rapid decrement in the response can be observed with the increase of pH and
concentration. From the Figure 6.8(b), if the concentration of Cr(VI) is low then the maximum
removal can be achieved by maintaining the adsorbent dose at even low level but with the
increase in concentration the adsorbent dose should be increase in order to achieve maximum
removal. Figure 6.8(c) represents the cube plot for the interaction of three significant factors pH,

adsorbent dose and temperature.
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Figure 6.8. Contour and cube plots of interactions for AC-ZC (a) pH * Concentration and (b) Concentration *

Adsorbent dose (c) pH* Adsorbent dose*Temperature.
6.4.4. Normal Probability Plot

The normality of the data obtained for the removal of Cr(VI) by AC-ZC was checked by
plotting a normal probability plot of the residuals. The data points fell fairly close to the straight
line indicate that the data are normally distributed. The normal probability plot of the residuals of
AC-ZC for Cr(VI) adsorption was shown in Figure 6.9. The data points fairly close to the

straight line indicate that the experiments came from a normally distributed population.
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Figure 6.9. Normal probability plot of residuals for Cr(VI) removal by AC-ZC.

6.4.5. Optimization

Optimization of Cr(VI) removal by AC-ZC was performed by using desirability (D)
function. The main factors pH, concentration, adsorbent dose and temperature were optimized by
targeting maximum removal (D=1) of Cr(VI). Total 39 solutions were found with the different
combinations of the main factors with the predefined criteria (pH — within the range,
concentration — to the maximum, adsorbent dose — minimum and temperature — within the
range). Figure 6.10 represents the 3D surface plot of the optimum conditions for two main
factors pH and concentration by keeping other two factors constant (adsorbent dose — 1.0 g/L. and

temperature — 40 °C).
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Figure 6.10. Desirability fitted 3D surface plot for Cr(VI) removal by AC-ZC (Adsorbent dose — 1 g/L. and

A pH

Temperature — 40 °C).

6.4.6. Validation Experiments

The model developed was validated by conducting experiments at the predicted
conditions. The developed model predicted 51.35 % removal of Cr(VI) at the predicted
conditions pH — 6.14, concentration of Cr(VI) — 6.43 mg/L, adsorbent dose — 1.0 g/L and
temperature — 20 °C. From the experiment conducted at these conditions, 51.86 % removal was

observed which is in good agreement with the predicted result.
6.5. Modeling of Chromium(VI) Removal by AC-PH

Activated carbon (AC) prepared by potassium hydroxide (KOH) activation was applied
for the removal of Cr(VI). The combination of values of individual factors in design matrix was
shown in Table 6.2. A linear regression model was developed for the adsorption data and the

coefficients of each term included in the model and their respective effects were shown in Table
6.8.
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Table 6.8. Estimated regression coefficients of model terms and their effects on the response for AC-PH

Factor / Term Effect Coefficient df Standard error  95% CI Low 95% CI High
Intercept - 62.41 1 0.42 61.24 63.59
A -40.70 -20.35 1 0.42 -21.52 -19.18
B 16.37 8.19 1 0.42 7.01 9.36
C 28.40 14.20 1 0.42 13.03 15.37
D 4.96 2.48 1 0.42 1.31 3.65
AC 39.21 19.61 1 0.42 18.43 20.78
AD -5.35 -2.68 1 0.42 -3.85 -1.50
BC 13.45 6.73 1 0.42 5.55 7.90
CD 10.32 5.16 1 0.42 3.99 6.33
ABD 13.89 6.95 1 0.42 5.78 8.12
ACD -17.47 -8.74 1 0.42 -9.91 -7.56
ABCD 13.49 6.74 1 0.42 5.57 7.92

Analysis of variance (ANOVA) was done for the obtained data and the terms having p-
value less than 0.05 are considered as insignificant. The ANOVA results of Cr(VI) adsorption
data for AC-PH was shown in Table 6.9. The developed model after discarding the insignificant

terms was given as:

%R = 62.41 —20.354 + 8.19B + 14.20C + 2.48D + 19.61AC — 2.68AD + 6.73BC +
5.16CD + 6.95ABD — 8.74ACD + 6.74ABCD (6.4)
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Table 6.9. ANOVA results for Cr(VI) removal data by AC-PH

Factor Sum of squares df Mean square F-value p-value
Model 21158.57 11 1923.51 674.74 < 0.0001
A 6625.77 1 6625.77 2324.23 < 0.0001
B 1072.41 1 1072.41 376.19 < 0.0001
C 3225.96 1 3225.96 1131.62 < 0.0001
D 98.28 1 98.28 34.48 0.0042
AC 6150.43 1 6150.43 2157.49 <0.0001
AD 114.50 1 114.50 40.17 0.0032
BC 724.01 1 724.01 253.97 <0.0001
CD 425.93 1 425.93 149.41 0.0003
ABD 772.21 1 772.21 270.88 <0.0001
ACD 1221.22 1 1221.22 428.39 <0.0001
ABCD 727.84 1 727.84 255.32 <0.0001
Residual 11.40 1 2.85

Total 21169.97 1

6.5.1. Pareto Plot

All the significant factors and their effects for Cr(VI) removal by AC-PH were shown by

pareto plot in Figure 6.11. The main factors such as pH (A), concentration of Cr(VI) (B),

adsorbent dose (C) and temperature (D) and various interactions of factors such as AC, BC, CD,

AD, ACD, ABD and ABCD have significant effect on the removal of Cr(VI). The main factor

temperature (D) had relatively low effect when compared to the other factors. Due to the effect

of interactions it involved, the temperature term was included in the model.
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Figure 6.11. Pareto plot for effects of individual factors and interactions for Cr(VI) removal by AC-PH.
6.5.2. Main Effects

The four main factors studied and their individual effect on the percentage removal of
Cr(VI) was shown in Figure 6.12. If the deviation of lines is more, the effect is more within the
studied range. Solution pH had great influence and with the increase of pH the removal
percentage decreased. Other factors concentration of Cr(VI), adsorbent dose and temperature had
positive effect on the response i.e. with the increase in the value of parameter, the response also
increased. Among all four main factors pH affects the response to a great extent whereas

temperature has less effect.
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Figure 6.12. Effect of main factors on response for AC-PH (a) pH, (b) concentration, (c) adsorbent dose and (d)

temperature.

6.5.3. Interaction Effects

All the main factors are involved in the interaction with the other factors. The interactions
of different factors influenced the response significantly can be observed from the pareto chart
(Figure 6.11). Various factors involved in the interactions and the relative change in the response
with the change in corresponding factors were shown in Figure 6.13. The developed model
includes significant two factor (AC, AD, BC, CD), three factor (ABD, ACD) and four factor
(ABCD) interactions.
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6.5.4. Normal Probability Plot

The normality of the data obtained for the removal of Cr(VI) by AC-PH was checked by
plotting the normal probability plot of residuals. The closeness of the data points obtained
indicates that the data obtained from a normally distributed population. Figure 6.14 shows the

normal probability plot of residuals for the adsorption of Cr(VI) by AC-PH.
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Figure 6.14. Normal probability plot of residuals for Cr(VI) removal by AC-PH.

6.5.5. Optimization

The optimization of Cr(VI) by AC-PH was done by using desirability (D) function. Criteria for
determining the optimum conditions were fixed as discussed in previous cases. Figure 6.15
represents the 3D surface plot for Cr(VI) removal by AC-PH. The variation in the desirability

can be observed with the change in pH and concentration of Cr(VI).
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Figure 6.15. Desirability fitted 3D surface plot for Cr(VI) removal by AC-PH (Adsorbent dose — 1.0 g/L. and
Temperature — 25 °C).

6.5.6. Validation Experiments

The developed model was validated by conducting the experiments at predicted
conditions obtained from the model. The predicted values obtained by models were in good
agreement with the experimental values obtained by conducting experiments for Cr(VI) removal
by AC-PH. The predicted and experimental values of Cr(VI) removal by AC-PH is 76.09 % and
77.23 %, respectively at pH — 3.55, Cr(VI) concentration — 10 mg/L, adsorbent dose — 2.7 g/L.
and temperature — 32.2 °C. The predicted and experimental values for Cr(VI) removal by

prepared ACs and the values of process parameters can be observed in Table 6.10.
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Table 6.10. Validation experiments conducted at conditions predicted by models

Sample pH Cr(VI) Conc (mg/L) Ads. Dose (g/L) Temp (°C) % R (Pred) % R (Exp)

AC-PA 2.46 10.0 1.0 20 93.42 92.71
AC-ZC 6.14 6.43 1.0 20 51.35 51.86
AC-PH 3.55 10.0 2.7 32.2 76.09 77.23
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Conclusions and Future Perspective

7.0. Summary

The objective of the experimental study was to evaluate the potential of Bael fruit
(Aegle marmelos) shell as a precursor for activated carbon production. It also aimed to estimate
the adsorption capacity of the developed activated carbon for hexavalent chromium present in
the water at low concentrations. Activated carbon with high microporosity was developed for
this purpose. High percentage of Cr(VI) was adsorbed on the micropores of the carbon structure.
Many precursors such as coconut shell, coal, wood have been commercialized for the preparation
of activated carbon, but most of them are either limited to availability or found to be expensive.
Bael fruit shell is used as precursor for the current investigation being abundantly available as
well as is cheap. Full Factorial Design (FFD) was employed for the modeling of adsorption

process by studying the effect of main factors and their interactions on removal of Cr(VI).
7.1. Conclusions

Based on the detail experimental investigation the conclusions derived are as

follows.

e Bael fruit (Aegle Marmelos) shell containing high cellulose (24.35%) and volatile content
(72% ) proved to be a promising precursor for Activated carbon development.

e Chemical activation of precursor by phosphoric acid, zinc chloride and potassium
hydroxide produced ACs of various surface characteristics.

e Development of AC was influenced by various factors such as type of chemical reagent
used for impregnation, impregnation ratio, carbonization temperature and holding time etc.

e Maximum yields 74.47 %, 69.33 %, and 85.33 % were obtained at optimum process
conditions for AC-PA, AC-ZC, and AC-PH respectively.
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Phosphoric acid treated activated carbon exhibited maximum values for surface area (1657
m?/g) pore volume (0.58 cc/g), micropore surface area (1625 m?/g) and micropore volume
(0.56 cc/g) at optimum process conditions (30 % H;PO, impregnation, 400 °C
carbonization temperature and 1 h holding time).

AC-PA could remove 98.7 % Cr(VI) at optimum process conditions ( pH — 2.0, Cr(VI)
concentration — 10 mg/L, adsorbent dose — 3.0 g/L, temperature — 30 °C and contact time —
3.0 h).

Adsorption of Cr(VI) on prepared ACs increased with reducing pH from 11.0 to 2.0. AC-
PA could remove 76 % Cr(VI) even at nuetral pH.

AC-PA showed adsorption capacities of 3.3 mg/g and 98.6 mg/g at initial Cr(VI)
concentrations of 10 mg/L and 100 mg/L, respectively.

Freundlich model showed best fit to the adsorption data (R* = 0.996) of AC-PA and the
kinetic data followed pseudo-second order model signifying both film and pore diffusion
mechanisms during adsorption process.

Spent AC was regenerated simply by using hot water (80 °C) and mild acid (0.1 M H,SOy).
Modeling of Cr(VI) adsorption on AC-PA by using 2* Full Factorial Design (FFD) revealed
that including all the main factors some interactions such as AB [pH * concentration of
Cr(VD)], BC [concentration of Cr(VI) * adsorbent dose] and ABCD [pH * concentration of
Cr(VI) * adsorbent dose * temperature] significantly influenced the removal of Cr(VI) from

aqueous phase.

7.2. Scope of Research

Extensive investigation should be carried out to produce ACs with even better surface
characteristics through different routes such as physical activation, two stage activation
and microwave heating etc and can be compared with the results obtained with chemical
activation.

Utilization of AC to treat various other pollutants present in water streams should be
undertaken.

Process economy mainly depends on the selection of raw material and method of
preparation of AC. Thus the cost estimation should be carried out to evaluate the

potential application of the adsorbent in actual practice.
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Detailed investigation of desorption of Cr(VI) and regeneration of spent AC is essential
to evaluate the efficiency of the process which needs an immediate attention.

The efficiency of AC produced by phosphoric acid activation can be improved further
more at neutral pH by modifying the surface functional groups.

Column studies should be carried out to test the suitability of prepared AC as adsorbent
in water purification systems.

Most of the activated carbon as well as other adsorbents have shown effectiveness in
removing chromium species from the waste stream at low pH. However the presence of
chromium in the trace amount in drinking water is a major challenge. Hence to combat
this problem extensive investigation needs to be carried out to develop an adsorbent and
prove its potential to treat the contaminated drinking water at neutral pH.

Solid waste management is a great environmental concern that is released and disposed
by the industries and the agricultural sectors. Hence research activity is needed to utilize

the solid waste or convert it to a useful product.
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