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Abstract

The primary sources of water contamination are industrialization, urbanization, and
agricultural activities, which are harmful to the environment and the living beings. The
wastewater treatnm¢ is very necessary for saving the water to emancipate the living
organisms. Among various treatment technologies, adsorption and biodegradation are the
most efficient methods for removing various pollutants from wastewater. The integration
of adsorptiorand biodegradation processes for the treatment of organic compounds leads
to the enhancement of the degradation rate and adsorption capacity. Among various
adsorbents used, the activated carbon is one of the most efadsorbentslue to high
surfaceareaand developed pore structures, arattuakupport media for microbial growth.

In this study, the Fox nutshellfibeen useds a novel precursor material for the preparation

of activated carbons. Theseethe residue with no commercial value. The Faxshell
contains low ash (5%) content and high volatile matter (70.1%) thivesable for
activated carbon preparatiofiherefore the Fox nutshell haseena worthwhile material

for the preparation of the activated carbdme activated carbons wepgepared by
chemical activation method using zinc chloride, orthophosphoric acid, and potassium
carbonateThe effect of various process parameters such as heating rate, activation time,
carbonizatiortemperature and impregnation ratio on porous charatibsrof the prepared
activated carbons hdseen investigatedThe proximate and ultimate analyses of the
prepared activated carbons was carried out by using standard methods and CHNS analyzer,
respectively.The prepared activatedarbons wee characterizby using N adsorption
desorption isotherm at 77 Rhe surface functional groups present on the prepared ACs
surface were determined by the Fourier Transform Infrared Spectroscopy (FTIR) analysis.
The Field Emission Scanning Electron Microscope (FES&h&)ysis revealed the surface
texture of the ACs while Transmission Electron Microscopy (TEM) analysis is used to

visualize the presence of micropores network.

The prepared activated carbon with a Zn@ttivator (ACZC600-2.0) which has the
highest BET stface area of 2869 #fy and pore volume of 1.96 éfg is obtained at the
following conditions: 600 °C carbonization temperature, 2 impregnation ratio and one hr
activationtime. The prepared activated carbon with aR@& activating agent (ACPA 00

1.5) ha the BET surface area of 2636/ghand pore volume of 1.53 éfg is obtained at

700 °C carbonization temperature, 1.5 impregnation ratio and caivationtime. The



another prepared activated carbon with&£®s activator (ACKG800-0.5) has the BET
suface area of 1236 #fy and pore volume of 0.98 éfg which has the highest surface area
and pore volume is obtained at 800 °C carbonization temperature, 0.5 impregnation ratio

and activation time of one hr.

Batch adsorption experiments of phenol, methglblue (MB) and Cr(VI) onto prepared
activated carbons were carried out at various initial concentraiisorption kinetics of
phenol, MB and Cr(VIwere studiedby using different kinetic models, i.e., the pseudo
first-order model, thg@seudesecondorder model, and the intraparticle diffusion model.

The experimental adsorption isotherms of these adsorbates on the prepared activated
carbons weranalyzedusing the Langmuir, Freundlich, aficemkin isotherm models.
adsorption capacity gjof 500 mg/L ofinitial phenol concentration onto ACZ&00-2.0

and ACPA700-1.5 are 75.37 and 83.21 mg/g, respectivélye equilibrium adsorption
capacity (@) of MB onto ACZG600-2.0 and ACPA700-1.5 are 968.74 and 766.53 mg/qg,
respectively for 500ng/L of initial concatration. Adsorption capacity §gof 10 mg/L of

initial Cr(VI) concentration onto ACZ®00-2.0 and ACPA700-1.5 are 43.45 and 56.31
mg/g, respectively. The potential applications of the prepared activated carbons for removal
of adsorbates havmeen studigin fixed bed column. The effects of the bed height and flow
rate of phenol, MB and Cr(VI)adsorption onto prepared activated carbomse also
studied.

The bacterial strain d?seudomonaputida (MTCC 1194)has been takefor the phenol
biodegradation irboth suspended and immobilized phase. The bacterial strain has been
acclimatized up to 1000 mg/L of phenol concentration. Biological granular activated carbon
(BGAC) shows more efficiency than the free cells for phenol removal due to both
adsorption and ibdegradation processThe BGAC has been useth fluidized bed
bioreactor for treatment of synthetic phenol wastewater. In fluidized bed bioreactor, effects
of inlet flow rate of the wastewater, different phenol concentration solutions, and the ratio
of bed (settled) volume to bioreactor volumen(Vr) on the removal of phenalere
studied

Keywords: Wastewater; Fox nutshell; Activated carbons; Phenol; Methylene blue;
Cr(VI); Adsorption; Adsorbent regeneration; Column study; Biodegradation; Adsorption

assised biodegradation; Fluidized bed bioreactor.
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Chapter 1

Introduction and Literature Review

1.1. Background

Water is a limited natural resource as$sentiafor the existence of life. About 70% of the
ear t h o6 s covarediitranwater. Around twethirds of that$ folded in frozen glaciers

and unavailable for our use. Most of the water on the earth is salt water and is unsuitable
for drinking and other human needs. The actual water available for human consumption is
l ess than 1% oThe qualigof water dedidésshe lifeadf ther animal and
plant. Water utilization is increasing day by day due tcetrerincreasingoopulation and

rapid industrializationThis leadsto the generation of huge amount of waste in various
forms and its release into theveronment that pollutes the ecosystem. Most of the waste
generated is discharged into various water bodies, thus contaminatingitismn turn,

leads to the scarcity of the drinking water.

Approximately 10to 20% of the total freshwater usage is ussdthe industrial and
domestic sector@Vater, 2014) These sectors produce a substantial amounasfewater

thatis being disposed afintreatednto the water bodies. Thayot only pollute the water
bodiesbut also the nearby aquifers as well as the ground water. Industrial wastewater
contains a wide range of hazardous contaminantsiiareleasednto the water bodies

along with them. These pollutants &eemful toboth aqueouscosystemas well as human
health. The pollutants present in the wastewaterbedmoadly categorizedto two types:
inorganic and organic contaminants. Inorganic wastewatergeneratettom industries

such as coal and steel industries along withrmetallic industries and imeral processing
industries. Contaminants, such as dyes, lubricants, detergents, solvents, pesticides,
preservativesetc. are known as organic contaminafidsas et al., 2007)In addition to
having adverse health implications, wastewater contamination also has natural and

ecological effects.

Nevertheless, to ensuresastainablequality of life, the environmental impact of these
activities must be minimized. While conservation and better utilization of resources have

the greatest influence on tlseistainabilityof the planet; reduced generation, improved
1



treatment technology and utilization oastes are the best techniques for the maintenance
of the environmental qualityDifferent types of pollutants wilbe treateddifferently.
Therefore, it is very important to employ appropriate stratdfgiesastewater treatment.
The most widely used metti® for removing organic and inorganic pollutants from
wastewater systems inclugdaysicochemicalchemical, and biological methods such as
flocculation, coagulation, precipitation, adsorption, membrane filtration, electrochemical
techniques, ozonation, atdbdegradatior{Aksu, 2005; Yang et al., 20153 mong these
treatment methods, adsorption and biodegradation are the most efficient methods for
removing pollutants from wé#swater due to its more promising and economical.
Adsorptionis consideredas the best wastewater treatment method due to its universal
nature mostcosteffectiveand ease of operatigAli et al., 2012; Crini, 208; Yang et al.,
2015)

1.2. Water pollution and pollutants

Any undesirable change in the physical, chemical, or biological characteristics of water is
called water pollution that can harmfully affect the health, survival, or activities of human
or other iving organismgAgarwal, 2005) The major sources of water pollution daa
classifiedas municipal, industrial and agriculture. Municipal water pollution consists of
wastewater from domestic and commercial establishmeis. ifdustrial wastewater
characteristics depend on the type of industry and manufacturing process. Agriculture
wastewatecontain pollutants come from farm building (dwellings and animal stables) and
crops landBrink, 1975)

The most common water pollutants are nutrients, organic matter, heavy metals, microbial
contaminarg, toxic organic compounds (oil, pesticides, sqtastics,and other industrial
chemicals), salts, acids, sediments and suspended solids, and high temfReatemga

and Mock, 2000) These pollutants affect the environment as well as living organisms
(animals as well as@an). The quantityof the polutants present in the wastewater varies
with sources. Table 1.1 presents some common water pollutants, their gouergsand

effects.



Table 1.1: Common water pollutants and their effect§Revenga and Mock, 2000)

Pollutant

Primary source

Effects

Toxic organic compound
(oil, pesticides, plastics
industrial chemicals)

A wide variety of sources
such as industriaditesto
automobiles, and runol
from agricultural lands.

Toxic effects like mild immune
suppression, acute poisoning, as W
as reproductive failure.

Excess nutrients (nitrate
phosplorous)

Runoff from agricultural
lands and urban areas.

Overstimulates growth of algae
(eutrophication), which decompose
High nitrates level in drinking watg
lead to illness in humans.

Heavy metals

Industries and  mining
sites.

Persists in freshwaterneironments
such as river sediments and wetlal
for long periods Accumulates in thg
fish and shellfish.Harmful to both
aguatic organisms as well as humar

Microbial contaminantg
(e.g., cryptosporidium
cholera, and other bacteri
amoebae, etc.)

Dometic sewage, cattle
natural sources.

Contaminated water spreads infectiq
diseases.

Dissolved saltsg

(salinization)

Leached from alkaling
soils by over irrigation, o
drawn into coasta|
aquifers  from over
draftingof groundwater

Leads to salt buildip in soils, which
kills crops or cuts yields. Increas
freshwater as undrinkable.

Acid precipitation  or| Deposition of sulfate| Acidified lakes and streams, whig

acidic runoff particles, mostly from harms or kills aquatic organisms a
coal combustion. Aciq¢ leaches heavy metals such
runoff from mine tailings aluminium from soils into watet
and sites. bodies.

St and suspende| Soil erosion and Reduces water quality for drinking ai

particles construction activities ir recreation and degradesaquatic

watersheds.

habitats by smothering them witt,
disrupting spawning, and interferin
with feeding.

In the present study, some pollutants that are commonly present in wastewater released from
various industries like paper, textiles, leather, plasticsoleetm refining, etc. were
investigated in details. The discharge of these pollutants containing wastewater in the

environment is worrisome for both toxicological and aesthetic reasons.



1.2.1. Phenolic compounds

Phenolic compoundsre dischargethto thewastewater streams of various industries such
as coal conversion, wood preservation, metal casting and pulp and paper manufacturing.
Most of these compounds are toxic and have been classified as hazardous p(Qatants

et al., 1999) Phenols are considered as priority pollutants since they are harmful to
organisms even at low concentratigAmaruzzaman, 2008Jhe major sources of phenol

in the aquatic environment are wasteavat from paint, pesticide, coal conversion,
polymeric resin, and petroleum and petrochemicals industhlenols in water have
adverse effects since as little as 0.005 mg/L of phenol will caysieasant taste and odor

of drinking due to the formation ofhlorophenols(Lanouette, 1977)As per Indian
standard, phenol contents in the drinking water should not exceed 0.002 mg/L
(Ahmaruzzaman, 2008Phenol is one of the first compounds inscribed into The List of
Priority Pollutant by the U&nvironmental Protection Agency (US EPA). According to its
regulations, wastewater should contain less than 1 mg/L of p{&saht et al., 2000)

The physicochemical properties of phenale tabulatedin Table 1.2. Phenol
(Hydroxybenzenkgis acolorless crystalline substance of charactergdiorand soluble in

water and organic solvenBhenol is synthesized on an industrial scale by extraction from
coal tar as it is formed bytransformatiorof high quantities of cumene present in plants.

It is also obtained by reaction between chlorobenzene and sodium hydroxide, benzene and

propylene, and oxidation of toluene.

Table 1.2: Physicochemical properties of Phenol

Molecular Structure Molecular pKa MW Charge | Dimensions X,Y,Z
formula (g/mol) (nm)
oH 0.675
CeHsO 9.89 94.11 -1 0.706
0.296

Phenolis commonly usedn different branches of théndustry including chemical
production of alkyl phenols, cresols, xylenols, phenolic resins, aniline and other
compounds. ltis also usedin pesticides, exploges, dyes and textiles production

( Mi ¢ h a gdDudac2007)ahe largest single use of phenol is as an intermediate in the
production of phenolic resins. Howeverjstalso usedn the productionof caprolactam
(whichis employedn the manufacture of nylon 6 and other synthetic fibers) and bispheno



A (which is utilizedin the productionof epoxy and other resinfAhmaruzzaman, 2008)
Phenolis mainly accumulateah brain, kidney, liver and musclhenol irritates skin and
causes its necrosis; it damages kidney, liver, muscle and eyes. ®tmntlag skin is caused

by its coagulation related to reaction to phenol with amino acids of keratin of epidermis and
collagen in the inner skif Mi ¢ h a g d Duda, 20073 Rhenol acute poisoningg
characterizedy drynessof throat and mouth, dark colored urine dmgdh irritation of
mucous membranes. The investigations showed that chronic exposure of workers to phenol
vapors causes loss of body weight, weass, headache, muscles pain and icterus
(Mi chagowicz .and Duda, 2007)

1.2.2. Dyes

Dyes are used in large quantities in many industries including textile, leather, cosmetics,
paper, printing, plastic, pharmaceuticals, food, etc. to color their pro(lBatg et al.,
2004b) Henry Perkin discovered the World's first commercially successful synthetic dye
as Mauevir(Cl 50245) in 185¢Venkataraman, 2012) he dyecanbe definedas a ctored
substance capable of application in aqueous ofagoieous solutioar aqueous dispersion

to a substrate and that substrate acqairasoredappearance. About 40,000 different dyes
and pigments are listed which consist of over 7000 different claénsituctures
(Chakrabarti et al., 1988l was estimated about 10,000 various commercial dyesnd
pigments exist andver 7x10 tons of dyes are produced annually worldwiBemirbas,
2009) About 1615% of worldwide prodced dyes are lost with wastewater during
synthesis and processiff@upta et al., 2006; Sahoo et al., 2005; Saquib and Muneer, 2002)
There are several ways for classification of commercial dyes in terms of s¢raotar and
application method§yagub et al., 2014)However, due to the complexities of tbelor
nomenclature from the chemical structure system, the classification hasguplacation
(Yagub et al., 20143re shown in Table 1.3.

In past, synthetic dyegere knowras basic dyes. By definition, basic dyes are cationic dyes
with cationic propertiesriginating from positively charged nitrogen or sulfur atoms. The
charge is delocalized throughout the chromophoric system, although it is probably more
localized on the nitrogen atoms. In fact, basic dyes are so named due to theirfaffinity
basic texte materials with net negative char@riang and Swei, 1996Ylost basiadyes

are beautiful, shiny, crystallineompounds,and their most outstanding property is

brilliance.The tinctorialvalue of basiayeis very hgh; less than 1 ppm of the dye produces



a strikingcoloration(Holme and Griffiths, 1984; McKay et al., 198Bpasic dyes have been

classified as toxic coloran{énliker et al., 1988)

Table 1.3: Classification of dye based on their industrial applicationgYagub et al., 2014)

Class Substrate Method of application Chemical types
Acid Wool, nylon, silk,| Generally from neutral t¢ Anthraquinone, Xxantheng
inks, leather anq acidic bath azo (including  nitroso
paper premetallized), niw, and
triphenylmethane
Basic Inks, paper, Applied from acidic dye bath| Hemicyanine, azo, cyanin
polyacrylonitrile, diazahemicyanine  azine
treated nylon, an diphenylmethane, xanthen
polyester triarylmethane acridine,
anthraquinone and oxazine
Direct Nylon, rayon, paper Applied from neutral or a littlg Phthalocyanine, azq
leather and cotton. | alkaline  bath  containin{ oxazine, and stilbenes
additional electrolyte
Disperse| Polyamide, acrylig Fine aqueous dispersiol Benzodifuranone, azq
polyester, acetatd often applied by high anthraquinone, nitro, an
and plastics temperature/pressure; dy styryl
may bepaddedon cloth and
thermofixed
Reactive| Wool, cotton, silk, | Responsivesite on dye react| Anthraquinone, formazar
and nylon with functional group offiber | phthalocyanine, azo, oxazif
to bind dyecovalently under| andbasic
the influence oheat and pH
Sulphur | Rayon and cotton | Aromatic substrate vatted wif Indeterninate structures
sodiumsulfide andreoxidised
to insoluble sulphur
containing products ofiber
Vat Wool and cotton Waterinsoluble dyeg Indigoids and anthraquinon
solubilised by dropping i
sodium hydrogersulfite then
exhausted orreoxidisedand
fiber

Basic dyes are widely used in acrylic, wool, nylon and silk dyeing. Theseirblade
different chemical structures based on substituted aromatic grolgse groups of basic
dyesaretoxic in nature and can cause harmful effects suchllasyic dermatitis, skin
irritation, mutations and cancgalleh et al., 2011Methylene blu€MB) can be employed
as a thiazine (cationic or basic) dye; the most contynased dye for colouring among all

other dyes of its categor{Berrios et al., 2012)The molecular staiure and physical
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properties of thé&/B are exhibitedn Table 1.4t is a darkgreen powder or a crystalline

solid cationic dye. MB is an oxidation/reduction indicator with blue/gray color, respectively
and use in medical applications such as staindssghe determination of manganese and

as an antidote for cyanide poisoning in the b(@kaedi et al., 2014; Reddy et al., 2016)

The complex structure of MB dye makewéry stable and difficult to degrade leading to
many environmental problems such as preventing sunlight penetration into water, reducing
photosynthetic activity and causing thedappearance of water surfa¢@ger et al., 2007)

MB may cause cyanosis, increases heart rate, vomiting, shock, Heinz body formation,

jaundice, quadriplegia and tissue necrosis in hurtRrmgram, 1990)

Table 1.4: Physicochemical properties of MB
Molecular Structure Molecular pKa MW Charge| Dimensions
formula (g/mol) X,Y,Z (nm)
N 1.641
/(I D CieH1eNsSCIl | 3.8 | 319.85 +1 0.744
CH S N(C
(O o (R, 0.617

1.2.3. Heavy metals

Heavy metals are considered to be one of the most hazardous contaminants in wastewater.
Primarysources of wastes containing heavy metals are the irmlusttivities (e.g. mining,
painting, car manufacturing, metal plating, and tanneries) and agricultural activities (when
fertilizers and fungicidal sprays are intensively us@djas et al., 2007) Cadmium,
chromium, copper, lead, mercury, and nickel are most toxic metals according to the WHO,
2004 and WHO, 200@Dias et al., 2007)Among these heavy metals, chromium is very

toxic to the living being.

Chromium is an essential nutrient folant and animal metabolism (glucose metabolism,
amino, and nucleic acid synthesis). When accumulated at high levels, chromium can
generate serious problems (nausea, skin ulcerations, lung cancer), and concentration reaches
0.1 mg/g body weight, it can tuhately become letha{Richard and Bow, 1991)
Chromium pollutant is introduced into natural waters by a variety of industrial wastewaters
including those from textile, steel fabrication, agricultural runoff, paint manufacturing,
leather tanning, electroplating, and metal finishing indus(Behneider et al., 2007; Selvi

et al., 2001; Sharma and Forster, 1999)romium is also used in explosives, ceramics and

photographySelvi et al., 2001)Chromium occurs as both trivalentr[{)] and hexavalent



[Cr(VI)] states in the aquatic environment. Hexavalent chromium is primarily present in the
form of chromate (Cr@) and dichromate (@®7'). Cr(VI) possesses significantly higher
levels of toxicity than the othealencestateSelvi et al., 2001; Shamrand Forster, 1995)

The tolerance limit for Cr(VI) for discharge into inland surface waters is 0.1 mg/L and in
potable water is 0.05 mg{Kobya, 2004)

Above mentioned pollutants are very common in wastewater and its toxicity may cause
various problems to the living being and adverse impact on the environment. Therefore,
specific methods and technologies are required to remove these pollutants present in various

kinds of industrial wastewater streams as well as to protect the enviroanukelife.

1.3. Wastewater treatment technologies

Variousmethods of wastewater treatment have been widely studied, and generally it can be
divided into the physicaehemical and biological treatment method. The physiwamical
treatment methods include these of coagulants, oxidising agents, photocatalysis,
ultrafiltration, electrochemical and adsorption techniques. Among these various physico
chemical treatment methods, adsorption onto activated carbon has proven to be one of the
most effective and relidd physicechemical treatment@Berrios et al., 2012)Biological
treatment methods involve living orgamis using pollutants as a carbon for energy source,
and completely changing their chemical and physical characteri®énsoval of pollutants

from the environment blgiologicalmethods has significant advantages over other methods
because of the adaptabyliof various microorganisms in degradidifferentcompounds.

The activated carbon adsorption and biological degradation are two methods that play an
important role in the treatment of industrial wastewater. The adsorption and biodegradation
processes suessfully supplement each other in the various schemes of wastewater
treatment. The activated carbon adsorption can possibly allow the removal of toxic
contaminants from the wastewater and thus ensure a stable biologieméptaent of the

wastewatefOng et al., 2007)
1.4. Adsorption

Adsorption technology is widely used for differgmiirposes, such as air purification,
wastewater or drinking water purification, recovery of useful materials, storage of materials,
refining of sugar, removal of harmful substances and many others. Adsorption is defined as

the removal omaterialsfrom either gaseous or liquisblutions onto adsorbeniBhereare
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two types of adsorptiomhysical and chemical adsorptidPhysical adsorption is achieved

by Van der Waals forces, dipole interactions, and hydrbgeding There is no activation
energy requirefor physical adsorption due to no electron exchange between adsorbent and
adsorbate, and the time needed to reach equilibrium is very short. Physical adsorption is a
nonspecificand a reversible process. Chemical adsorption results from the chemical bond

as ionic and covalent between adsorbent and adsorbate molecule. Therefmecifisas

well as irreversibldMohamed, 2011)

As advances are
adsorbentsin terms of good adsorption capacity, good selectivity and cost effectiveness.

Table 1.5 listedome commonly used adsorbents.

Table 1.5: Advantages and disadvantages of some adsorbents used for the pollutants

made i

n adsorption

removal (Crini, 2005)

technol

Adsorbent

Advantages

Disadvantages

Activated
carbon

The most effective adsorbent contal
very high surface area with por
arrangement, high capacity and high r
of adsorption, great capacity to adsor
broad range of pollutants with a high
quality treated effluent

Expensie, high reactivation cost
reactivation results in a loss of t
carbon

lon-
exchange
resin

Full range of pore structure ar
physicochemical characteristics g
good surface area, active sorbent,
excellent selectivity toward aromat]
solutes, regeneratio no adsorbent loss

Expensive, derived from petroledr
based raw materials, sensitive
particle, performance is dependent
the type of resin used, netfficient
for all dyes, pkdependenceweak
contact with aqueous pollutio
requires modification for enhanceq
the watemwettability

Chitosan
based
material

Low-cost natural polymer
environmentally friendly, extremel
costeffective, outstanding metal and d
binding capacities, high efficiency af
selectivity in detoxifying both very dilut
or concentated solutions exceller
diffusion properties, easy regeneratior
required

Nonporous sorbent, the sorpti
capacitydepends otthe origin of the
polysaccharide and the degree rof
acetylation, variability in the bea
characteristics, pbependencecalls
for chemical modificatiorio improve
its performance, low affinity for basi
dyes

Starch
based
material

Abundant natural biopolymer and wide
available, renewable resourd
economically attractive and feasible, eg
to prepare with relatively inexpensi
reagents, high swelling capacity in wat

good pollutants removal, applicable tqg

Little surface areagalls for chemica
derivatizationto improve its sorptior|
capacities, variability in the beg
characteristics, its use in sorpti
columns is limited since thfeatures|

of the particles introduc
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wide variety of process, eay hydrodynamic limitations and colun
regeneration if required fouling

1.5. Activated carbon

Activated carbon in the broadest sensehaa treated, highly porous internal sugacea
carbonbased materials. Activated carbon (AC) as defined by International Union of Pure

and Applied Chemistry (1 UPAC) I S : fla por ot
subjected to reaction with gases, sometimes with the addition of chemigalZn€b,

befor e, during or after carboni(Atzetata.n t o i

1995) A Activated carbon is por oMaghp00g)space)

Fig. 1.1. Comparison of thehree-dimensional(a) crystal lattice of graphite and(b) the less
ordered structure typical of AC (Bansal and Goyal, 2005)

Fig. 1.2. Schematic representation otie structure of activated carbon( Ro d r -Rgnose z
and Molina-Sabio, 1998)

Activation processes (physical or chemical) affects the surface areeoermex pore
structure of the activated carbon. The role of AC as an adsorbent material to remove
contaminants from liquidand gasesis well establishedBansal and Goyal, 2005AC is

partial amorphous in nature having a poorly ordered microcrystalline structure as shown in
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Fig. 1.1.These are constituted by imperfect sections of graplitiellae of small size,

which are crumpled and have many structural defects, bonded together to create a three
dimensional network, the spaces between them constituting the carbon porosity, as shown
in Fig.1.2.The variations in size, shape, deformatiod arosslinking among the lamellae

not only cause differences in porosity but also in physical properties such as bulk density,
hardness, et€. R o d r-Reghose and Molin&gabio, 1998)

1.5.1.Structure of activated carbon

Both the porous structure and chemical nature of the activated carbon saméace
significantly relatedo its crystalline structure. The formation of the crystalline streabi
activated carbon begins early in ttegbonizatiorprocessThus,sets of condensed aromatic
rings of various numbetbatare thenascententersof graphitelike micro-crystallitesare
formed. Although their structure resembles that of a crystagraphite, there exist
deviations from that structure.ist composeaf stacks of graphene layers crdisged in a
random manner. Most of the sheets are wrinkled which helps to create porosity. The
wrinkles are possibly due to the presence of fivessmeinmemberedings. The deviations

from the ordering characteristics of graphite ¢endescribedy the term ‘turbostratic

structure{Biscoe and Warren, 1942)

A AL o i Graphene layers

Wy peee o

Basal plane

Fig. 1.3. The structure of hexagonal graphitéMarsh and Reinoso, 2006)

The disordering oftte crystal lattice may be caused by its defects (e. g. vacant lattice sites)
and the presence of buitt heteroatoms. This result from the nature of the starting material,
the method, and conditions used to prepare AC. The significant difference behseen t
structure of graphite and active carbon lies in the quantity and mutual orientation of the

crystallites. The order range of the crystal structilvatis very high in the case of graphite
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but is very limited for ACs. The structure of the graphite edyafas first established by
Bernal in 1924 as a result ofPdy studiegBernal, 1924)It consistedf layers of carbon
atoms and arranged in a honeycoathide with separation of 0.142 nm while the separation
of the planes (&pacing) is 0.3354 nm (Fig. 1.3.).

1.5.2.Classifications of activated carbon

Activated carbons are complex produtitat are difficult to classifyby their behavior,
surface charaetistics and preparation methods. However, broad classificatomade for

general purpose based on their physical characteristics.
1.5.2.1. Powdered activated carbon (PAC)

PAC is made in garticular form of powders or fine granules less than 1.0 nmsizenwith

an average diameter between 0.15 and 0.25 mm. Thus, they present a large surface to
volume ratio with a small diffusion distand@AC is made up of crushed carbon patrticles,
95-100% of which will pass through a designated mesh sieveATh#&/ classifies particle

sizes corresponding to an-8tesh sieve (0.177 mm) and smaller as PAC. PAC is not
commonly used in a dedicated vessel, owing to the high head loss that would occur. PAC
is added directly to other process units, such as raw water intalqgd, mix basins,

clarifiers and gravity filter¢Bansal et al., 1988)
1.5.2.2. Granular activated carbon (GAC)

The GAC is elatively larger particle size compared to PAC and consdiguaresents a
smaller external surface. Diffusion of the adsorhbsita significant factorThese carbons
are therefore preferrddr all adsorption ofjasesand vapors as their rate of diffusion are
faster. Granulated carboase usedor water treatmentdeodorizationand separation of
components of thBow system.

1.5.2.3. Extruded activated carbon (EAC)

It consists of extruded and cylindrical shaped activated carbon with diameters from 0.8 to
45 mm. Thesare mainly usedor gas phase applicationgdause of theilow pressure
drop, high mechanicatrengthand low dust content.

1.5.2.4. Impregnated coated carbon

The porous carbons containing several types of inorganic impregnants such as iodine, silver,

and cation (such as Al, Mn, Zn, Fe, Li, and)(ave also been prepared for particular
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application in air pollution control, especially in museums and gallelege to
antimicrobial/antiseptic properties, silver loaded activated carbon is used as an adsorbent
for purifications of domestic water. Dking water carbe obtainedrom natural water by
treating with a mixture of activated carbon and flocculating agent AKQRrhpregnated
carbonsare also usetbr the adsorption of % and mercaptans. Adsorption rates fesH

as high as 50% by weight halveen reported in earlier studi@ansal et al., 1988)
1.5.2.5. Polymer coated carbon

The carbon can be coated with a biocompatible polymer to give a smooth and permeable
coat without blocking the pores. The resulting carbon is useful for hemoperfusion.
Hemoperfusion is a treatment technique in which large volumes of the patient's blood are
passed over an adsorbent substaocemove toxic substances from blo@hnsal et al.,

1988)

1.5.3. Propertiesof activated carbon

1.5.3.1. Surface area

The BrunaueEmmettTeller (BET) analysis method is the most common method used to
characterize internal surface ar@runauer et al., 1938)They extended the Langmuir
mechanism to multilayer adsorption. The Langmuir model is more applicadame forms

of chemisorptior(Rouquerol et al., 2013Yhe BET modeis usedfor describing physical
adsorption and is based dmetfollowing assumptiongLynch, 2003; Rouquerol et al.,
2013)

i) Each site is similar in nature and can accept one adsorbed molecule, anddbeis
homogeneous.

ii) The adsorbate molecule is small enotgbover the surface completely

iii) No interaction between the adsorbed molecules

iv) For the secondand higher layers, the adsorption energy is equal to that of the

condensation and is constant for all layers.
The BET equation cape showras follows:

n P 0 PN
on n wod wo nfd

PP

where Vm = monolayer capacity® = gas saturation pressure, p = gas pressure, C = constant
whichis related exponentially to the heat of the flester adsorption [exp (eq.)/(R*TJ)],
and VA = amount of gas adsorbed on the surface at pressure p. According to this equation,

a plot of p/[Va(p®-p)] vs. pf° should yield a straight line with @ntercept of 1/VmC and
13



slope of (GC1)/VmC. Therefore, the values ¥ and C can be calculated using this line.
Practically, the linearity of this plot is always restricted to a part of the isot{gregg,
1982) For many materials, the rangtlinearity is for therelativepressure of 0.08.3, but
for activatedcarbonsit is limited to relative pressures less than 0.1.

The pore filling by adsorbate includes a tatep process for defined range of relative
pressure; monolayer formation folled by a condensation process. Micropores lmn
divided into two groups: a)Ultramicropores(pore diameter less than &) and b)
Supermicropores (pore diameter in the range-2® A). This mechanism cabe usedor
adsorption onsupermicroporest high relative pressurd$regg, 1982) However in
narrow microporesultramicropore$, the pore fills in a single step over a narrow range of
relative pressure. Themallestpores commence filling at very low relative pressure, e.g.
108, which is associated with enhanced adsoraesbrbate interactiorfRouquerol et al.,
2013) The micropores areccupiedby adsorbatedefore the formation of monolayer
coverage on the surface. The BET equation is the most commonly used isotherm equation
for microporous materials and can lndized for comparing the surface area of activated

carbons.

In the last 50years,many researchsrtried to develop new methods for study the porous
structure of micropores and their pore size distributbn.bi ni nés t heory of
micropores was used in the development of some equations such as {Raaoshkevich

(DR) and DubinirAstakhos (DA) (Dubinin and Astakhov, 1971p calculate pore size
distribution in microporesThereis some other methods for calculation of pore size
distribution based on-durve methods suchsaMP method(Mikhail et al., 1968)and
HorvathKawazoe (HK) methogHorvathandKawazoe 1983)

Horvath and Kawazoe (HK) method isemtempirical, analytical method to calculate pore
size distribution using nitrogen adsorption isotherm for microporous materials. The basis of
thisapproachs a statistical analysdf a fluid with slit pores whiclapplies taactive carbons
(Lowell et al., 2012)Everett andPowl (Everett and Powl, 197@&alculated the potential
energy profileof noblegas atoms adsorbed irskit betweerntwo graphitized carbon layer
planes. Horvath and Kawazoe related thasverto free energy change of adsorption,
resulting in a relation between filling pressure and the effective pore width. The basic idea
of HK method is that the relative pressure regghfor the filling of micropores with a given

size and shape is a function of adsorksdgorbate interaction energouquerol et al.,

2013) This method is not applicable for mesopore size andlysisell et al., 2012)The
14



accuracy of this approach is under discussion because of; a) the assumption that the fluid
confined in the poresisimilar to bulk fluid, b) the density of fluid is assumed not to be a
function of its distance to the pore wall, and c) discontinuous mechanism believed for pore
filling (Lowell et al., 2012)

The limitations of macroscopic thermodynamic approaches, e.g. the DR method, and semi
empirical methodsuch as HorvatiKawazoe (HK) method for explaining the micropore
filling resulted in using moleculdrased theories based on the molecular modeling of
adsorption phenomen@eaton et alSeaton and Waltor,989)were the first to propose a
density functional (DFT) model for calculating the pore size distribution from adsorption
isotherms, and it has been soon acknowledged that DFT provides a more reasoned and
versatile approach to calculating the pore stnmecparameters compared to the conventional
methods.

1.5.3.2. Porosity

The range of pore sizes which is defined according to the IUPAC is summarized in Table
1.6(Sing, 1985)The porous structure of activated carbon is formed by three types of pores
asshown in Fig. 1.4.

Table 1.6: IUPAC classification of pore sizes
Pores Pore width (W;nm)

Ultramicropores W < 0.7nm

Supermicropore 0.7 <W< 2nm

Micropores W<0.2
Mesopores 2-50
Macropores W > 50
External surface
{ Macropores
w > 50 nm

Micropores w <2 nm

Fig. 1.4. The classification of pores.

1.5.3.3. Suface functional groups

The adsorption capacity of an AC is determined not only by the textural properties but also
by the chemical nature of its surfa¢Bansal et al., 1988)The surfice of ACs is
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heterogeneous; it consists of faces of graphite sheets and edges of such layers. The edge
sites are much more reactive than the atoms in the interior of the graphite sheets;
chemisorbeddifferent heteroatom, mainly containing nitrogen, hydeag halogen and
particularly oxygen, are predominantly located on the efifjeSayed and Bandosz, 2004)

Oxygen in the surface oxidesboundn the form of various functional groups. & burface
chemical functional groups mainly derive from activation process, precursor, heat
treatmentand post chemical treatment. The surface functional groups can be classified into
two broadgroups;acidic groups consisting mainly carboxylic, lactoaesl phenols, and
basic groups such as pyrone, chromene, ethers and carf®ogtsm, 1994; Shen et al.,
2008)(Fig.1.5)

In the case of adsorption from thiquid phase, the type of surface functional groups
influences the process to a large extent changing the character of interactions between the
adsorbate molecules@carbon surfad@®erylo-Marczewska et al., 2008; Morei@astilla,

2004) Thus, the acidic or basic complexesnfied on adsorbent surface determine the
charge, the hydrophobicity, and the electronic density of the graphite layers, explaining the
adsorbent activity differences towards various substances.

o
& Carboxylic
Nou
| Lactone
c

o Phenol
° Carbonyl

Ether

o Pyrone

Chromene

Fig. 1.5. Surface functioal groups of the activated carbon.
An increase of adsorption is observed with the decrease of concentration of acidic surface
groups (MorencCastilla, 2004; Radovic et al., 200IJhe increase of acidic surface
functional groups reinforces the hydrophilic nature of carbonic and thus decreases its
affinity to nonpolar organic compounds and conversely incredseadsorption capacity
for polar moleculegHuang et al., 2008; Kim and Park, 2006; Le Leuch and Bandosz, 2007)
On the other handbasicfunctional groups leadhainlyto hydrophobic carbons and display
a strong dfnity for organic molecules which have a limited solubility in water, like phenols
(Stoeckli and HugCleary, 2001)
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Moreover, the surface charge adrbondepends on the solution pH and its point of zero
chargeqPZ0O); the pH value at which the surfaces charge is.Z€or typical amphoteric
carbons, the carbon surface is positively charged a BPHACand negatively charged at pH

> PZC. A negative charge will result from the dissociation of surface oxygen complexes of
acid character such as carboxylic and phenabags. The positive surface charge may be
due to surface oxygen complexesbasic charactelgke pyrones or chromenes, or due to
the existence of electremch regions within the graphene layers acting as Léwaisic
centers, which accept protons frone queous solutiofMorencCastilla, 2004)

1.6. Preparation of activated carbon

Carbonization and activation are the teracialstages in the activated carbon preparation.
The essentiakeactiontaking place during carbonization of precursor material is the
elimination of norcarbon elements (O arttl are stripped off from the carbon precursor).
The residual carbon atoms group into sheets of condensed arsys&tini, which are often
relatively irregular and disordered, leaving free intersticesitiagpe filled or blocked by

tar deposition. Intergtes or voidsare formedn the char due to the misalignment of sheets
of condensed aromatic systeaimuteach other. The porosity of the char is not completely
accessible. Preparation of activated carbon and development of pore structurehiar the
can be performed by physical or chemical activation metfiddmar and Jena, 2015;
Sudaryanto et al., 2006Fig. 1.6).

Carbonization [ | Physical activation
l Char [
600 to 800 °C

Activated carbon

Gasification
CO,, Steam
(800-1000 °C)

Raw material

Chemical activation
Impregnation/Carbonization/Washing | .
ZnClL,, H,PO,, K,CO,, ctc. | Activated carbon
(500-800 °C)

Fig.1.6.The schema of the process of activatl carbon preparation

1.6.1. Precursors

Activated carbons (ACs) can be prepared from a wide variety of cheap materials with a high
carbon content and low inorganic content. The most frequently used precursors for the
activated carbon preparation on a coenomal scale are peat, coal, lignite, wood and coconut

shell (Bansal et al., 1988)Agricultural byproducts have proved to be promising raw
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materials for the production of ACs becao$éheir availability at a low pricélhey can be
used for the production of ACs with a high adsorption capacity, considerable mechanical
strength, and low ash conteribgnnidou, 200), therefore, conversion of agricultural
wastes into ACs is a promisiraternative to solve environmental problems and also to
reduce the costs of AC preparation. Literature survey indicates that mammpsowWCs
have been developed from various agricultwastes such as Vine shoot (Vitis vinifera)
(CorcheCorral et al., 2006)Cassava pe¢bSudaryanto et al., 2006plive Pit(Martinez et

al., 2006) Olive cakgBacaoui et al., 2001Ppate pit(BouchenafsSaib et al., 2005; Girgis
and ElHendawy, 2002; Haimour and Emeish, 2Q08jalnut Shell(Kim et al., 2001,
Martinez et al., 2006; Zabihi et al., 201Qoffee bean hus{Baquero et al., 2003orn
cob(Chang et al., 2000; Tsai et al., 1997; Tsai et al., 2Q08)achio nut shelkrangand
Lua, 2003) CherrystondLussier et al., 1994 Pistachio nut shelld.ua and Yang, 2005)
Paulownia wood(Yorgunet al., 2009) Plum kernelgTseng, 2007)Jatropha hul{Duan

et al., 2011)Rice straw(Gao et al., 2011 Caton stalkgDeng et al., 2009 Bagass€Tsai

et al., 20013)Bamboo(Liu et al., 20103)0Oil-palm stone¢Lua and Guo, 2001il-palm
stones(Lua and Guo, 2001 SeaweedRathinam et al., 2011)ectona grandis sawdust
(Mohanty et al., 2005)Vetiver roots(Altenor et al., 2009)Soybean strayMiao et al.,
2013) Pomegranate seefldcar et al., 2009)Waste potato residu€hang et al., 2015)
Sunflower oil cakgKarag0z et al., 2008 Cattle manure compo@Qian et al., 2007and
Herb residuegYang and Qiu, 2011)

1.6.2. Physical activation

Physical activation is usually carried out via a 4step process. In the first step
(carbonization)the carbonaces precursor is pyrolyzed at a relatively low temperature in
the absence of air. The resultant char is a cheap surface area material with almost no activity
for pollutant sequestration(Bansal et al., 1988; Cuhadar, 200%) this process, the
carbonization temperature has the most significant effect, followed by heating rate, nitrogen
flow rate, and finally, residence tinflannidou and Zabaniotou, 2007A)ypically, higher
carbonization temperatures (6000 °C) result in reduced yield of char while increasing

the liquid andgasegelease ratéloannidou and Zabaoiou, 2007) A Highertemperature

will also increaseash and fixed carbon content and lower amount of volatile matter
(loannidou and Zabaniotou, 2007; Lua et al., 2006ys, high temperatures result in better
quality char but also decrease yield. This is due to the primary decomposition of biomass at

higher temperatures and also secondary decomposition of char r@sidneidou and
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Zabaniotou, 2007)Thus, as the tempetae of primary degradation increased or the
residence times of primary vapors inside the cracked particle is shorter, the char yields
decreasé¢Putln et al., 2005)

The second step involves theiaation of the obtained char under an oxidizing atmosphere
(steam or C@) in order to increase substantially it's surface area so that the developed
porosity enhances the pollutant removal from the environment. Some literature has
integrated these two presses and has developed a single stage activation metirod)
activation,the temperature is set between 800 and T@® improvethe porosity and
surface area of lignocellulosic carb@@rini, 2006; Gupta, 2009For physical activation,
steam is morefficient than CQ, because activated carbon with a relatively higher surface
area can be produgeThe smaller molecule size of water is responsible for facilitating
di ffusion within t(@agnoeédtal.s2009; Makoet ab, 2G08jesam r uct u |
activation is reported to be twor three times faster than €@t the same degree of
conversion(Nowicki et al., 2010; Plaza et al., 2010) the single step physical activation
process, the pyrolysis is carried out under a stream of an oxidizrsygha as steam, carbon
dioxide, air or a mixture (see Reaction$({iy)) (Gergova and Eser, 1996; Plaza et al., 2014,
Plaza et al., 2010Pue to the exothermic nature of the reaction between carbon and oxygen
(air) and the difficulty of the response temperature control, steam anca@Qhe most
preferred options. Despite tla@lvantages of a single to tvetep activation process, the
latter method results in the development of a higher porosity in the actozatexh(Alaya

et al., 2000)
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RodriguezReinoso and Molin&gabio producedour series ofactivated carbongrom
lignocellulosic materials (almond shells and olive and peach stones) by either physical
activationgasification (uncatalysed and iraratalyzedl in CQO; or in a watemitrogen
mixture d charsor direct chemical activation with Zn&df the precursor. Activation with

CO, opens and widens the microporosity of tttear with even a shift tomesoand
macroporosity. The irogatalyzedCO; gasification and gasification with wataitrogen
mixture produce carbons with a welkveloped macroporosity, although the latter has the
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advantage of maintaining a weleveloped micro and mesoporosity. Direct chemical
activation of the precursor with Zndpirovides in only one step, a larger yield of aetied
carbon having microporosity as well developed as in theda@ification of the char, with
the advantage of producing a mugteatermesopore voluméRodriguezReinoso and
Molina-Sabio, 1992)

Zhang et al. (2004were prepared activated carbon from some agricultural and forest
residues, including oak wood waste, corn hulls, and corn stoveropérous activated
carbons were prepared by physical activation with, @® the activating agent. The
produced activated carbons had the BET surface areas ranging from 400 to’/t0@®adh
ratios of micropore volume to total pore volume ranging fron8 @d30.66.Higher the
activation temperaturebetter will be the surface areas and micropore volumes of the
resultant activated carbonBhe activated carbons were prepared from bagasselow
temperature (160C) using chemicatarbonizatiortreatment ad gasification with carbon
dioxide at 90C°C. The BET surfacarea and median pore size of the prepared activated
carbons were 614433 nt/gand from 0.45 to 1.2 nm, respectivélalix et al., 2004)

1.6.3.Chemical activation

Chemical activation is a single step process (carbonization and activation) in which the
carbonaceous precursor is soaked in a dehydrating agent, such as potassium hydroxide,
phosphoric acid, potassium carbonate and zincideloand then activated at relatively high
temperatures under an inert atmosphere. The chemical activation technique offers some
advantages over the physical activation method, namely, low activation temperature, shorter
heat treatment, and higher carboelg, although it suffers from the high cost of the
activating agent and the need for an extra washing(stém | udj er oviliis et al
noteworthy that applying an oxidizing environment instead of an inert atmosphere has also
been reported to have a significant effect both on the porosity of the resultant activated
carbons and the surface functional gre(de Yuso et al., 2014)The application of an
air/steam will increase the oxygen content on the surface of the activated (ubkonet

al., 2007)and also will enhance the surface area and the mesopore volume due to the pore
structure widening during the activation pess although it may slightly decrease the yield

(Hu et al., 2001; Laine and Calafat, 1988he activating reagents for activated carbons
preparation by chemical activation method are mainly alkali (KO¥;Q%, and NaOH)
(Cazetta et al., 2011; Hayashi et @000; Liu et al., 2013pnlkali earth metal salts (Fefl

and ZnC}) (Azevedo et al., 2007; Lua and Yang, 2005; Mohanty et al., 2005; Oliveira et
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al., 2009; Ozdemir et al., 2014; Ucar et al., 2009; Yorgun 2@D9; Zhang et al., 2015)
and some acids @RQ: and HSQy) (Kumar and Jena, 2016aragoz et al., 2008; Liu et

al., 2010a; OlivareMarin et al., 2007; Prahas et al., 2008; Sych et al., 2012; Yorgun and
Yéel doas) ,

In the chemical activation methodhet activating reagents act as dehydrating agents that
inhibits the formation of tar as well as volatile substances during the process, which helps
to enhance the yield of porous carbon and to decrease the iantitehperature and
activation time compared with the physical activation method and Yang, 2005; Pezoti

et al., 2014; Yang and Qiu, 2010; Yorgun et al., 2088ine disadvantages of the chemical
activation praess are corrosiveness of the process and the washingiitefrddenas et

al., 2003)

1.6.3.1. Activation with ZnCbh

The ZnCt is a dehydrating agent that may alter the pyrolysis behavior abrcgmecursor
materials. After mixing with carbonaceous materials, Zn&2n be intercalated in the
carbon matrixHu and Vansant, (199%roposed the mechanism, the impregnated ZnCl
dehydrates the carbon ma#after pyrolysis, which results in charring and carbon skeleton
aromatization and the pore structure creation. When the temperatures are higher than its
melting point, 283°C, liquid ZnCb is formed, which is very mobile. Furthermore,
temperatures higlnehan its boiling point,732C, result in a close interaction between the

zinc compounds and the carbon atoms. A 282 °C, a decomposition could take place:

WE OFKOL O MEL 06 a OO0 a Q
However, temperatures higher than 78are favorable for the ZngZévaporation. As a
result, atomic layers of daon may be widened, and pores are formed in the carbon matrix.
During the pyrolysis, ZnGleliminates hydrogen and oxygen atoms of carbon materials as
water, rather than as oxygenated organic compo(tasandVansant, 1995Jo get high
specific surface area, ZnCis used as activating reagent among the various chemical
activating agentgAzevedo et al., 2007; Hu and Vansant, 1995; Ozdemir et al., 2014;

Yorgun et al., R09). Many researchers prepared activated carbons with a high surface area

from agriculture wastes by chemical activation with Zrggé shown in Table 1.7.
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Table 1.7: Different precursors used for AC

roduction withZnCl; activating agent

Raw material Atmosphere | AT IR | Activation SeeT References
(°C) time (h) | (m?g)
Peach stone N2 500 | 0.96 - 2000 | (Caturla et al., 1991)
Elutrilithe ( waste from (Hu and Vansant,
coal) - 950 | 0.6 4 1465 1995)
Waste corn cob N> 550 | 1.75 - 1400 (Tsai et al, 1997)
Bituminous coal - 500 | 1.0 1 1644 | (Ahmadpourand Do,
1997)
Paper mill sludge N2 800 | 3.5 2 1000 (Khalili et al., 2000)
Coconut shells N2 800 2 - 2400 (Hu et al., 2001)
N2 400 | 0.75 1 1635.37 _
, _ (Lua and Yang, 2005
Pistachio nut shell Vacuum 400 | 0.75 1 1647.16
Vacuum 500 | 1.5 2 2527
Tectona grandis N, 500 | 2 1 585 | (Mohanty et al., 2005
sawdust
Cattlemanure compos N2 400 | 1.5 0.5 2170 (Qian et al., 2007)
Bagasse N2 600 1 0.5 750 (Kalderis et al., 2008)
Rice husk N2 600 | 0.75 0.5 674 (Kalderis et al., 2008)
Olive stone N> 650 | 0.2 2 790.25 (Kula etal.,2008)
Paulownia P.
tomentosp N2 400 4 1 2736 | (Yorgun et al., 209)
Chinese fir sawdust | Vacuum 500 1 1 1079 (Juan and K&iang,
2009)
Pomegranateeeds N> 600 1 978.8 (Ucar et al., 2009)
Walnut shells Vacuum 450 2 1 1800 | (Yang and Qiu, 2010
(Demiral and
Sugar beet bagasse N> 700 3 15 1826 Gendezof |
Herb residues Vacuum 450 | 2.5 1952 | (Yang and Qu, 2011)
Safflower seed press N2 900 4 1 8015 | (Angeéen et
cake
Grape stalk CO: 700 2 2 1411 | (Ozdemir et al., 2014
Sour cherryRrunus N2 700 | 3 2 1704 (Angin, 2014)
cerasus.) stones
Pumpkin seed shell - 500 3 - 1564 | (Demiral et al. 2015)
Potato residue N2 600 1 1 1357 (Zhang et al., 2015)
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1.6.3.2. Activation with HsPO4

Among the various dehydrating agents used for chemical activation, phosphoric acid is
preferred recently due to environmental and economicconcevner gun and. Yél deé
When compared to zinc chloride, phosphoric acid is the most preferred because of the
environmental disadvantages like the corrosionlamdchemical recoveryMoreover, the

carbons obtained by using Zn@s an activating ageosainnot be used in pharmaceutical

and food industries as they may contaminate the pr¢Buabas et al., 2008phosphoric

acid allowsthe developing both micropores and mesopofése resulting activated carbon
(Yorgun and. Yeldéez, 2015)

At high concentration,the phosphoric acid may exist in different forms. As the
reaction/activation temperature increases, elimination of water molecules resulting in the
HsPQy transformation into polyphosphoric acids of a gahérmula of H+2PnOzn+1. It
enhances the acids interactions with lignocellulosic material and phosphorylation of
cellulose(Jagtoyen and Derbyshire, 1998; Jibril et al., 2008; Olivitasn et al., 2006)
Polyphosphoric acids are formed by condensation of two or meir&®©HMolecules with

the eliminationof waterasa complex mixture of linear molecules of various chain lengths
(OlivaresMarin et al., 2006)This leadgo theformationof phosphate esters and increases

in crosslinking reactions and pore development. The oligomerizétikithat become part

of the carbon matrix decomposes and invelwegasification reactions above 3300°C
(OlivaresMarin et al., 2006) Therefore, acid impregnation increases the density of the
sampé carbonized at 400C. Above 450°C, the polyphosphoric acids decompose to
eliminate BPQs from cellulose phosphate estdédagtoyen and Derbyshire, 1998his
generatesmore pores and hence r@lative decrease in density. Furthermore, the
polyphosphoric acids melt between %0@ 60C°C. In such molten form, the reactions with
carbon matrix increases at high temperatures. These develop more pores and selease P
CO;, HO and other volatile materials, based on the following suggested mechanism
(OlivaresMarin et al., 2006)

VOi 00 a0 Q wvEU Q 0
¢ob0 °0 ' ¢ "Q ¢ObQ Q0

Many researchers prepared activated carbons with a high surface area from agriculture
wastes by chemical activatiorittvHsPQy are shown in Table 1.8.
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Table 1.8: Different precursors withHsPO, activating agent used for AC production
Raw material | Atmosphere| AT IR | Activation SeeT References
(°C) time (h) | (m?g)
. (Girgis and H
- 0
Date pits 700 | 60% 2 945 Hendawy, 2002)
(GomezSerrano et
Chestnut wood N2 500 | 0.35 3 783 al., 2005)
Woody biomass (Budinova et al.,
birch N2 600 | 1.5 1 1360 2006)
Vine shoots 0 (CorcheCorral et
(Vitis vinifera) N2 400 | 60%) 2 1666 al., 2006)
(OlivaresMarin et
Cherry stones N2 500 | 3.44 2 1688 al., 2007)
Jackfruit peel N2 550 | 4.0 0.75 1260 | (Prahas et al., 2008
Tunisian olive N, 450 | 1.75 2 1062 | (Baccar et al., 2009
waste cakes
Durian shell - 500 | 30% 0.33 1404 | (Thametal., 2011)
. (Yakoutand Et
0
Olive stones N> 500 | 60% 2 1218 Deen, 2011)
Corncob Ar 400 1 1 2081 (Sych et al., 2012)
Lemnaminor N2 500 3 2 531.9 | (Huang et al., 2014
Acacia mangium ) 0 (Danish et al.,
wood 900 | 40% 0.75 1767 2014)
Marigold straw - 400 2 2 1344.23| (Qin et al., 2014)
Reledy grass N3 500 | 0.88| 2 1474 | (Xuetal., 2014)
eaves

1.6.3.3. Activation withK2CO3

Even though, the use of alkali metal hydroxides like KOH and NaOH as activating agents
offers the advantage of producing high specific surface area carbon materials. The alkali
metal hydoxides are corrosive, hazardous and environmentally unfriendly. Use of alkali

metal carbonates such asdQOs can be a substitufer the use of alkali metal hydroxides.

Okadaet al have evaluated the effect of the nature of activating agei@@kj NaCOs,

K2COs, RCOs, and CsCOs) on the process of activation of carbon material produced
from newspaper waste. The textural properties (specific surface area values and specific
pore volume values) were found to be a function of the size (radii) of tHerakal cation.

Larger the cationic size (Rb and Cs) of the activating aigegeris the specific surface

area value and smaller the cationic size of the activating agent smaller is the spdeifie

areavalue. Thus, the size of the alkali metali@atis an important parameter determining
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the effectiveness of activating agent in the chemical activation pr(fekae et al., 2003)
Equations are given below describe several reactions becoming spontaneous fi@ng K
activation(McKee, 1983)

0606000 abb Q
060 6O ¢y ab b 0
0O 60y 60 Q0

The atomic K may intercalate and expandititer layersof adjacent hexamal network

planes consisting of C atoms, enhancing pore formationghhexagonal planes that are

not welldeveloped as in graphi{®©kada et al., 2003)The adjacentgraphene planes are
separated because of the K intercalation. Even after removal of K, either by washing with
H2O or acid, the rearranged or disordered graphene sheets of the carbon crystallite cannot
go kack to their original position thus leaving pores and voids. This results in an activated
carbon material with high porosity and specific surface area \(&lis&vanathan et al.,

2009) Many researchers prepared activated carbons with a large surface area from
agriculture wastes by chemical activation WKtsCOsz in N2 or CO, atmosphere are shown

in Table 1.9.

Table 1.9: Different precursors withK>COj; activating agent used for AC production

Raw material | Atmosphere | AT IR | Activation | Sger References
C) time (h) | (m?g)
Corn cob CO 800 | 0.15 1 1266 (Tsai et al., 2001b)
Chickpea husk N2 800 1 1 1778 (Hayashi et al.,
2002a)
Pistachio shell N2 800 1 1 1800 (Hayashi et al.,
2002b)
Palm shell CO: 800 2 1 1170 | (Adinata et al., 2007
Mangosteen - 900 1 2 1123 (Chen et al 2011)
shell
Sisal waste N2 700 | 0.5 1 1038 | (Mestre et al., 2011
Sunflower N2 - 0.67 - 1411.55| (Foo and Hameed,
seed oil residug 2011)
Wood sawdust N2 - 1.25 - 1496.05| (Foo and Hameed,
2012a)
Orange peel N> - 1.25 - 1104.45| (Foo and Hameed,
2012b)
Waste tea N2 900 1 1 1722 | (Gurten et al., 2012
Wool fibers N2 600 2 - 438 (Chen et al., 2013)
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1.6.4. Adsorption ofcommon pollutants onto activated carbon

Adsorption by activated carbon (AC) is the mastractive physicochemicatreatment

method for the removal of dissolved organics as well as heavy metals from wastewater.
Activated carbon is used as adsorbent duehigh surface area and internal pore
arrangement, and presence tugh surface functional groups on the surface. Many
researchers have shown that AC is an effective adsorbent for some common pollutants

removal, especially for phenol, methylene blue dyeealbags Cr(VI) metal ion are tabulated

in Table 1.10.
Table 1.10:Phenol, methylene blue and Cr(VI) adsorption on various adsorbents
Adsorbents Initial Qm (Mmg/g) Reference
conc of
adsorbates
(mg/L)
Phenol
Filtrasorb100 (commercial) - 206 (Hu and Srinivasan, 1999)
Rice husk char 1000 142.8 (Ahmaruzzaman and
Sharma, 2005)
Tectona grandis 100 2.82 (Mohanty et al., 2005)
Commercial activated carbon 100 49.72 (Ozkaya, 2006)
Activated carborcommercial 100 30.2187 (Srivastava et al., 2006)
grade (ACC)
Activated carboraboratory 100 24.6458 (Srivastava et al., 2006)
grade (ACL)
Sugarcane bagasfg ash 100 23.832 (Srivastava et al., 2006)
PAC6 (commercial from PICA) - 154 (Figaro et al., 2006)
Activated coal 15 1.481 (Vazquez et al., 2007)
Rattan sawdust based activate¢ 200 149.25 (Hameed and Rahman, 200
carbon
CAC1 (commercial, from Norit 100 104 (Fierro et al., 2008)
CAC2 (commercial, from Norit 100 73 (Fierro et al., 2008)
CS850A 500 205.8 (Din et al., 2009)
Vet-Hx0 100 145 (Altenor et al., 2009)
VetP0.5 100 122 (Altenor et al., 2009)
WTAC 350 108.4 | (Gokce and Aktas, 2014)
Methylene blue
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Rattan sawdust AC 500 294.12 (Hameed et al., 2007a)
Oil palm shell AC 500 243.90 (Tan et al., 2008a)
Vet-H»0 300 375 (Altenor et al., 2009)
Calgon (F400) AC 500 470 (Rodriguez et al., 2009)
Cotton stalk 1500 315.04 (Deng et al., 2009)
VetP0.5 300 423 (Altenor et al., 2009)
Commercial AC 1000 370 (Reffas et al., 2010)
Coffee grounds AC 1000 367 (Reffas et al., 2010)
Coconut shell AC 1000 916 (Cazetta et al., 2011)
Cocoa shell AC 250 213 (Ahmad et al., 2012)
NAC60 350 683.6 (Gokce and Aktas, 2014)
Buriti shells Mauritia flexuosa 500 275 (Pezoti et al., 2014)
L.)AC
Pine Cone AC 100 60.97 (Ozhan et al., 2014)
Grape industrial processing 900 417 (Sayjéele et
waste AC
Tomato processing solid wast 900 400 (Sayjéele and
AC
Grapefruit AC (GAC) 220 456.28 (Nowicki et al., 2016)
Cr(VI)
Coconut shell carbon - 20.00 (Alaerts ¢ al., 1989)
Sugarcane bagasse 500 13.40 (Sharma and Forster, 1994
Leaf mould 1000 43.10 (Sharma and Forster, 1995
Hazelnut shell - 17.70 (Cimino et al., 2000)
Tyresactivated carbon 60 58.50 (Hamadi et al., 2001)
Coconut treessaw dust 20 3.6 (Selvi et al., 2001)
F400 (CAC) 60 48.54 (Hamadi et al., 2001)
Beech sawdust 200 16.10 (Acar and Malkoc, 2004)
Coconut shell carbon 25 10.88 (Babel and Kurniawan,
2004)
Treated sawdust of Indian 10 10.00 (Garg et al., 2004a)
rosewood
Hevea BrasilinesigRubber - 44.05 (Karthikeyan et al., 2005)
wood) sawdust
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The tableshows the good adsorption capacity of the various adsorbents prémemed

different carbonaceous materialgh different initial concentrations of the adsorbates.
1.6.5. Regenmation of activated carbon

Reuse of activated carbon reduces the cost oadserptionprocess. It igo desorb the
retained substances efficientlgd again repeated use of the adsor{f@nitang et al., 1997;
Sabio et al., 2004 5pent activated carbon can be regenerated by methods such as chemical
regenerationthermal regeneration, ametectrochemidatreatment. Among these methods,

the thermalregenerationis the most commonly used because of its simplicity, high
efficiency and solvent free proce&Shiang et al., 1997; Torrents et al., 199Mermal
regeneration consists of the following processing si®pguki et al., 1978; Van Deventer

and Camby, 1988)1) drying at around 10%C, (2) pyrolysis under amert atmosphere

and (3) gasification of residual organics by oxidizing gas, suchas steCQ. The second

step is a complicated process consisting of thermal decomposition, thermal cracking,
desorption of decomposition products, and partial cracking followed by polymerisation of
the residualg¢Sabio et al., 2004; Suzuki et al., 197&nd the yield of thespentcarbon

decreases after processing.

1.7. Adsorptionstudiesin column

The batchadsorptionexperiments are usually done to measure the effectiveness of
adsorption for removing adsorbates as well as to determine the maximumtiadsorp
capacity. Batch reactors areomfortableto use in the laboratory scagtudy but less
convenient for industrial applicationshe continuous adsorption in tfiged-bedcolumn

is frequently applied to industrial applicatio®hmad and Hameed, 2010; Chern and
Chien, 2002; Dwivedi et al., 20Q8)he fixedbed columns arsimple to operate and can

be scaledup from a laboratory procedsixed-bed adsorption has been applied to remove
organic contaminants from mg years with encouraging results. The reason is the high
adsorption capacities in equilibrium with the influent concentration rather than the effluent
concentration can be achiev@idwivedi et al., 2008)A continuous packed bed does not
operate under equilibrium conditions. The effect of flow condition (hydrodynamics) at any
crosssection in the column affects the fldvéhavior. The flowbehaviorand mass transfer
aspects become different beyond a particular length to diameter ratio of the ¢ahumad

and Hameed, 2010; Singh et al., 2009b)
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In dynamic column adsorption process, solution continuously enters and leaves to the
column, so that the complete equilibrium is never established at any stage between the
solute and the amount adsorbed. At each time, it meets the fresh concentrations, and hence,
the establishedquilibriumin column mode is termed as dynamic equilibri{iPavivedi et

al., 2008)

In order to design and operate fixeed adsorption process successfully, the breakthrough
(BT) curves under specified operating conditions must be predictable. The shape of the BT
curve is influenced by thepecialtransport process in the column filled with astsorbent
(Ahmad and Hameed, 2010; Vazquez et al., 20@83orption in fixedbed columns using
activated carbon has been widagnployedin industrial processes for the removal of
contaminants from effluents, since it does not require thgi@aof chemical compounds

in the separation proce§shmad and Hameed, 2010; Chern and Chien, 2003; Walker and
Weatherley, 1997)

1.8. Biological treatment

Biological treatments are effective secondary treatrmeethods for treatment of highly
polluted industrial wastewaters. Theaee economical and edoendly than any other
advancedvastewater treatment due to its low operating and maintenance cost. Several types
of biological processes are used to treat @water, including activated sludge process,
constructed wetlands, and various types of filtrafidre anaerobic and aerobic systems are
commonlyused to deal with thevastewater irbiological method(Pant and Adholeya,

2007)

1.8.1.Biodegradation

Biodegradtion is a process by which microorganism breakdown the toxic chemical
compounds foundn the environment through metabolic or enzymatic action. A large
number of natural and synthetic organic compounds are utilized by the microbes as their
energy and nuignt source. A portion of the organic material, serving as a primary electron
and energysource, is converted to oxidized end products through oxidation/reduction
reactions. The artherportionof the organic carbon ionvertednto thecellularmaterial
(Basha et al., 2010)They are biodegraded into less complex metabolites, and through
mineralization into inorganic minerals, .®, CQ (aerobic) or CH (anaerobic).
Biodegradation of pollutants depends on various factors such as the envitainme

conditions, number and type of the microorganisnaure and chemical structure of the
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contaminant. The rate of biodegradation depends on parameters like pH, temperature,
oxygen, microbial population, thdegreeof acclimation, accessibility of nuémts, the
chemicalstructure of the compound, tlencentrationof pollutants, cellular transport
properties, and chemical partitioning in growth med{@argouri et al., 2011; Haritash and
Kaushik, 2009)

Advantages and limitations of bioremediation techniques

Advantagesof bioremediation
It is cost effective and ecofriendly in nature

Toxic chemicals are removed from tevironmentand not just merely separated.

= =A ==

Less energy and manual supervision is required as compared to other
technologies.

Limitations of bioremediation

The process of bioremediation is slow and time requiradtisedaysto months.

For in situ bioremediation site must have soil with high permeability.

= =/ == C:

Substantial gaps exist in the understanding of microbial ecology, physiology and
genetic expression. A stronger scientific base is required for rational desafning

process and implementation.

Phenol is a very common organic pollutant found in the effluents of industries like
petrochemicalgoke ovens, phenolic resin production &bér glassmanufacturing at very
high concentrations. Phenol containing wastewat@nnot be discharged in to the
environment without prior treatment because of its high toxicity. Biodegradation is very
suitable for the treatment of phenol presenivastewater A number of microorganisms

have been reported to degrade phenol at varioosentrations abulated in Table 1.11.

Table 1.11:Biodegradation of phenolic compounds by free microbial cells

Microorganism Pollutants Source of Maximum Time References
isolation phenolconc | required
degraded (hr)
(mglL)

Acinetobacter Phenol Culture 280 120 (Palleretal.,

calcoaceticus collection 1995)

(NCIB 8250)

Arthrobacter Phenol - 50-100 - (Kar etal.,
speces (MTCC 1997)

1553)
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Alcaligenes Phenol Amazonian - - (Bastoset
fecalis forest soil al., 2000)
Pseudomonas Phenol - 1-100 - (Monteiro et
putidaDSM 548 al., 2000)
Mixed culture. Phenol Saline 320 68 (Peyton et
environments al., 2002)
Pseudomonas Phenol - 1000 162 (Kumaret
putida(MTCC al.,2005)
1194)
Acinetobactesp. Phenol Aerobic 1000 - (Adav et al.,
granules 2007)
Alcaligenes Phenol Activated 1600 76 (Jiang et al.,
faecalis sludge from 2007)
municipal
gasworks
Acinetobactessp. Phenol Activated 1100 - (Ying et al.,
sludge of 2007)
wastewater
treatment plant
pseudomonas Phenol - 200 - (Annadurai
putida(ATCC et al., 2008)
31800
Mixed culture Phenol Sewage 100800 10-70 (Saravanan
treatment plant etal.,2008b)
Paenibacillussp Lignin and Paper and pulg 500 168 (Singh et al
andBacillus pentachloropheng mill effluent 2009a)
cereus(Mixed sludge
culture)
Pseudomonasp. Phenol Pharmaceutica 700 30 (Shourian et
industry al., 2009)
wastewater
sludge
Bacillussp. Phenol Oil refinery 1000 - (Banerjee
and and Ghoshal
exploration 2010)
sites
Pseudomonas Phenol Saoll 600 and 800 35 (Senthilvelan
putidaTan1 and etal.,2014)
Staphylococcus
aureusTan-2
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Pseudomonas | p-hydroxybenzoic Saoll 500 48 (Chen et al.,
putidaCSY-P1 acid 2015)

Pseudomonas Phenol and 4 River (20-400) and - (Wang et al.,
putidaLY1 chloropheno sediment (15 and 40) 2015)

Acinetobactesp. Phenol Activated 600 24 (Jiang et al.,
BS8Y sludge 2013)

1.8.2. Biodegrad#ion by using immobilized cell

Immobilized cell technology is an advanced technique allowing for compacting and
maintaining a large number of cells in biotreatment systems for removing organic pollutants
from contaminated wastewater. Immobilization of€ak biocatalysts is almost as common

as enzyme immobilization. Immobilization is the restriction of cell mobility within a
defined spac@Aksu and Bulbul, 1999; Lin et al., 2009nmobilization of microorganisms

on inert supports shows an increasing interest to allow obtaining much more profit from the
process. It improves microbial performance, and provekesllentoperational stability.

The main advantages in the use of immobilized cells in comparison with suspended ones
include the retention in the reactor of higher concentrations of microorganisms, protection
of cells against toxic substances and eliminates théyqusicesses of cell recovery and

cell recycle(Dursun and Tepe, 2005\ part from these advantages, the use of immobilized
microbial cellsalsohasfew disadvantages. One of tigor problems of immobilization is
diffusion limitation. In such case, the control of mienavironmental conditions is difficult
because of the resulting heterogeneity in the system. With viable cells, growth and gas
evolution can lead to significant mectieal disruption of the immobilizing matrigdksu

and Bulbdl, 1999; Chung et al., 2003; Dursun and Tepe, 2005; Prieto et al., 2002)

Immobilized microbial cells produce extracellular polymeric substances or
exopolsaccharides (EPS) in order to adhere to a solid support, protect themselves from the
toxic environment. The EPS composition plays an important role during the operation of a
bioreactor (Liu and Fang, 2002; Rangappa et al.,, 20IB)e EPS is comprised of
polysacchades, proteins, humic substances, lipids and other minute substances. It is
produced by microbial cells from a complex matrix where microbial cellemisedded

within andarecalled biofilm. It helps in adhesion and cohesion of the biofilm enlia

support and provides structural strength for the biofi(dndersson et al., 2009; Rangappa

et al.,, 2016) The BPS composition depends on the microlgahetics environmental
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conditions and the substrate nature. Theselitions, in turnare the key factors for biofilm

propertiedike biofilm density, porosity, watezontentetc.(Rangappa et al., 2016)

Biodegradation of phenol using pure and mixed cultures of suspended bacteria has been
widely studied. However, attagherinitial concentration of phenol, the growth as well as

the degradation activity of the free cells gets inhibited due to toxid¢égice a number of
strategies have been developed to overcome this problem. Immobilization of cells is a very
usefultechnique for protecting the microbial cells against toxic shock from high phenol
concentratior{Dursun and Tepe, 2003yariousstudies where phenol has been treated by

immobilized cell technology are tabulated in Table 1.12.

From Table 1.12, it can be concluded that the activated carbon is more befwfittial
microbial growth than other supporting materials such as-afignate beads,
polyacrylamide, etc. Biological activated carbon (activated carbon with attached
microorganism) can be utilized at very high concentrated phenolic wastewater due to its
higher adsorptiogapacity than other supporting materials. It minimizes the toxic effect of
the high phenol concentration by sudden decrease idheentration Therefore, the
combined process of adsorption and biodegradation can be the future of the treatment

techniquedor the removal of organic pollutants like phenol from the wastewater.

Table 1.12:Biodegradation of phenol by immobilized cells

Microorganism Immobilization | Pollutants | Conc. References
material mg/L
Pseudomonapgutida Po:c?/s:rlione Phenol é%cég (Loh et al., 2000)
Candida tropicalis Polygz';):z;lmide Phenol t_)%%% (Chen et al., 2002)

Pseudomonaputida

CCRC14365 Caalginate Phenol | 1000 | (Chung et al., 2003

(Dursun and Tepe,

Ralstonia eutropha Caalginate Phenol 100 2005)

Acinetobactesp.

XAO05 and Polyvinyl .
Sphingomonasp. alcohol (PVA) Phenol | 800 (Liu etal., 2009)
FGO03
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Polyvinyl (ElI-Naas et al.,

Pseudomonas putida Phenol 300
P alcohol (PVA) 2009)
Bacillus Alginatel
Phenol 2-20 (Lu et al., 2012)
amyloligwefaciens chitosaii alginate
Pseudomonaputida ACtIViEEZrcarbon Phenol | 10000 (Ma et al., 2013)

1.8.3.Adsorption assisted biodegradation

Activated carbon adsorption hasen widely appliedn removing organic matters from
wastewater as it has large surface area and strongaffinity for attaching organic
substances even at low concentration. Granular activated carbon (GAC) is one of the best
adsorbents for removing various organic contamséNishijima et al., 1997)The GAC
adsorption systems are therefore considered to be employed in sewage treatment plant
producing high quality effluent ofhich it canbe reusedor various purposes. However,

even though it has high adsorption capacity, GAC can only maintain its adsorption
capability for a short period of time until all its available active site gets exhausted with
organic pollutant{ Akt ak and . I¢tis wed knpwnthdd GAC)is alsca good

support media for microbial growth. Thus, biological GAC (BGAC) with attached biomass
can effectively remove organic contaminants both by adsorption and biodegradation
(Carvalho et al., 2007; Nishijima et al., 1997he concept obioadsorptionis more
dominanttill GAC is in full adsorption capacitynd after thatbiodegradation play
significantrolflAk t ak and ¢e- en,.TH GACbip-adsbponsgisuallg 0 0 5)
applied in the bioreactors with either fixed bed or fluidized bed configuratioh&k t ak an d
Cecen, 2007)Many researchers investigated the removal of various contaminants by the
biological activated carbons and a few has been tabulated in Table 1.13.

Table 1.13: Removabf adsorbates onto biological activated carbons

Microorganism | Immobilizatio Pollutants Conc. | Efficienc References
n material mg/L y
Microorganisms Activated Phenol 1.9 | 92-100% (lvancev
Carbon 1000 Tumbas et al.,
1998)
Pseudompoas Activated Phenol 200 - (Annadurai et
pictorum(NICM- Carbon 600 al., 2000)
2077)
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Microorganisms Powdered 2-chlorophenol | 100 - (Lee and Lim,
activated 800 2005)
carbon
Pseudomonas activated Phenol 1,000 - (Wang and Li,
putida carbon 2007)
Pseudomonas Granular Cyanide 100 96.7% (Dash et al.,
putida activated 2009)
carbon
Bacillus Alginatel Phenol 2-20 - (Lu et al.,
. . , , 2012)
amyloliquefaagn chitosaii
S alginate
Micrococcussp. Activated 2- 515 98.4% (Yuan et al.,
carbon methylisoborneo 2012)
I
Serratiasp. Iron Phenol and 200 99% (Agarwal and
Impregnated Cyanide and Balomajumdar
Granular 20 , 2013)
Activated
Carbon
Pseudomonas Activated Phenol 1000 - (Maetal.,
putida carbon fiber 0 2013)
Serratia Activated Phenol and 300 | 89.88 and| (Singhetal.,
odoriferaMTCC carbon cyanide and 93.06% 2016)
5700 30

Treatment of the wastewater by the biofilmctor is morefficientthan the suspended cell
reactor(Qureshi et al., 2005)/arious advatages of the application of biofilm reactor are

the retention of higher concentrations of microorganisms in the reactor, protection of cells
against toxic shock due to high concentration of contaminants and cell recovery as well as

cell recycle.
1.9. Treament in biofilm reactor

1.9.1. Bioreactors

The main reactor types applicable for the suspension of particulate biofilm in wastewater
treatment processes are Biofilpflow sludge blanket (BUSB), Fluidized bed bioreactor
(FBBR), Expanded granular sludgebket (EGSB), Biofilm airlift suspension (BAS), and
Internal circulation (IC) reactors (Fig. 1.Mhese reactors ateetter than the conventional

freely suspended cell bioreactors due to the potential advantages of continuous reactor
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operation at any de®d liquid throughput without risk of cell washout, protection of cells
from toxic substrates, higher growth rate resulting in high concentration of cells in the
reactor, easy cettreated water separation, enhancedlgasd mass transfer rate, plug flow
operation by maintaining the immobilized cells as a stationary [fiesa et al., 2005)

a b
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Fig. 1.7. Biofilm reactor configurations (a) USB; (b) BFB; (c) EGSB; (d) BAS; (e) IC
(Nicolella et al., 2000)

The fluidized bed bioreactor is shown to perform better than other types of bioreactors
(Tang et al., 1987; Vinod and Reddy, 20Q0B)e superior performance of the fluidized bed
bioreactor is due to high biomass camtcation because of immobilization of cells onto the

solid particles.
1.9.2. Fluidized bed bioreactor

During the past fewyears,the application of the fluidization technique in the field of

biotechnology has increased considergBlgjasimman and Karthikeyan, 2007; Tang and
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Fan, 1989)The main application of fluidization principle is in tfield of environmental
biotechnology. Fluidized bed bioreactor has several advantages over other conventional
reactors for th treatment of wastewater. Fluidized bed bioreactor (FBB&ngentionally
operated with up flow systems for either gadid, liquid-solid or gadiquid-solid phases
where the density of bioparticles (support particles coated with biofilm) is highethtea
density of themedium(Begum and Radha, 2014; Tang and Fan, 198% achievement

of high biomass concentration in FBBR makes its superior performance over that of the
conventional packed bed fixed film bioreactor in a efgriof wastewatertreatment
applications.The fluidized bed bioreactors are superior in performance due to cells
immobilization on solid particles reducing the time of treatmentydhemeof thereactor

is extremely smalllack of clogging of biomass amemoval of gollutantlike phenol even

at lower concentrationdena et al., 2005)

The limitation of the fluidized bed reactor in wastewateatment is the biofilm thickness

as microorganism in a biofilm multipiiofilm thicknessincrease. This limits diffusion

of oxygenandthe organic substrate to the deeper layers of the biofilm. Starvation of the
microorganismsit thelower layerof thebiofilm causes pieces of the biofilm to detach and
leads to ineffective bioreactor operation. In the fluidized bed bioreactor witllémsity
particles, the control of biofilm thickness is achieved within a narrow rangeaad found

that this bioreaar is more efficient when used for biological aerobic wastewater treatment
(Nikolov and Karamanev, 1987; Rajasimman and Karthikeyan, 2007)

In FBR, theprevailingturbulence may release part of the biomass that cakersolid
particles thus maintaining propemass transfer rate through the microbial film. However,

an excessive detachment and washout of the microbial biofilm adhered to solid particles
could diminish the volumetric reaction rate. Biomass detachmeid &@ reduced using
porous particles as carriers, such as granular activated carbon (GAC) antugbotant
regime in the FBR. The adsorption of microbial cells onto granular activated carbon (GAC)
offers anaturallyimmobilized cell system in which migorganismsare attachedo their
support by weak (noncovalent), electrostatic interac{idmster and Jouenne, 200@nder
suitable environmental conditions, the adsorption step may be followed by microbial
colonization ofthe microtubular network of the porous support. The biological actiity

the activated carbon is meaningful in removing dissolved pollutants from wastewater. The
porous support material may adsorb the organic pollutant and by microbial action, the GAC

is bioregeneratedrhe role obioregeneratioprocess in renewing the adsorbent surface for
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further adsorption of organics during simultaneous adsorption and biodegradation processes

has been well recognizédeeand Lim, 2005)Various researchers studied the removal of

phenol,and other organic compounds by themobilized microbialparticles in fluidized

bed bioreactor as well as oth®oreactors, whiclhas been tabulated in Table 1.14.

Table 1.14: Literature review of phenol and other organic compounds treatment in

bioreactors

Microorganism Pollutants Immobilization | Efficiency in | Reactor | References
material terms of
Phenol
degradation
Pseudomonas Phenol Activated 5 x 107 kg FBBR (Beyenal and
putida carbon phenol per Tanyolag,
kg active 1998)
carbon
particle
Mixed culture Phenol Calcined Complete FBBR (Livingston
of NCIB 8250 diatomaceous | degradation and Chase,
(Acinetobacter earth, CeliteR- of feed 1989)
sp.),NCIB 632 concentration
10535 of 200 mgL
(Pseudomonas phenol with
sp.), and NCIB dilution rate
1015 of 0.150.2.5
(Pssudomonas ht
sp.)
Candida Phenol 4% Agar 3500 mgL FBR (Juérez
tropicalis solution Ramirez et
al., 2001)
Pseudomonas Phenol Calcium 500 mgL/d FBBR (Gonzalez et
putida alginate beads al., 2001)
Pseudomonas Phenol Sand particles| 251- 592 FBBR (Onysko et
putidaQ5 mg/L phenol al., 2002)
Activated Phenol Polypropylene 99% FBBR (Sok -0
sludge (KMT) particles| degradation Korpal,
of 990 mgL 2004)
Mixed culture Phenol - 1002500 | Activated | (Amor et al.,
mg/L sludge 2005)
reactor
Mixed culture Phenol Membrane 5003000 | Immersed| (Marrot et
mg/L membrang al., 2006)
bioreactor
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Pseudomonas Phenol Plastic beads | Complete FBBR (Vinod and
p. degradation Reddy, 2006
of 1034
mg/L
Mixed culture Phenol/m - 600 mg/L Airlift (Saravanan e
cresol bioreactor| al., 2008a)
Thiobacillus Toxic Caalginate - FBBR (Potumarthi
RAIO1 petroleum spen et al., 2008)
caustic
Undefined Phenol Plastic beads | 10 x 102to FBBR (Eswari and
microbial 30 x 102 Rajendran,
culture kg/m? 2012)
Undefined Trichlorophenol Activated 99.9 % FBBR (Poggt
microbial and phenol carbon degradation Varaldo et
consortium of 30 mg/L al., 2012)
Burkholderia Oil sands GAC - FBBR (Islam et al.,
multivorans 2014)
Polaromonas
jejuensisand
Roseomonasp.
Bacillus cereus Petroleum Caalginate 2545 mg/L FBBR (Banerjee
(AKG1 MTCC wastewater (98.03%) and Ghoshal
9817 and AKG2 2016)
MTCC 9818)

1.9.3. Hydrodynamic studes of threephase fluidized beds witHow-density particles

Low-densitysolid particles found huge application loreactorfor aerobicwastewater

treatment. Hydrodynamics study of thiglease fluidized bed with low density particles are
rarely found in ikerature although a tremendous research work exists for moderate or high
density solid particlegMishra, 2013) Under conditions typically suitable to biochemical
applicaton, Nore, et al. (1992) studied hydrodynamics,-lgpasd mass transfer and
particleliquid heat and mass transfer in thgease fluidized bed with light particles.
Polypropylene beads with inclusion of mica in the density range from 1130 to 1700 kg/m
was reported to be used in the study. The study mainly focused on the effect of liquid and
gas velocities on hydrodynamic parameters such as; bed porosity and liquid holdup. An
increase in bed porosity for both increase in the gas velocity and the liqpittywlls been

Ha l (1999)
solid [Kaldnes Miljotechnologies AS (KMS)] support in gagiid-solid fluidized bed

reportedSok - g and fani I nvesdnsitygat ed

They reported dependence of minimum fluidization air velocity orateof bed to reactor

39



volume and mass of cell growth on the particlBisey were also established that the air
hold depends on air velocity, ratio of bed to reactor volume and mdssnoassladen
particles. Significance of operational parameters oddgoadation of organics in fluidized

bed bioreactor wittow-densitys ol i d particles were studied
Korpal (2004).

Threephase fluidized bed hydrodynamics by statistical, fractal, chaoBragrs and Ellis

(2005) characterized wavelet analysi®iey determined optimum fluid velocity and ratio

of volume of bed to volume of reactor for largest degradation of phenol. Hydrodynamic
parameters; the minimum fluidization velocity, the pressure drop, the expansion, the bed
porosity, the gas retention and the stirring velocity were studied by Allia(@086) using

solid particles covered with a biofilm fluidized by air and contaminated water. Rajasimman
and Karthikeyan (2006) have determined the optimum air holdup and expanded bed height
for maximum aerobic digestion of starch wastewater in fluidizs bioreactor witthow-
densitypatrticles. Mishra, 2013 have characterized the minimum fluidization velocity and
bed expansiobehaviourof low-densityparticles (polypropylene beads with filler to vary

the density) in a threphase fluidized bed with aand water as the gas and liquid phases
respectively. It has been reported that the minimum fluidization velocity and bed expansion
are not a function of the bed mass (initial static bed height).

Although some studies on hydrodynamics are found in litexattth low density solid
particles, but the use of granular activated carbon as the solid phase were not established.
In addition,the low-densityparticles used in the previous studies are of moderately higher

size. Smalletow-densityparticles of sizéess than 2 mm were not observed.

1.10. Scope and objective of the present study

Literature study reveals that adsorption is one of the most desirable method for the treatment
of various organic and inorganic pollutants present in the wastewater. Eugh tuivated

carbons are highly versatile adsorbents, the main drawback of the adsorption process
associated with them is the cost of the activated carbons. Various attempts have been made
to prepare activated carbons from cheap and easily available sa@riats or waste
materials. Agricultural and industrial wastes are used as an alternative raw material to
prepare low cost activated carbons. Agricultural wastes are mostly focused as they have low
ash content and high carbon and volatiiatter, whichis a prerequisite for being the
precursor of a comgient activated carbon. Fox sbell is an agricultural waste obtained

from Fox nut processing unit¥he Fox nut EuryaleferoX) belongs towater lily family
40



(Nymphaeacead$ cultivated in perennial watdrodies in tropical as well as subtropical
climate. It is commonly known as Makhana, Black Diamond or Gokgdnlt is a widely
cultivated plant in India. The fox nut shells meets all the prescribed criteria for being a
precursor of efficient activated dam. Its low ash content, high carbon and volatile material

along with easy availability makes it a suitable candidate.

As evidenced from the literature, several types of organic and inorganic pollutants has been
detected in both industrial as well as noymal wastewaters. They can be categorized
mainly into the hydrocarbons (predominantly phenolic compounds), dyes and heavy metals.
These are highly toxic in nature and affects both terestial as well as aquatic life adversely.
Hence remediation of thesellpubants employing various treatment techniques has been the
focus of research for a quite long time. Available treatment methods can be categorized into
physiochemical methods and biological treatment methods. The physicochemical methods
are mostly emplosd for the treatment of the inorganic pollutants, while organic pollutants
are treated efficiently using the biological treatment methods. Among the physicochemical
methods, adsorption is able to treat wastewater containing high concentration of the
pollutants but to completely remediate the pollutants from the wastewater, biological
treatment method is being opted. Hence, if both the treatment methods were been combined,
then wastewater containing high concentration of contaminants can be remediated

compleely.

Literature suggestsyastewater treatment using biofilm reactor has a better efficiency than
the suspended cell bioreactor. Among the available reactor types, fluidized bioreactors
demonstrate a better performance due to employment of cell immuobiizachnique.
Therefore, incorporation of the above treatment methods in the fluidized bed bioreactor will
open the gateway for the efficient treatment of highly concentrated wastewater in industrial

scale.

In the present study, an attempt has been nuapleepare and characterize activated carbon
from cheap and easily available agricultural waste, fox nut shell. The prepared activated
carbons were to be utilized for the treatment of synthetic wastewater containing various
organic and inorganic contanaints in both batch as well as continuous sddieprimary
objectives of the present research war& summarizelelow:

1. Preparation and characterization of activated carbon from Fox nutshell, a potential
precursor with high carbon and high volatile ttea content, under ideal operating
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conditions such as; activation time, heating rate, activation tempe@tdrehemical
impregnation ratio.

2. To study the adsorption potential of the prepared activated carbons for the removal of
various organic and imganic water pollutants such as; phenol, methytdne,and Cr(VI).

3. Fixed column study to characterize pleeformancef prepared activated carbons for the
adsorption of phenol, methylemdue, and Cr(VI), as batch adsorption study is unable to
geneate sufficient necessary information for designing and operation of continuous
treatment system.

4. Evaluation of various process parameters and the efficiency of adsorption assisted
biodegradation. Characterization of the process for phenol biodegradistibiological
granular activated carbon (BGAC) in batch scale.

5. Hydrodynamic studies of thrg@nase Fluidized bed reactor by using granular activated
carbon (GAC).

6. Characterization of Fluidized bed bioreactor for biodegradation of phenol by b#blogic

granular activated carbon (BGAC).
1.11. Organization of thethesis

The main thesis comprises of seven chaptersafierl deals with thentroduction and
literature review. Chapte details on the experimental aspects starting from materials and
expeimental setups to techniqué&shapter3 presents thpreparation andharacterization

of activated carbons prepared from Fox nutshell through chemical activation route using
different chemical activators. Adsorption studies of the various types of thdbatisolike
phenol, methylene blue and Cr(VI) in batch, and in fixed bed is discussed in ehapter
Chapter5 reports the experimental results obtained by application of developed biological
activated carbon for adsorption assisted biodegradation of phdyaith scale. I€hapter

6, a fluidized bed bioreactor with granular activated carbons is first charactéoized
hydrodynamic behavior then the performance of the same for biodegradation with
immobilization of bacterial strain dseudomonaputida (MTCC 1194) is evaluated. In

Chapter7, overall conclusions and scope for future work have been presented.
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Chapter 2

Materials and Methods

This chapter describes in detail about timaterials and methods and laboratory
experimental setup used and the ekpental procedure adoptauthis research worki he

details include the raw material selection, gvecedureadopted for thepreparationof
activated carbons, experimental procedure related to the application of prepared activated
carbons in adsorptionf @henol, methylene blue and Cr(VIl) removal from synthetic
wastewater. Finally, methods of adsorption assisted biodegradation study and treatment of
phenol in fluidized bed bioreactor (FBBR) including its hydrodynamics are also discussed

in this chapter.
2.1. Activated carbon preparation

2.1.1. Precursor

In this study, the Fox nutshel(ryaleferox) (see Fig. 2.1) was used as a precursor material
for activated carbons preparation due to its relatively small ash and high carbon content.
The botanical clasfication of the Fox nut is shown in Table 2The Fox nutshell was
collected from a local Forut-processingunit from Madhubani district of Bihar state of
East India.Before chemical activation process, the collected Fox nutshell was dried
naturally awl then at 110C for 24 hr.

Edlbl.e part Fox nutshell
Fig. 2.1. Fox nut flowering,seedpodsseed, edible part and shell.

43



Table 2.1: Scientific classification of Fox nut

Kingdom Plantae
(unranked) Angiosperms
Phylum Tracheophyta
Class Magnoliopsida
Order Nymphaeales
Family Nymphaeaceae
Genus EuryaleSalisb.
Species ferox
Binomial name| EuryaleferoxSalisb.
Source: Wikipedia

The dried Fox nutshell was crushed and sieved to obtain a particle size df./adgemm.
The sieved Fox nutshell was soaked in 0.5N NaOH solatolieft for 12 hto remove all
impurities like mud and ash present in the Fox nutshell during harvesting and processing.
After soaking, the Fox nutshell was properly washed with distilled water univdakeed
solution pH achieved about 7. The cleanetterial was dried at 110 °C for 2dfbr further

experiments.
2.1.2. Chemicals used

All chemicals used in this work were purchased fidarck, India. The chemicals used in

this study includes; zinc chloride, orthophosphoric acid, potassium carbordriegHigric

acid, iodine, sodium thiosulfate, potassium iodide, potassium iodate, sodium hydroxide,
sodium carbonate, sodium bicarbongteenol,methylene blue and potassium dichromate

2.1.3. Apparatus

The preparation of activated carbearas performedn a horizontal tube furnace. The
alumina tube of the horizontal tubular furnace was of 1 m long and 0.66 m internal diameter.
The furnace use a Kanthal heating rod for heating aredjuspped with a proportional
integral derivative (PID) temperature conkeol The heating zone of the furnace was in the
middle section of th&urnace and was @0 cm long. To maintain inert atmosphere purified
nitrogen gas (99.99%) wased and the flow ratevas controlledy using aotameter. The
maximum temperature of ofion of the furnace was158QC. A schematic of the furnace

is shownin Fig. 2.2.
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Fig. 2.2. Schematic of the activation furnace.

2.1.4. Preparation procedure

Preparation of activated carbon from Fox nutsivels carriedn two steps, which includes
baseleaching and activation. The firstepis already discussed in the precursor part. In the
second step, the basached~ox nutshell was impregnated with Za(H:POs and KCOs
solution in different concentrationshe impregnation ratisvasconsidereds the ratio of
the weight of activating agents to the weight of the dried Fox nu{3aetjun et al., 2009)
For ZnCh impregnation20 to 50 g of ZnCGlwasdissolvedin 150 mL distled water,and

20 g of the Fox nutsheltasmixedat 80°C to obtain the impregnatiacatiosas of 1, 1.5,
2.0 and2.5. ForH3PQy impregnation, hie required BPQs volumes per 20 g dry raw material
were 6.5, 12.99, 19.49 and 25.98 mL for the impregnatatinsof 0.5, 1, 1.5 an@.0,
respectively. For impregnation, 20 g of Fox nutshell digsolvedin 150 i solution of
HsPQs with different concentration and stirred at approximately °80 For KoCOs
impregnation, 30 20 g ofK2COs wasdissolvedin 150 ni distilled water,and 20 g of the
Fox nutshellwasmixedat 80°C to obtain the impregnatigatiosas of 0.25, 0.5, 0.75, and
1.0. The mixtures were left for 24rlat room temperature, during this period the mixture
was mixed at afixed time interval of6 hr. After that, the impregnated samples were
evaporated and dried at 130 for 24 v in a hot oven.

A weighed amount of impregnated Fox nutsivedls placedin a ceramic crucible and
inserted at the middle of the horizontal electric tubular furnace Tileesamplevasheated

from room temperature tofmal preselectetemperature ranging from 500 to 80D with

the N\ flow of 150 mL/min.Different process parameters such as heating rate, activation

time, carbonization temperatures and impregnatiolgatiere studied to estimate their
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effect on porous activated carbons characteristics. Table 2.2 detailed the values of the
parameters used in the chemical activation process for the activated carbon preparation from

Fox nutshell.

Table 2.2: Experimental vdues of the parameters used in chemical activation process
Chemical activation (Heating rat&;/min) | 2, 5, and 8

Activation time (min) 30, 60, 90 and 120

Ratio of the chemicals to the Fox nutshe 0.5, 1.0, 1.5, 2.0, and 2.5 (ZnXl

0.5, 1.0, 1.5, 2.(and 2.5 @3sPQ)

0.25, 0.5, 0.75 and 1 ¢(KOs)

Activation Temperature’C) 500, 550, 600, 650, 700 (ZnZl

500, 550, 600, 650, 700, 750 and 8BRROy)
600, 650, 700, 750, 800, 850 and 900QR:)

2.1.5. Yield of activated carbon

The yield of activatedarbonwas calculatetdy dividing the mass of the resultant activated
carbon by the initiamassof the raw material used for activatifviorgun et al., 2009)The
activated carbowield was calculated using Eq. (2.1).
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2.2. Characterization of Fox nutshell and prepared activated

carbon

2.2.1. Thermogavimetric analysis

The combustion characteristics of Fox nutshell were studied using a thermal analyzer
(Shimadzu, Japan). The samplas heatedinder N flow rate of 30 mL/min and heating

rate of 5°C/min from ambient t800°C. An approximately 8+0.5g of Fox nutshell was

used The mass loss (T&) and derivative curves (DTG) of the samples were represented
as a function of temperature. The ADTG method was applied to calculate the

combustion characteristics during the process.
2.2.2.Proximate analysis

The amount of moisture in the sample was determined using the following procedure: 5 g

of samplewas addedo vials, which was weighed beforehand. The wedse placedn an
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oven at 105C, dried before being transferred into a desiccator for anlaryeweighed to

determine the percentage of moisturéghe sample.

Ash content determinatiomas doneccording to the ASTM D28684 method. Dry sample

(1.0 g)was placedn a porcelain crucible and transferred into a preheated muffle furnace
set at a teiperature of 650+28C. Thefurnacewas left on for one hrafter which the
crucible and its content was transferred to desiccators and allowed to cool. The crucible and
contentwere reweighedand the weightosswas recorded as the ash content of the raw
sample. Then the % ash content (dry basis) was calculated from Eq. (2.2).

41T OMOE  $ 0" # 0" p Ttht c]
where,

B1 = Weight of crucible (g)

C1 = Weight of crucible with original sample (g)

D1 = Weight of crucible with ashed sample (g)

Volatile organic matter cdant (vt%) was determinedoy the ASTM 5832 method.
Approximately 1 g of the sample was taken graciblewith cover (of known weight). The
covered cruciblavas placedn muffle furnace regulated at 93C for 7 min. Then the
covered crucible was cooled toom temperature in a desiccator and recorded for the
weight. The percentage weight lagas regardeds the percentage of volatile matter.

61 1 ACEIANTEHARPAT © 6 6 6 prhn C®
where,

B1 = Weight of crucible (g)

C1 = Weight of crucible with original sample (g)

D1 = Weight of crucible with burnt sample (g)

Fixed carbon is a calculated value and ithe tesultant of summation of percentage

moisture, ash, and volatile matter subtracted from 100.
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2.2.3.Ultimate analysis

The total nitrogengarbonand sulfur othe Fox nutséll and the prepared activated carbons
were determined usingnaelemental analyzerE{ementay Germany). For the CHNS
analysis, dried crushed samples were weighetlO(5ng) and mixed with an oxidizer

(vanadium pentoxide, XDs ensures complete conversionimbrganic sulfur in the sample
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to sulfur dioxide) in a tin capsule, whichthen combusteth a reactor at eemperaturef
1000°C. The tin capsule with sampieelt and the tin promotes a violent reaction (flash
combustion) in a temporarily enriched gen atmosphere. The combustion products, CO
SO, and NQ were carriedy a constant flow of carrier gas (helium) that passes through a
glass column packed with an oxidation catalyst of tungsten trioxides)\At@ a copper
reducer, both kept at 100C. At this temperature, the nitrogen oxide was reduced:to N
The Ny, COp, and SQ are then transported by thelium toq and separated by a 2 m long
packed column and quantified with a thermal conductivity detector (T€dDat 290C).

The CHNS elemental otentsare reportedn weight percentThe oxygen contents were

calculated by difference
2.2.4. Determination of bulk density

The volume and the mass of a fixed amount of the samplemeasured tdetermine the

bulk density. Mass measurememisre perfomedwith a regularaboratorybalanceihe
volume of the sample was determined by using a graduated cylinder. The average bulk
densitywas calculateds the ratio of mass to volume and was taken as the average of three

measurements per sample.
2.2.5. lodne number

The iodine number (mg/g) of the prepared activated carbons were evaluated using the
procedure proposed by the Standard Test Method (ASTM D-9é07The AC (1.0 g) was
placed in a 250 mL dry ErlenmeyBask and was treated with 10 mL of 5% Hdlhe
mixture was boiled for 30 and then cooledAfterward 100 mL of 0.N iodine solutions

was added to the mixture and stirred for 3Bfter a quick filtration, 50 mL of the filtrate

solution was titrated with 0.1N sodium thiosulfate until the solutiecame pale yellow.

The X/M value was calculated by the Equation 2.5.
@ 0 10006 Y

i) ; @
whereX/M = iodine absorbed per gram DF (dilution factor) = (I+H)/F,
of carbon, mg/g, | = iodine, mL,
A =(N2) (12693.0), H =5 % hydrochloriacid used, mL,
N2 = iodine, N F = filtrate, mL,
B = (Ny) (126.93), S = sodium thiosulfate, mL, and
N1 = sodium thiosulfate, N M = carbon used, g

48



Two milliliters of starch indicatorsolution (1 g/L) were added, and the titration was
continued with sodium thiosulfate until the solution becanierless The concentration of

iodine in the solution was thus calculated from the total volume of sodium thiosulfate used.
2.2.6.Specific surface area andoorosity characterization

The specific surface area and pore structure characteristic of the prepared activated carbons
were determinedby nitrogen adsorption atl96 °C by the surface areaanalyzer
(Quantachrome, USA). The samples were deghgsader vacuum at 30C for 3 hr before
the measurement. The surface area«)Sof prepared activated carbaras estimatedby
BET (BrunauerEmmett Teller) method. The-plot method was used to calculate the
micropore surface area,)SThe mesoporsurface aregSn) was calculatethy subtracting
Sn from Ser (Sv= Sser- Su) (Yorgun et al., 2009)The total pore volume (Y was
estimated to be the liquidolumesof N at relative hgh pressure (P/H20.99). The
micropore volume () was obtained using the DR method, and mesopore volvime (
was calculatedy subtracting \{ from V1 (Vm = V1 - V). The pore size distribution of the
prepared activated carbon was determined by density functional thdery ithod. The
mean pore diameteDf) wascalculated fronDp = 4V1/Sget (Cazetta et al., 2011)

2.2.7. Determination of surface chemistry

The surface functional groups of the Fox natsland prepared activated carbomsre
identified by Fourier transform infrared spectroscapyT her mo Sci ent i fi ¢ Ni
recorded from wavenumbers of 4@@00 cm!. The pelletwas preparedy mixing a

sample (0.1 mg each) with KBr (100 mg) in a mortar pestle and resultant mixtures pressed

in the hydraulic pump.

2.2.8. Boehm titration

The Boehm titration methodlasusedfor the determination of the acidic as wedl laasic
properties of the carbon surfa¢Boehm, 2002) The Boehm titrationmethod canbe
describedas: 0.5 g of the prepared activated carbon was placedseries of flasks
containing 50 rh of 0.09M NaOH, NaHCQ, Na&COs, and HCI solutions. Thigaskswere
sealed and shaken for 484t room temperature. Each solutieriiltered, and 10 mL of the
solutionwastitrated with 0.0 HCI or NaOH, depending on the original solution used.
Some acidic groups on the prepared activated carlb@mne calculated based on the

assumptions that NaOH neutralizes carboxylic, lactonic, and phegrolips; NaCOs,
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carboxylic and lactonic groups; NaHG@nly carboxylic group. Thbasic surfacgroup

wascalculatedrom the amount of HCI that reacted with the carbon.
2.2.9. pH and point of zeracharges(PZC) measurements

0.05¢ of activated carbon wamixedin 50 nL of distilled water at a temperature of Z5

to determine the pH of the solution containing the activated carbasiby thepH meter
(Systronic, ModeB61, Indig. After agitation, the pH of each sample was measured
(Ketcha et al., 2012)'he PZC was measured as falka 20 mL of NaCl solution (ON)

was placedn an Erlenmeyer flask including 0.1 g of AC. The initial ptds adjusted
between 2 and 12 by tlaglditionof NaOH or HCI (0.IN). After a contact time of 24rh
under magnetic agitation, thmal pH was determined and plotted versus the initial pH
(Franz et al., 2000)

2.2.10. xXRay Diffraction Spectroscopy

Crystallinityand amorphous structure of the raw sample and prepared activated carbon was
determined by Xay diffraction Rigaku Japan/UltimdV) with Cu K (35 kV and 30 mA)
radiation at a scan rate of/éhin andanalyzedusing standard software provided with the

instrument. The diffraction angle {theta) was set to 10 to Gfbr all studies.
2.2.11. Surface morphology study

The surface morphology of the raw material and prepared activated carbatsarried
out by Field emission scanning electron microscopy (Noead$SEM 450).Porosity
development in the prepared activated carl@s studied by FESEMTransmission
El ectron Microscope (TECNAI , FEI Tecnai E)

prepared activated carbons
2.3. Adsorption studies

2.3.1. Batch adsoption studies

2.3.1.1. Adsorbates and analytical methods

Phenol (GHsOH), methylene blue (f8H1sN3SCI.3H0) and Cr(VI) adsorbatesere used
in the adsorption studystock solutions of 1000 nigof the adsorbatesere preparety
dissolving an appropriateugntity of the adsorbates itit@r of distilled water. The working

solutionswere preparedly diluting the stock solution with distilled water.
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Aliquots of the adsorbategere withdrawrfrom the suspension at pset time intervals and
were centrifugedy centrifuge REMI, ModelCM-8 Plus India). Aliquot of 2 nL was
centrifuged at 1000 rpm for 5 min to remove the adsorbent particles before analytical
measurements were made. The concentrations of phenol before and after adserngtion
measuredby usirg UVi Visible spectrophotometer (Jasco, Modeb30, Japan) at 268 nm.
The concentrations of MB before and after adsorptiere measuredt 664 nm by using
UVi Visible spectrophotometeihe Cr(VI) ions concentrations were measured according
to 1,5diphenytarbazide spectrophotometry using a visible spectrophotometer at 540 nm.

2.3.1.2. Batch experiments

The batch adsorption experiments were conducted in a set of 250 mL of Erlenmeyer flasks
containing 100 mL of phenol and MB (100, 200, 300, 400 and 500)rsglution, and

Cr(VI) (10, 15, 20 and 25 nilg) with predetermined amount of adsorbeiitse flasks were
agitated in an isothermal orbital shakéncon India at preselectedrpm until the
equilibrium is reached The equilibrium adsorption capacitye (mg/g) andpercentage
removal, R (%) were determined using the following relations:

, 60 0 w.
n ————h &

Ybp

p TUIm &

Kinetic studiesvere also performegiccording to the method described in batch equilibrium
methodstatedabove. Theadsorption capacity gmg/g) at different contact time t (min) was
determined using the following equation:
n o 0@ , 0 % &y

a
where G, C,, and C; are the initial, equilibrium, and at time t (min) of adsorbate
concentrations (nig) respectively, V the volume of solution (L) and thhe dry weight of

the added adsorbent (g).
2.3.1.3. Studies on effect of parametsion batch adsorption
2.3.1.3.1. Agitation speed

In the batch adsorption study, agitation speed plays a significant role in affecting the
external boundary film and the distribution of the solute in the bulk sol(Mitamg et al.,

2009) A range of 96170 rpm investigated the effect of agitation spéeseries of agitation
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speed experiments were performed at@for 3 hr by using prepared activated carbons.
100 mLsolutions ofphenol and MB oinitial concentrations 100 niigand Cr(V1) ofinitial
concentration 10 nig for Cr(VI) were used

2.3.1.3.2pH

The adsorption of phenol, MB, and Cr(VIl) onto the prepared activated cavimms
investigatedver a pH range ofid2 and the studies wererdad out for3 hr. The pHwas
adjustedby adding a few drops of 0.1N NaOH or 0.1N H8Ystroni¢c Model361, India).

The initialconcentration ophenol andMB was 100mg/L, and the adsorbent doa@as kept

at 0. g and 0.8 g for phenolandMB, respectiely. The initial concentration of Cr(VI)
was 10 mg/L, and the adsorbgdbse was kept at 0.02 g. The mixture was agitated in an
orbital shaker at an optimuragitationspeed of 150 rpm at 3TC. At equilibrium, the
samples were filtered and analyzedusyng UVi Visible spectrophotometédasco, Model
V-530, Japan)

2.3.1.3.3.Temperature

The effect of temperature on phenol, MB, and Cr(VI) adsorptias studiedat different
temperatures in the range of 25, 30, 35 an&iCttor 100 mdL for phenol and MB, ah 10

mg/L concentratiorof Cr(VI).
2.3.1.3.4Adsorbent dosage

To study the effect of adsorbents dose (gpbenol, MB, and Cr(VIuptake experiments
were conducted at anitial solution concentration of 100 rfigfor phenol andviB, and 10

mg/L for Cr(VI) at 30°C while the amount of adsorbent added was varied.
2.3.1.4 Adsorption Characteristic study
2.3.1.4.1 Adsorption kinetic models

The study of adsorption kinetics is significant as it provides valuable insight into the
reaction pathways and into tiheechanism of the reaction the present study, the most
usedkinetic models of pseuddirst-order(Budinova et al., 2006nd pseudo second order
(Ho and McKay, 1999)vere used to fit the experimental data. Linear forms of psérsio

and pseudesecondorder kinetic equationsare givenin equations (2.9)and (2.10),

respectively.

I i af Qoh C&
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where @ (mg/g) and g (mg/g) are the amounts of adsorbate adsorbed onto the prepared
activated carbon at the equilibrium and at any time t (min) respectively, &mink') and
k2 (g/min/mg) are the rate constant of the psedidst and pseudo secoratder adsorption.

In order to quantitatively compare the applicability of the model in fitting the data, a

normalized standard deviatics® (%)was calculated from Eq. (2.11).

yi b = p Tt P p

wherege,expand @ carefer to the experimental and calculated values and N is the number of

data points.
2.3.1.4.2Intraparticle diffusion model

Since neither the pseudiost-order nor the pseuedsecondorder model can identify the
diffusion mechanism. The kinetic results were analyzed by the intraparticle diffusion model
(Hameed ad Rahman, 2008)o elucidate the diffusion mechanism. The intraparticle
diffusion model is given by Eq. (2.12);

n Q8 oh P G

wherek; is the intraparticle diffusion rate constamtg d * min'*?), and c is the intercept.
2.3.1.4.3. Adsorption isotherm modal

Adsorption isotherm curve is utilized to obtain information concerning the desorption
mechanism strictly annected with the interaction between the adsorbent and adsorbate
molecules. The most common isotherm equatissed for theoreticahterpretations of

adsorption isotherms were used in the present study.
2.3.1.4.3.1Langmuir isotherm

The Langmuir isothen is valid for monolayer andomogeneousites within the adsorbent
surface with ainiformdistribution of energy level. The model assumes uniform adsorption
and no transmigration in the plane of the adsorbent suffacgymuir, 1918)The linear

form of the Langmuir equation is represerasdollows:

P 6ﬁ ¢Ppo
n QN
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where ¢, represents the maximum adsorption capadfithe solid phase loadijnand k is

the energy constant related to the heat of adsorption.

The separation factor (Ris dimensionless quantity and it is an essential characteristic of
the Langmuir isotherr{Hall et al., 1966and is defined as:
P h

Y ——
p Qo

CPpT
where k is the Langmuir constant and S the highest adsorbate concentration (mg/L).
The value of R indicates thesotherm to be either unfavourable (R1), linear (R = 1),

favourable (0 < R< 1) orirreversible (R= 0).
2.3.1.4.2Freundlich isotherm

The Freundlich isotherm equation is based on sorption onto a heterogeneous surface and is
given agFreundlich, 1908)

R Q & h ¢Pu

ih il giﬁﬁ B o

where k[(mg/g)(L/mg)’ and n are Freundlich constants related to adsorption capacity
and adsorption intensity, respectivelfne nis defined as heterogeneity factor and indicates
when the adsorption process is linear (n = 1), physical (n > 1) or chemical (Rezbji et

al., 2014) The ratio 1/rallowsthe adsorption intensity or the surfdwterogeneityi.e., as
closest to zero, more heterogeneous is dhdaceof the analyzedmaterial (Auta and
Hameed, 2011)

2.3.1.4.3Temkin adsorption isotherm

Temkin and Pyzhev suggested that due to the indirect adsorbate/adsorbentanteteeti

heat of adsorption of all the molecules in the layer would decrease linearly with coverage
(Aksu, Z., 2005). The linear form of Temkin isotherm can be written as:

n o6a®d O6akh <P X

where B=RT/b is related to the heat of adsorp{idmol), b is Temkin isotherm constant

and A is Temkinisotherm equilibrium binding constant (L/gR is the uniersal gas
constant (8.314 diol/K), and T (K) is the solution temperature.
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2.3.2. Regeneration and reuse adsorbents

Regeneratiorand recovery of the activated carbon ardéical aspectsof wastewagr
treatment processes. Regeneratioadsforbent, as well as recovery of adsorbate material,
was achieved by desorbing the adsorbate into 0.14N NaOH. The prepared granular activated
carbons of fixed dosage loaded with adsortegeeplaced in the desorbgmedium (0.14N

NaOH solution) andvere continuouslystirred on a rotatory shaker at 150 rpm fdirat

30°C. The sample was washed with distilled water until the pH of the wwedehecdhear

to neutral and dried intaotoven for 24 hat 110°C. Obtaired dried activated carbon again
reused for adsorbates adsorptidrhe above procedure was repeategeatedlyfor

readsorptiorexperiments.
2.3.3. Fixedbed column adsorption studies

A Perspex glass cylindrical tube of 2.5 cm internal diameter and 20igit s used to
construct the adsorption column. The photographic and schematic view of the fixed bed
adsorption setuis shownin Fig. 2.3. The column was packed with the adequate amount of
the prepared activated carbondimtain the desired bdtkight. The bedwas heldin place
between two plugs of cottoithe cotton in the lower and upper part of the column was
supported by glass bead$ievolumetricFlow rate ofadsorbate solutiowas adjusted from

5-15 mL/min in the experiments. The colunvas keptt room temperature. The adsorbates
solutions were fed continuously to the column in an upward flow mode ugiegsdaltic

pump. The change of phenol, MB, and Cr(VI) concentration in the column effhant
determinedy following the same method mentiah&bove (subsectidh3.1.]). The range

of variables investigated and packed bed charactenstitsnmarizedh Table 2.3.

Table 2.3: Experimental conditions of the fixed bed adsorption studies

Bed diameter 2.5¢cm
Column height 20cm

Bed height 2,3,and 4 cm
Flow rate 5, 10 and 15 mL/mir
Influent concentration

MB and Phenol 100 mg/L
Cr(VI) 10 mg/L

GAC particle diamete 1.0 mm
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1. Peristaltic pump

2. Wastewater reservoir

3. Packed column (glass
beads + cotton + activated
carbon + cotton + glass
beads)

4./5./6. Sample storing
vial (at each 1 cm height
of filled activated carbon)

A

1]

Fig. 2.. Photographic and schematic representation of fixed bed adsorption setup.

The loading kBhavior ofadsorbategphenol, MB, and Cr(VI)]in its dynamic adsorption

from by prepared activated carbons could be shown in the form of breakthrough (BT)
curves. It is usually expressed in terms of normalized concentration, defined as the ratio of
outletadsorbate concentration to the inlet adsorbate concentrati@a)(@ the adsorbed
solute concentration ¢, which is the difference between inlet adsorbate concentration

and outlet adsorbate concentration {C )Cas a function of time (t) for ayg@n bed height.

The breakthrough pointas takeras the position at whichi#Co = 0.05 and the exhaustion
point when @Co = 0.95(Salman et al., 2011 he time taken for outlet concentration of
adsobate to reach the breakthrough pasmknownas breakthrougtime. The area under
the BT curve which was obtained by integrating the plot, was used to estimate the total
adsorbed quantity of adsorbatey (mg) in the column for a given inlet concentoatiand
flow rate was obtained bytheequation given by Eq. (AAB3u and Gonen, 200&umar
and Jena, 2016alman et al., 2011)

0

L T, T @ W

where Q (mL/min) is the volumetric flow rat€aq (Mmg/L) is the difference between the
initial and final concentrations of adsorbates at the end of the total flow time till exhaustion
tiot (Min). Equilibrium adsorbates uptake in the column or maximum capacity of the column
(bedcapacity, gred (Mg/g) was obtained using Eq. (2.18ksu and Gonen, 2004; Salman
etal., 2011)

n

L P ©
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The quantity of adsorbate sent to the columgi was calculated usingg. (2.20)Girish
and Murty, 2015)
600 .
PTTT

o

g m

The totaladsorbateemoved (% removabn the adsorbates feed entering the columaa
estmatedby the Eq. (2.21)

Pi Q4@ pmim c& p
2.4. Biological treatment of phenol

2.4.1. Batch biodegradation studies of phenol

2.4.1.1 Bacterial culture and acclimatization

A pure strain oPseudomonagutida(MTCC 1194) in lyophilized formwvas procuredrom
Microbial Type Culture Collection and Gene Bank, Institute of Microbiology (IMTECH),
Chandigarh, India and it has the potential to phenolatlegiKumar et al., 2005)The
phenolwas useds the sole carbon and energy souBafore experiments, Luria Bertani
(LB) liquid medium (Beef extract, 1.0 g/L; Yeastteact, 2.0 g/L; Peptone, 5.0 g/L; NaCl,
5.0 g/L), minimal salts medium (MSM) solution with the following composition (in mg/L):
(NH4)2SQy (212), KHP Qs (32), KeHPOy (180), MgSQ (49), NaHCQ (354), Fe.6H.0
(18.8) and CaGl(40) (Oh et al., 2011and all the apparatus were autoclaved at°Cfor

15 min, and the glucose and phenol were separately sterilized by membrane filtration (0.22
pm). P. putida(MTCC 1194)strain wagevived in the LB liquid medium. Aftathat, the

P. putida (MTCC 1194) was transferréd 100 mL MSM solution containing glucose (a

commonly used organic carbon source) of 1000 mg/L and incubated@t BR0 rpm.

The cultures were adnlatized to phenol by exposing the cultut@a series of shake flasks

(250 mL), wherein the content of glucose wlasreasedand that of phenol increaseder

a period of three month# the beginning, 1000 mg/L initial glucose concentration was
used a a carborsource andafter that the phenol was periodically added in increments of
100 mg/L phenol with glucose decrement as #agne manor until the increasing
concentration of phenol was reached to 1000 mg/L. After phenol concentration was reached
to 1000mg/L, then the culture incubated for 10 days and the same process was répeated

times. TheP. putida(MTCC 1194) was acclimatized to take phenol as a sole carbon and
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energy source. The acclimatizéd putida (MTCC 1194) was then used for further

experiments by botliree cells and immobilized cells.
2.4.1.2. Sampling and malysis of phenol and biomass

2 mL sample was taken out from the shake flask at regular time interval and centrifuged at
10,000 rpm for 5 min to remove the biomass before analytiealsurements were made.
Supernatant was taken for phenol concentration measurement and pallet for the
determination of biomass concentratidhe concentrationf phenol wasneasuredt 268

nm and biomass concentration was measured at 600 nm by usifyidible

spectrophotometer (Jasco, Modeb80, Japan).
2.4.1.3. Suspended cell system
2.4.1.3.1. Effect of physiological parameters

Physiological parameters playsignificantole in the growth and biodegradation behaviour
of the microorganisms. Microorgesm grows within a range of physiologiqgadrameters,

but maximum growth is achieved only at the specific conditions of the physiological
parameters. In the presestudy,the effect of physiological parameters studied include;

inoculum sizepH, temperatre and initial concentration of phenol.
2.4.1.3.1.1. Inoculum size

Inoculum sizeplays a major role iphenol biodegradation. The studf inoculum size
effect was performedn the range of 1 to 6% (v/v) with 1000 mg/L of initial phenol
concentration for72 Ir.

2.4.1.3.1.2. pH

The internal environment of all living cell is believed toneitral(Annadurai et al., 1999)
To determine the optimal pH for the biodegradatibpleenol byP. putida(MTCC 1194)
were carried out at different pHi(#0) with an initial phenol concentration of 1000 mg/L
for 72 hr.

2.4.1.3.1.3. Temperature

Temperature exerts a significant regulatory influence on the rate of metabolism and
enhanceshie microbial activity on phenol and other contamingAtsnadurai et al., 1999;

Vela and Rainey, 1976Y0 determine the optimal temperature for the biodegradation of
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phenol were carried out at temperature range of 486 °C with an initial phenol
concentration of 1006hg/L for 72 hr.

2.4.1.3.1.4. Initial concentration

Substrate concentration is alsa significant parameter for the growth of the
microorganisms. In this study, phenol acts as a substrate fBr paeida(MTCC 1194) to
take energy for various metabolicti&ities. At initial phenol concentrations between 200

1200 mg/L was taken for the study of concentration effect.
2.4.1.3.2. Biodegradation of phenol

All biodegradation experiments were performed in 230 Bnlenmeyer flask containing
100 mL of MSM contaiing phenol at aoncentratiomanging from 100 mg/L to 1200 mg/L
at 30°C incubation temperature in orbital shaker under agitation speed of 120 rpm. The
samples were withdrawn at regular time interval and analysed for residual phenol

concentration by usqUVi Visible spectrophotometer at 268 nm.
2.4.1.4. Immobilized cell system
2.4.1.4.1. Immobilization ofPseudomonagputida (MTCC 1194) onto ACPA-700-1.5

The acclimatizedPseudomonaputida (MTCC 1194)wasincubated at 30C in 250 mL
Erlenmeyer flask coaining 100 mL LB, and aftethat, the sterilized 0.55 g of prepared
activated carbon (ACPA00-1.5) was added into the culture. The immobilization was

carried out forlO days in the orbital shaker at 120 rpm with constant temperati@.30
2.4.1.4.2. Mophology study of developed biofilm

Morphology of the biofilm formed on the surface of ACPB0-1.5 activated carbowas
investigated byusing a Field Emission Scanning Electron Microscope (FESHMg.
samplefor FESEM was preparedy fixing the sample witi25% aqueous solution of
glutaraldehyde for 30 min. Aftehat,the sample was washed twiegh distilled water It

was followed by dehydrationy washing in a graded ethanol series (25%, 50%, 75% and
finally absolute ethanol), at least twice in each emti@tion(Ahammad et al., 2013Yhe
samplewas driedn a desiccator. The dried sample was mounted on sample mounts; sputter

coated with gl and observed using the field emission scanning electron microscope.
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2.4.1.4.3. Biodegradation of phenol

All biodegradation experiments were performed in 230 Bnlenmeyer flask containing
100 mL of MSM containing phenol atc@ncentratiomanging fran 1000 mg/L, 1500 and
2300 mg/L at 30C incubation temperature in orbital shaker under agitation speed of 120
rpm, samples were withdrawn at regular time interval, and analyzed for residual phenol

concentration.

2.5. Biodegradation studies of phenol in flidized bed
bioreactor (FBBR)

2.5.1. Experimental setup

A fluidized bed reactor was designed and fabricated to study the biodegradation
characteristics of phenol bynmobilized pseudomonaputida (MTCC 1194) on ACPA
700-1.5 and the hydrodynamigehaviorto evaluate energy consumption and ascertain
operation limits. The fluidized bed assembly consists of three sections, viz., the test section,
the gadiquid distributor section, and the ghguid disengagement section. Fig. 2.4 shows

the schematic and phap@phic representation of the experimental setup used in the

hydrodynamic and biodegradation study.

The test section is the main component of the fluidized bed where fluidization and
maximum biodegradation takes place. It is a vertical cylindrical Pexigdlumn of 4.9 cm
internal diameter, 60 cm height with 8 cm protrudes inside the disengagement section. The
fluidizer is a volume of 1.18ters. During theexperimentthere is a chance of particle
elutriation because of excess growth of biomass oriclggtor a particle dren by an
upward moving bubbleTo prevent entrainment biomass laden particle -sn66h screen
(BSS) ofstainless steel (S8)as fixed to the top of the column.

The gadiquid distributor is located at the bottom of the test sea@imhis designed in such

a manner that uniformly distributed liquid and gas mixture enters the test section. The
distributor section made aftainless steab fructo-conical of19 cm in heightand has a
divergence angle of4°. The liquid inlet ofL.27cm in internal diameter is located centrally

at the lower crossectional end. The higher cressctional endvas flangedo the test
section, witha 60mesh screen (BSS) sfainless steel df0 cm diameterA crosstype air
sparger o#.3 cm diameter witt8 number of Imm holeswasfixed below the distributor
plateand screwed to the main body of the distribdtwrthe generation of fine bubbles
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uniformly distributed along the column cressction of the fluidizerlt was observed
visuallythat the distbutor arrangement used allows a uniform flow of gas and liquid to the
text section containing fine gas bubblésthe gadiquid distributor section, the gas and
the liquid streamwere merged and passed throughwired meshThe mixing section and
thegrid ensured that the gas and the liquate well mixed and evenly distributed into the
bed.

Fig. 2.4. Schematic and photographic view of the experimental sap.

The gadiquid disengagement sectiof volume 3.9 L isat the top of théluidizing secton
andis a rectangular box df8 cm height and 12 cm x 12 cm cressctionassembled to the
test section with 8m of thetestsection inside it, which allows gas to escape and liquid to

be circulated through the outlet b7 cminternal diameter at thgottom of thissection

The working synthetic phenolic water was stored in a reservoir of a capacity of 12.5 L and
dimension, 25 cm x 25 cm x 20 cm. The phenolic water was pumped to the fluidized bed
by means of a fractionAbrsepowe(FHP) pump througlwater Rotameter used to measure
the flow rate of water, and circulated with ttieculatingfacility. The centrifugal pumjs

of makeTullu, single phase, 0.06wv, 7000 rpm, and discharge capacity ofijf. Water
rotameter used for the measurement of ftate isin the range 0 to 1pm,
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The airwas suppliedrom an Air compressor through the air sparger. The Air compressor
was of 0.037kw, 1440 rpm with maximum air discharge capacity ofld®m at 2 bar
pressure. Thairflow rate was measured using dameter with a needle valvéir

rotametemwasof the range 0 to bhm.

For the measurement of pressure drop in the bed, the pressure ports were provided in the
column and fitted to the manometers filled with water and carbon tetrachloride as the
manometic fluid for the accurate measurement of pressiwanaintain the pH of the water

under treatment& pH control system was installed, consisting of anpéter and micro

pumps supplying base or acid; as requifieal. measure the holdup of the liquid and gas
phases in the reactaguick closing valves were put in the lines of gas and liquid flow. The
biomass support was the prepared activated carbon, AMBA.5 particles of density

1150 kg/m, of average siz&.85 mm and sphericity of 0.70.

2.5.2. Experimertal procedure

The threephase solid, liquid and gas were GAC (AGPB0-1.5), distilled water and oil

free compressed air, respectively. The-veater flow was concurrent and upwards.
Accurately weighed thamountof prepared material was fed into the coluand adjusted

for a specified initial static bed height. Water was pumped to the lbbe desiredlow

rate using calibrated water rotameter. The air was then introduced into the column through
the air sparger at a desired flow rate using calibrated@meter.

All experiments were started with the column completely filled with water and material
(ACPA-700-1.5) and the initial level of manometer adjusted to have zero level. For the
liquid-solid experimentthe liquid flow rate was gradually increasépproximately five

minutes were allowed to make sure that the steady state was reached. Then the readings of
the manometers and the expanded heights of the bed were noted. Gaslitpeid-solid
experiment, with a little flow of liquid close to zerdwet air was slowly introduced and
gradually increased to the desired flow rate after which the liquid flow ratenerassed,

and the readings were noted down, as mentioned above. For the gasrheiupement,

the flow of water and air to the system vasultaneously and suddenly stopped. After
escape of the air from thsystemthe height of the liquid in the column was noted down.

The procedure was repeated for different values of initial static bed height and gas velocity.

For biodegradation experimisn carrier particles (GAC) were screened by ISS sieves to

obtain particles with an average diameter of 1.85 mm. These particles were wébhed
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distilled water to remove carbon dust on their surface. Calculated amount (for volume of
bed to volume of redar ratios; 0.5, 0.55 and 0.6) of carrier particles and 1.0 L of nutrient
broth media were sterilized and after completion of sterilization both were put into the
laminar hood for cooling. The cooled sterilized GAC was put into the fluidized bed column.
The sterilized nutrient broth media was inoculated withReeudomonaputida (MTCC

1194) and left for 12 hin an orbital shaker at 3T of temperature with 120 rpm speed.
After 12 hr, the inoculated media was added into the reactor column and closedathe
opening and holes of the reactor. After adding of the inoculated media, the GAC bed was
left for 10 days for the biofilm formation and periodic aeration by allowing the flow of air
into the reactor in eactobir time interval was done. After 10 dayetculture media was
drainedout,and GAC was washed two times with distilled water for removing all the media
present in the reactor.

GAC particlesnveretaken out from the reactor feisualizingthe developed biofilm on the
supporting particles by Fiel&Emission Electron Microscope (FESEM). Filieers of
different concentrations of phenol containing synthetic wastewater was prepared using
sterilized distilled water and put into the storage tank. Alftat,the treatment process was
started. Synthetic @molic wastewater was treated in fluidized bed bioreactor at the
variationof different parameters suchsgerficial gayelocity, superficial liquid velocity,

Vu/Vr and phenol concentration.
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Chapter 3
Preparation and Characterization of

Activated Carbons

The raw material, Fox nutshell was characterized to estimate its suitability for the
preparation of activated carbon (ACActivated carbons were prepared by chemical
activationby impregnating the raw material with different activating agenth as ZnGJ,
HsPQy, and K2COs. The optimum conditions as heating rate and holding time for the
preparation of ACwas fixed byiodine number Effect of preparation parameters like
impregnation ratio and carbonization temperature on porous characteristiCs afere
determined by Blgas adsorptiolesorption isothermd/arious characterizations such as
pore size distribution (PSD), Fourier transform infrared spectroscopy (FTiR); powder
diffraction (XRD), Field emission scanning electron microscope BMNES Energy
dispersive Xray spectroscopy (EDS) and Transmission electron microscopy (TEM)

analysiswere carriedut on prepared ACs.
3.1. Fox nutshell Processing

The Fox nutshell is a novel precursor material used for the activated carbon preparation.
Because ofittle ash (5%) and high volatile matter (70.1%), it can be a potential precursor
for the production of activated carbons. Proximate and ultimate analyses of cleaned Fox
nutshell and NaOH treated Fox nutshell, and chemical component of Fox nugshell
tabulated in Table 3.1. From thesult,it is evident that NaOH treatment decreased the ash
content (to 4.62% from 5.0%) while the volatile contesats increased from 70.1% to
71.70%. TheNaOH-treated~ox nutshelivas useas a precursor for conversito activated
carbon. The dried Fox nutshell was crushed and sieved to obtain a particle size of range 1.4

2.0 mm.

Table 3.1: Proximate and ultimateanalyzesof raw material

Analysis Fox nutshell | NaOH-treated Fox nutshell
Proximate
Moisture 4.0 3.71
Volatile matter 70.1 71.70
Ash 5.0 4.62
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Fixedcarbort 20.9 19.97
Ultimate

Carbon 42.30 44.27
Hydrogen 4.30 4.32
Nitrogen 0.82 0.24
Sulphur 0.07 0.08
Oxygert 52.51 51.09
Chemical Composition 2py the difference
Cellulose 20.3 All quantities are in wt%
Lignin 33.4

Hemicellulosé 46.3

3.2. Thermal characterization of Fox nutshell

Thermogravimetric analyses (TGA/ DTA) in exertatmosphere () achieved to evaluate

the pyrolyticbehaviorof the Fox nutshellBiomass combustion care dividedinto three
stages. During the initiatage loss of adsorbed water and the organic matter decomposes
into the intermediate of smaller molar mass and releases the gaseous \(biatilemd

Wu, 2009) The intermediates further decompose to form other volatile spéaieand

char during the second stage. The FTBARA graphs of the Fox nutshell ghownin Fig.

3.1
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Fig.3.1. TGA and DTA curvesof Fox nutshell.
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From thefigure, it is seen that the #rmal decomposition of Fox nutshell occurs in three
stages: 1) dehydration stage: room temperature t6@3P) acute weight loss stage: 260
365°C; 3) slow weight loss stage: 3BB0°C. In the dehydration period of Fox nutshell, a
weightlossof 8% in TGA curve is due to moisture as well as some low molecular weight
volatile compounds. The peak at 85 in DTA curve is due to the moisture loss of 4.5%.
This value is close to the moisture percentage of the Fox nutshell (Tabl8igrijicant
weight los=f 51.60% of Fox nutshell occurred in the temperature range e83@50C due

to the degradation of Fox nutshell and distillation of tar; finally, no major weight loss is
observed above 40C (Hayashi et al., 2000; Ozdemir et al., 20I#)e two peakseenn

the DTA curve for the Fox nutshell at 285 and 3%D may be due to the thermal
decomposition of hemicellulose and cellulose respectively.

3.3. Preparation of activated cabons

A weighed amount of dried impregnated Fox nutshell plasedin a ceramic crucible and
inserted imo the furnace tube. The sample wesatedfrom room temperature to fanal
preselected temperature at a preselected heating rate and activationthirttee N flow
of 150 mL/min.

3.3.1. Effect of various processing parameters

In the preparation of activated carbons by chemical activation, the porosity development
depends on thdlifferent process parameters such as heating rate, holding time,

carboniation temperature and impregnation ratio. The parameters associated with the
preparation of activated carbon were optimized based on the iodine numbers obtained for

each carbon prepared.
3.3.1.1. Effect of heating rate

In order to examine the effect ofettheating rate on the activated carbon produced, the
heating rate was varied from 2 t6@/min. Table 3.2(a) shows the effect of heating rate on
iodine number of ACZC (activated carbon prepared #itlCl, activating agent), ACPA
(activated carbon preparedth anHz:PQy activating agent) and ACPC (activated carbon
madewith aK>CQs activating agent)The heating rate influences the porous texture of the
resulting activated carbon. Maximum values of iodine number obtaindukeatiagrateof

5 °C/minfor all carbons i.e. ACZCACPA, and ACPCHence the heating rate 5C/min

was considered for all further production activated carbons.
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Table 3.2: (a) Effect of heating rateon iodine number

ACS Heating rate | Holding Carbonization | Impregnation | lodine Number

(°C/min) Time (min) | temperature (°C) ratio (mg/g)

2 60 500 0.5 465.82

ACZC 5 60 500 0.5 489.86
8 60 500 0.5 475.37

2 60 500 0.5 409.52

ACPA 5 60 500 0.5 412.65
8 60 500 0.5 410.48

2 60 500 0.5 274.54

ACPC 5 60 500 0.5 283.28
8 60 500 0.5 272.08

3.3.1.2. Effect of holding time

To study the effect of holding time (activation time), the activation time was varied from
30 min to 120 min at activation temperature of 800and impregnation ratio of 0.5 for
ACZC, ACPA, and ACPC.The iodine number ofctivated carbons thus prepared using
these conditions is tabulated in Table 3.2(d)e Tmaximum iodine number @89.86,

412.65 and 283.2@hg/g observed at 60 min activation time for all the carbons. Activation
time of 60 min was considered for furtheeparation of ACZCACPA, and ACPC. 60 min

may be the adequate time for reaction with activators and decomposition of the tar
substances. Further increase in activation time above 60 min the iodine number for prepared
activated carbons is found to decreaBeis may bebecauseof increasing the activation

time, the pores might get widened toearormousextent, carbon burnt off is very high and

resulting reduction in the surface area availabléddine adsorption.

Table 3.2 (b): Effect of activation timeon iodine number

ACS Activation | Heating rate | Carbonization Impregnation | lodine Number
Time (min) (°C/min) temperature (°C) ratio (mg/qg)
30 5 500 0.5 415.83
60 5 500 0.5 489.86
ACZC
90 5 500 0.5 455.52
120 5 500 0.5 410.34
30 5 500 0.5 379.07
ACPA
60 5 500 0.5 412.65
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90 5 500 0.5 367.68

120 5 500 0.5 356.42

30 5 500 0.5 262.31

60 5 500 0.5 283.28
ACPC

90 5 500 0.5 271.04

120 5 500 0.5 254.81

3.3.1.3. Effect ofcarbonization temperature

In order to examine the effect of tlearbonizatio temperature on the activated carbon
preparations, the activation temperatures were varied from 500 ttCo9@@h an interval

of 50 °C. Table 3.2(c) shows the effect oérbonizationtemperature on the prepared

activated carbons. The impregnation rafi@.& and an activation time of 60 mirasfixed

for all activated carbons preparation. The maximum iodine number achievé8sai®

mg/g at 600°C for ACZC, 646.44 mg/g at 700C for ACPA and 612.7éng/g at 800°C

for ACPC.
Table 3.2 (c): Effect ofcarbonization temperature on iodine number
ACS Carbonization .HoIding Heating. rate Impregpation lodine Number

temperature (°C) | Time (min) (°C/min) ratio (mg/g)
500 60 5 0.5 489.86
550 60 5 0.5 559.24
ACZC 600 60 5 0.5 685.19
650 60 5 0.5 618.69
700 60 5 0.5 570.75
500 60 5 0.5 412.65
550 60 5 0.5 468.27
600 60 5 0.5 524.66
ACPA 650 60 5 0.5 571.38
700 60 5 0.5 646.44
750 60 5 0.5 564.61
800 60 5 0.5 510.24
500 60 5 0.5 283.28
600 60 5 0.5 376.98

ACPC
650 60 5 0.5 432.06
700 60 5 0.5 552.62
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750 60 5 0.5 579.82
800 60 5 0.5 612.70
850 60 5 0.5 604.30
900 60 5 0.5 572.34

At particular carbonization temperature the iodine number of the prepared carbon was
maximum (chemical agent specific), but at lower and higher temperaturesdihe
number is less. The reason may be at lower activation temperature, the blockage of the
entrances to the micropores and mesopores by tar, which results ad$esption With
theincreasan activation temperature, reactions with activating agentease and there is
decomposition of the tar substances, hence higher iodine number. At still higher
temperatureghe iodine number is again less may be because of the widening ofgares
considerable extenthe percentage of carbon that is burffiti® very high which may be
reducing the surface area available for adsorption. Similar variations are reported in the
previous works; for activated carbons derived from various lignocellulosic precursors like
cotton stalkDeng et al., 2009Wwoody biomass birc{Budinova et al., 2006jnacroalgal
biomass(Aravindhan et al., 2009yubber wood sawdugSrinivasakannan and Bakar,
2004)

3.3.1.4. Effect of impregnation ratio

Impregnation ratio is defined as the ratio ofwesghtof the activating agent to the weight

of the raw material to be activated. In order to examine the effect of the impregnaton rati
on the activated carbon produced, the impregnation ratio was increased in steps for different
activating agents atiffrent ranges. Table 3.2(d) lists the iodine number of ACZC, ACPA
and ACPC prepared aairiousimpregnation ratiosTable 3.2(d) shows ancrease in the

iodine number till a particular impregnation ratio arfdréherincrease in the impregnation

ratio indicated that iodine number decreases. Tphesaomenare observed for all the
activated carbons obtaindtbm various activating agentssed. The used amounts of
ZnCl/H3PQW/K2CQOs in the impregnation ratio strongly influence the porous texture of the
resulting activated carbon¥he development of new pores and a widening process of

micropores with an increase in impregnation ratio areigpéd.

Table 3.2 (d): Effect of impregnation ratioon iodine number

Impregnation Holding Heating rate Carbonization lodine Number
ACs . . . .
ratio Time (min) (°C/min) temperature (°C) (mg/g)
ACzC 0.5 60 5 600 685.19
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1.0 60 5 600 848.79
15 60 5 600 906.62
2.0 60 5 600 1015.19
2.5 60 5 600 912.39
0.5 60 5 700 646.44
1.0 60 5 700 857.54
ACPA 15 60 5 700 963.44
2.0 60 5 700 886.36
2.5 60 5 700 819.85
0.25 60 5 800 578.46
0.5 60 5 800 612.70
ACPC
0.75 60 5 800 542.26
1.0 60 5 800 490.61

Maximum values of iodine number are obtained at impregnation ratios of 2.0, 1.5 and 0.5
for ACZC,ACPA, and ACPC, respectively. With further increase in the impregnation ratio,

the iodine number is decreased. This is because of more amount of activating agent
degraded the biomass to a much large extent causing the micropores to combine together to
produce large pores thatedecreasing the surface area available for iodine adsorption. A
similar variation was observed for the activation of thé&on stalk (Deng et al., 2009)

vetiver roots(Altenor et al., 2009)and Tunisian olivavaste cake¢Baccar et al., 2009)

rubber wood sawdugSrinivasakannan and Bakar, 2004)
3.4. Yields of prepared activated carbons

Fox nutshell isa compositenaterial formed of natural pghers (cellulose, hemicellulose,

and lignin).In activation or carbonization at high temperature, the polymeric structures of
the biomass decompose and liberate most of thecadoon elements, mainly hydrogen,
oxygen and nitrogen in the form of liquid (lea@l as tars) and gases, leaving behind a rigid
carbon skeleton in the form of aromatic sheets and gfPiahas et al., 2008\s nokd in
Table3.1,the raw material Fox nutshell was used in this study has low ash and high volatile
matter contents. The high volatile matter and low ash content of a biomass resource make
it a suitablestarting material for preparing activated cargargun et al., 2009)he yield

of activated carbon was calculated by dividing the mass of the resulted activated carbon

with the initial massof the raw material used for activati¢Qian et al., 2007; Yorgun et
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al., 2009) The final carbonization temperature and impregnation p#g a significant

role onthe yield of activated carbon.

The yield of ativated carbons without and with ZnCimpregnation at various
impregnationratios and carbonization temperature are shown in Fig. 3.2. The figure
indicates higher yields with impregnation than without impregnation in the carbonization
temperature range d00-700 °C. The activation of the Fox nutshell without ZpCI
impregnatiorresults in a relatively small yield % of 27:23.25%, since a lot of carbons
removed as CO, COCH,, aldehydes and tar coupling with O and H at¢M&o et al.,
2013; Qian et al., 2007However, ZnCGl would selectivelystripeH and O away from the
Fox nutshellas BO and H rather than CO, C£or hydrocarbongMiao et al., 2013; Qian

et al., D07). From Fig. 3.2, the yield % of carbon decreases abovéG0d carbonization

due to the increase of tar relegBlsu and Teng, 20007 he yieldof the activated carbons
with low ZnCb/Fox nutshell ratio of 1.0 gets aghier value in the range of 43:88.12%

at actvation temperatures between 5000 °C. As the impregnation ratio increases from
1.0 to 2.5, more carbon burneahd micropore widensnto mesopore by extra Zngl
resulting in lower yield value@viao et al., 2013)

Figure 3.3displaysthe yield of the prepared actieat carbons at different carbonization
temperature and IQy impregnationratios From thefigure, it is observed that the
activated carbon yields in the entire range of study are between 24.31 to 4IhE3¢eld

is comparable to those obtained in soneepstudiegGomezSerrano et al., 2005; Prahas

et al ., 2008; Y o r38.18%625.46%dromYpaulownéa avpod 22051 5 )
56.25% from jackfruit peel, 37-22.3% from chestnut wood, 3148.5% from fruit stones

The vyield of activatedcarbonincreases due tthe presence of phosphoric acid up to
impregnation ratio value of 1, then it decreases with higher impregnation ratio. This may
be because of during activation withR0s, promotes depolymerization, dehydration, and
redistribution of constituent biopolymemnd also favoring the conversion of aliphatic to

aromatic compound&akout and EiDeen, 206).

The yield witha low HsPQy impregnation ratio of 1.0 resulted in higher and in the range of

41.1337.84% between activation temperatures of 600 to“80At each carbonization

temperaturgthe yield of activated carbon decreases with increasing impregnation ratio

above 1.0. This may be due to the phosphoric acid reacted with the char and volatile matter

and diffused quickly out of the surfaces of particles during the activation processforg,

with a high impregnation ratio, the gasification of surface carbon atoms became primary,
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leading to an increase in the weight loss and a low carbon yield during activation process
(Prahas et al., 20085imilar results of activated carbon yieldave been previously

reported Pr ahas et al ., 2008; Yorgun and Yeéel déz

Yield of prepared activated carbons at different carbonization temperature @@ K
impregnation ratios is shown in Fig. 3.4. It is found that the yield of activated carbon
decreases with increase in activa temperature due to the release of volatile products as
a result of intensifying dehydration and elimination reaction; it is also indicatechiaf

the biomass was gasified by®0Oz in an inert atmosphefélayashi et al., 2002b; Okada et
al., 2003)

20 . . v ' v ' . ' . :
0.0 0.5 1.0 1.5 2.0 2.5
Impregnation ratio, wt/wt
Fig. 3.2.Effect of carbonization temperature and ZnCk impregnation ratio on the yield of
activated carbon.

During the thermal decomposition of lignocellulosic precursors, the presenc€ 0% K

the interior of the precursor restricted the formation of tar as well as other liquids such as
acetic acid and methahby formation of croséinks, and inhibited the shrinkage of the
precursor particle by occupying certain substantial volupfdmata et al., 2007; Guo and

Lua, 2003) The yield of the activated carbons decreases from 3A.9D2% with
increasingcarbonizationtemperature from 600 to 90 at 0.5 impregnation ratiolhe

yield of the prepared activated carbon decreases from 29.142% withincreasing
impregnatiorratio from 0.25 to 1.0 at 808C activation temperatur@he yield is strongly
affected by the impregnation ratio at all temperatures. Yield is decreased with increased the

impregnatiorratio due to increased buoff of Fox nutshel(Adinata et al., 2007)
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Fig. 3.3.Effect of carbonization temperature and PO, impregnation ratio on the yield of
activated carbons.
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Fig. 3.4.Effect of carbonization temperatures and kCOzimpregnation ratio on the yield of
activated carbons.

3.5. Characterizationof prepared activated carbons

3.5.1. Ultimate analysis

The results of the elemental analysis of the prepared activated carbons (AGADOPuUs
carbonization temperatures afdCl, impreghation ratiosaretabulatedn Table 3.3. From

the table, it is observed that the carbon content of activated carbon increases with
carbonizationemperature to some extent and then decreases. The C content of the activated

carbon increases with the incseancarbonizatiotemperature from 500 to 60C due to
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an increasing degree of aromatidifyerro et al., 2006)Thecarbon content of the activated
carbon also increases with timereasdan impregnation ratio. A maximum carbon content
of 92.85 wt% obtained atarbonizationtemperature of 600C and impregnation ratio of
2.5.

The hydrogen and oxygen

Table 3.3: Ultimate analysis of activated arbons prepared with ZnCl, activation
Prepared ACs Ultimate analysis (wt%)
C H N S @)
(by difference)
ZnCl, impregnation ratio: 2
Carbonization temperature (°C)
500 70.11| 3.72| 0.98| 0.07 25.12
600 89.77| 2.33| 0.43| 0.06 7.41
700 78.75| 2.51| 0.35| 0.04 18.3%
Carbonization temperature: 600°C
Impregnation ratio
1 69.15| 3.82| 0.87| 0.06 26.10
15 74.43| 2.37| 0.18] 0.09 22.93
2 89.77| 2.33| 0.43| 0.06 7.41
2.5 92.85| 2.12| 1.12| 0.08 3.83

content is decreased with impregnationasatigell as

carbonization temperature increasébe increase in carbon content and a reduction in
hydrogen, nitrogen, and oxygen contents with an increase in impregnation ratios may be
because of the following reasons. In the pyrolysis and activation processxtineitshell

is decomposed. During the decomposition, the volatile compounds containing mainly H, O,
and N leave the carbonaceous product that becomes rich in carbon. This could be attributed
to the fact thaZnCl, would selectivelystripeH and O away frm the Fox nutshell as®

and H rather than CO, C&Qor hydrocarbongMiao et al., 2013; Yorgun et al., 2009)

The results of the elemental analysis of thetivated carbons (ACPA) at various
carbonization temperatures angP impregnation ratioare tabulatedch Table 3.4. From

the table it is observed th#ie activated carbon prepared at 7@ possess maximum
carbon content of 64.25 wt% at 1.5 impregnation ratio, whereas the hydrogen and oxygen
content are the least 4.52 wt% and 29.24 wt%, respectively. The activated carbons prepared
at lower and higherdivation temperatures of 600 and 8800, contain relatively less

amount ofcarbon The reason may be due to an increased degree of aromaticity’@ 700

74



(Fierro et al., 2006)The effects of impregnation ratios on the elemental composition of
activated carbonstudiedat 700°C activation temperatui@e tabulateth Table 3.4With
increasing impregnation ratio, the carlmmmtent of activated carbons increases from 51.29
t0 68.75 wt% while hydrogen, nitrogen, and oxygen contents decrease till the impregnation
ratio of 2.0 in the range of studyariation of the carbon content of the prepared activated
carbons by both aetating agents with temperature shows a good agreement with the results
reported by Fierro et al. ahgin (Angin, 2014, Fierro et al., 2006)

Table 3.4: Ultimate analysis of activated carbons prepared withl3PO4 activation
PreparedACs Ultimate analysis (wt%)

C H N S @)
(by difference)

H3PO. impregnation ratio: 1.5
Carbonization temperature (°C)

600 63.89| 4.74| 1.68| 0.16 29.53
700 64.85| 4.52| 1.24| 0.15 29.24
800 55.60| 4.68| 1.45| 0.13 38.14

Carbonization temperature: 700°C

Impregnation ratio

0.5 51.29| 4.80| 1.42| 0.09 42.40
1 61.28| 4.59| 1.30| 0.13 32.70
15 64.85|4.52| 1.24| 0.15 29.84
2 68.75| 4.29| 1.16| 0.15 25.65

The results of the elemental analysis of thetivated carbons (ACPC) at various
carbonization temperatures akdCOs impregnation ratiosire tabulatedh Table 3.5An
increase in carbon content from 60.6 to 68.2 wt% of activated carbons observed at 0.5
impregnation ratio with an increasing of activation temperature from 600 t&00ith

further increase of tengpature to 900C the carbon content decreases to a value of 67.46
wt%. The hydrogen and oxygen content is found to decrease from 1.9 to 1.6 wt%, and 36.19
to 29.37 wt%, respectively. The effect of impregnation ratio on the elemental composition
of activaed carbonstudiedat 800°C carbonizationemperaturare also tabulated Table

3.5. With increasing impregnation ratio, the carbon content of activated carbons increases
from 62.5 t069.85% and hydrogen, nitrogen, and oxygen contents decrease till the

maximum impregnation ratio value of 1.0.
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Table 3.5: Ultimate analysis of activated carbons prepared witKk2CQOs3 activation
Prepared ACs Ultimate analysis (wt%)

C H N S @)
(by difference)

K2COs impregnation ratio: 0.5
Carbonization temperature (°C)

600 60.6 | 1.9 | 1.29]| 0.02 36.19
700 64.03| 1.7 | 0.95] 0.03 33.29
800 68.2 | 1.6 | 0.82]| 0.01 29.37
900 67.46| 1.4 | 0.77| 0.01 30.36

Carbonization temperature: 800°C

Impregnation ratio

0.25 625 | 2.2 | 1.84|0.04 33.42
0.5 68.2 | 1.6 | 0.82| 0.01 29.37
0.75 69.3 | 1.4 | 0.95] 0.03 28.32

1 69.85| 1.92| 0.24| 0.15 27.84

3.5.2. N adsorption-desorption isotherms

Nitrogen adsorption, because of the relatively small molecular diameter of nitrogen, is
frequently used at 77 K to study porosity and surface area and also a standard pfocedure
the characterization of the porous structures of carbonaceous ads¢(Ryengs al., 2000)
Adsorption processes can be divided into several distinct stages at relative pressures of
106104, 104102 102 101, and 0.91.0 which can be attributed to multiple stage pore
filling processegGregg et al., 1967; Ryu et al., 200@uch as: (i) filling of narrow
microporessuch asultramicro pores(ii) monolayer formation on the surfaces of wider
micropores such as supermigooes; (iiil) monolayer formation and filling of mesopores by
capillary condensation, and (iv) filling shacroporedy capillary condensation, which

takes place at relative pressures close to unity.

The N adsorptiordesorption isotherms of the prepared sA&t different carbonization
temperature ranging from 500 to 800 and impregnation ratios from 0.25 to 2.5 were
carried out to investigate the porous characteristics. The nitrogen adsalgsianption
isotherms for the prepared activated carbamesshavn in Figs. 3.5 and 3.6. Is evident
from all figures that the shape of Bldsorptiordesorption isotherm gradually changes with
an increase in carbonization temperatures and 2ZoiCHsPQv/Fox nutshell mass ratio.

From Figs. 3.5(@) and 3.6ab), a rapd rise in the adsorptiérniesorption isotherms
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observed at low relative pressures (< 0.4), which is followed by a nearly horizontal plateau

at higher relative pressures.

1400
)

10004

- ~4-600C 2004
S ] =T b
) _ )

5 1004 £ 8004
) <
9 v
-~ T

: 5 04
< 8004 k-
] (]

H £ 600
2 =
S 6004 N

500

440 +— 40 F—————————————
0.0 0.2 04 0.6 08 10 0.0 02 04 0.6 08 10
Relative Pressure, P/P0 Relative Pressure, l’/l’0

Fig. 3.5. Nitrogen adsorptiofi desorption isotherms of activated carbons preparedt
different carbonization temperature [(a) ZnCl; impregnation ratio = 2.0 and (b) HPO4
impregnation ratio = 1.5].
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Fig. 3.6. Nitrogen adsorption desorption isotherms of activated carbons prepared at
different; (a) ZnCl.impregnation ratio (carbonization temperature = 600°C ) and (b) HsPOs
impregnation ratios (carbonization temperature = 700°C ).

These results indicate that all isotherms of all prepared activated carbons belonging to type
| isotherm based on the classification of the InternationabrJof Pure and Applied
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Chemistry (IUPAC). The type | isotherm represents that microporeprasentin the

prepared activated carbof¥orgun et al., 2009; Zhang et al., 2015)

Hysteresis loop (wide knee) in the isotherms indicate the presence of mesoporosity
associated withapillary condensation during the adsorptaesorption proceg¥ orgun et

al., 2009; Zhang et al., 201%ccording to the IUPAC classification, the prepared activated
carbons exhibit a hysteresis loop type 4, that is freguent(Fierro et al., 2006; Ozdemir

et al., 2014) From Figs.3.5 and 3.6 the knee width increases with increasing of
carbonization temperature and impregnation ratio in both types of prepared activated
carbons. This confirms that an increase in mesoporosity due to the merging of micropores

with anincreasen carbonization temperature and impregnation ratio.
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Fig. 3.7. N adsorptioni desorption isotherms of activated carbon prepared at 800C
carbonization temperature andK >CO3 impregnation ratio of 0.5.

lodine numbers of the prepared activated carbons witOgactivator is lower than those
prepared with ZnGland HPQs activators. Fo K.COs activatedcarbons,due to some
instrumental issuea 20 point N adsorptiondesorption isotherm was generated for the
prepared ACPC at 80TC carbonization temperature and impregnation ratio of 0.5 (Fig.
3.7).The figure shows open knee presenthi@ adsorption isotherm armdhysteresis loop

type 4. Thus it is clear that both micropores and mesopores are present the prepared

activated carbon.
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3.5.3. Surface area and pore volume

3.5.3.1. Effect of carbonization temperature

The final carbonizatiotemperature is an important process parameter in determining the
surface area and the pore volume of the activated carlitba chemical activation process
(Yorgun et al., 2009)Using ZnC# as activating reagent as well as various carbonization
temperatures from 500 to 70C, in the experimental domain all the activated carbons
prepared havBET surface areas ranging from 1236/gnto 2869 rg. The dfects of
carbonization temperature on the surface areas (BET surface area, micropore, and
mesopore) and pore volumes (total, micropore, and mesopore) of the prepared activated
carbons are shown in Figd8(ab) and listed in Table 3.6.
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Fig. 3.8. Effect of carbonization temperature on (a) surface area and (b) pore volume of
activated carbonspreapred with ZnCl , impregnation at ratio of 2.0.
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The BET surface area and micropore surface area of the activated carbons increase from
500 to 600°C and decreaseith increasing carbonization temperature beyond ®€)Gat
impregnation ratio of 2 and X bf holding time. This may be because of reason, above 600

°C, ZnChkb does not act as an activation agent, and the surface area and pore volume decrease
due to theheat shrinkage, resulting in the narrowing and closing up to some of the pores
(Hayashi et al., 2000; Zhang et al., 20IR)e total pore volumand micropore volume of

the activated carbons increases with increase carbonization temperature from 50Cto 600
and decreases above From Table 3.6 and Fig.&b), the mesopore volume of the

activated carbons found to increase with increase in carbonization temperature due to the
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merging of micropores. For the activated carbon prepared@0 °C carbonization
temperature and impregnation ratio of 2, therSS,, and & are found to be 2869, 2124,

and 745 g, respectively [Fig. 3.8(a)]; andrW, and Vm are found as 1.96 ¢y 1.68

cm®g, and 0.28 crifg, respectively [Fig. 3.8(b)[Table 3.6 shows that the microporosity
decreases from 86.04% to 81.04% witbrease in carbonization temperature from 500 to

700 °C due to sintering effect of the volatiles and heat shrinkage of the carbon structure,
resulting in the narrowing and closing up to some of the p@tlagashi & al., 2000;
Keseojlu -BadarAkm2015,; Y a he albove dese@chars haz0 1 0)

reported a similar trend

Table 3.6: BET surface area, total pore volume, micropore volume @irepared activated
carbons at different carbonization temperatures
ACs SeeT S Sn Vr Vi Vm Vu/Vt | Si/Seer Dp

ZnCl; impregnation ratio: 2

Carbonization temperature (°C)

500 | 2136 | 1533 603 1.29 1.11 0.18 | 86.04 | 71.77 | 2.41
600 | 2869 | 2124 745 1.96 1.68 0.28 | 85.71| 74.03 | 2.73
700 | 2520 | 1708 812 1.53 1.24 0.31 | 81.04| 67.78 | 2.43

H3PO. impregnation ratio: 1.5

Carbonization temperature (°C)

600 | 2223 1733 490 1.29 1.22 0.07 9457 | 7795 | 2.32
700 | 2636 2042 594 1.53 1.32 0.21 86.27 | 77.46 | 2.32
800 | 2298 1632 666 1.25 1.02 0.23 8160 | 71.02 | 3.06

K,CO, impregnation ratio: 0.5

Carbonization temperature (°C)

600 582 412 170 0.32 0.24 0.08 75.0 25.0 2.20
700 856 628 228 0.53 0.37 0.16 | 69.81| 30.19 | 2.50
800 | 1236 940 296 0.98 0.68 0.30 | 69.39 | 30.61 | 3.17
900 902 640 262 0.73 0.42 0.31 | 5754 | 42.46 | 3.24

Sser: BET surface area,,Smicropore surface areanm:.Smesopore surface aredy. total pore
volume, \{: micropore volume, ¥: mesopore volume&/,% = (V/V1) x 100, $% = (S/Sser) X
100, D average diameter.

The surface areas and pomumes were determined for the prepared activated carbons by
using an HPQy activating agent at different activation temperatures i(800 °C), and
impregnation ratio of 1.5 are listed imfdle 3.6 and shown in Figs. &ad).
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Fig. 3.9. Effect of cartonization temperature on (a) surface area and (b) pore volume of
activated carbons prepared with HPO, impregnation at ratio of 1.5.

Maximum BET surface area and the total pore volumes of the prepared activated carbon at
700°C of carbonization temperatua@d 1.5 impregnation ratio are obtained as 263§ m

and 1.53m’g respectivelyAt 800 °C of carbonization temperature, the surface area and
total pore volume values 2298%m and 1.25cm/g, respectively are obtainened@he
micropore surface area wadtained by subtracting mesoposerface aredrom the
corresponding BET surface arddne micropore surface area and micropore volume of the
prepared activated carbon found to be highest at carbonization temperature’Gf 200

this temperature and 1.Bpregnation ratio, $ and & of prepared activated carbon are
found to be2042 and 594 rflg, respectively. The micropore volumeyfVand mesopore
volume (Mn) are found to be 1.32 and 0.21 ¥gy respectively.The microporosity
percentages of the prepdractivated carbons at the studied temperatures show a decrease
in microporosity with increasing carbonization temperatures (Table 3.6). The microporosity
falls from 94.5%%6 to 81.60%, as the temperatuagsedfrom 600 to 800C. The prepared
activated cdyon is mainlymicroporousput it also contains mesopordt are cruciain
facilitating the access of the adsorbate molecules to the interior of the carbon particles
(Yorgun and. Ofhed stuéies ,also 2dpdrtSapilar effect of carbonization
temperature on the BET surface area and total pore volumeR@xdctivation of other
lignocellulosic precursorgFierro et &, 2006; Prahas et al., 2008; Yakout aneDEken,

2016; Yorgun and Yéldéz, 2015)

Again, the effect ofcarbonizatiortemperature on the BET surface area of ACs prepared by
K2CGOs activation are listed in Table 3.6 and shown in Fig. 3.10. The BET sureaauad
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total pore volume increases with increasearbonizatiortemperature from 600 to 80C
and decreases with increase in temperature to “@0At 800 °C of carbonization
temperature and impregnation ratio of 0.5, the BET surface area and tetalghame
obtained are 1236 #y, and 0.98m?/g respectively
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Fig. 3.10. Effect of carbonization temperature on (a$urface area and (b) pore volume of
activated carbons preapred withK 2CO3s impregnation at ratio of 0.5.

The surface area and pore vokimcreasewith temperature may be due to the formation
of volatile material that is theesultof dehydration and elimination reactions, and cross
linking structure(Gurten et al.2012) These two changes gradually improve reactions
between carbonaceous material an@®;s thatstrongly dependn the applied temperature.
As reported in the literature, alkali metal atoms are removed from the intercalated system
at ahighertemperatue (Gurten et al., 2012; Hayashi et al., 200Zdereforeise in surface
area and pore diametefrom Fig. 3.10(b), He total pore volume (micropore volume +
mesopore volume) increases with an increase of carbonization temperature ug@ 800
The micropore volume decreases, but mesopore volume increases abot@. 0@
microporosity dropsfrom 75.0% to 57.54%, as the temperaturese from 600 to 900°C
(Table 3.6).

3.5.3.2. Effect of impregnation ratio

Fox nutshell char prepared at carbonization temperatures of 600, 700 an@ 80t
NaOH soaking and without chemical aetion have surface areas of 203, 452 and 186
m?/g, respectively (Table 3.7). The surface area of the Fox nutshell char preparefGt 700
temperature with 0.5N NaOH soaking is higher (45&jthan the one (326%g) obtained
without NaOH soakingThis implies NaOH soaking is amportantstep during the high
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surface area activated carbon preparation. The obtained result agrees with the findings of

activated carbon prepared from herb residiYesig and Qiu, 2011)

The impregnation ratio playssignificantole ingettinghigh surface area activated carbon.
The ZnC} works as dehydration reagent that lowers the carbonization temperature during
chemical activation and restricts the formation of tar as well as promotes charring and

aromaticity ofcarbon(Hayashi et al., 2000; Yorgun et al., 2009; Zhang et al., 2015)
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Fig. 3.11. Effect ofZnClimpregnation ratio on (a) surface area and (b) pore volume of
activated carbonspreapred at 600°C carbonization temperature.

The effect of impregnation ratio on the surface area and pore volume of activated carbons
prepared at 600C carbonization temperature westeidied, and theesults are plotted in

Fig. 3.1Xab) and tabulated in Table 3.7. It is observeat the Se1, Si,, and &, and \,

Vu, and M of the prepared activated carbon increases rapidly by increasing the
impregnation ratio up to 2 and then decreaBResultsshowthat the prepared activated
carboncontainsalarge amounof micropores (Table 3). The maximum BET surface area

and total pore volume of the activated carbon prepared &(B8a6tivation temperature and
impregnation ratio of 2 are 2869%m and 1.96 crifg, respectively.The micropore
percentage of the activated carkaecreases fror85.50to 84.24% as thempregnation

ratio increased from 1 to 2.5. This micropore decrease may be due to the heat shrinking
(Hayashi et al., 20001 he maximum percentage of micropore surface area is 74.03% for
the pepared activated carbon at 600 carbonization temperature and impregnation ratio

of 2.
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HsPQy activator has two important functions: it promotes the pyrolytic decomposition of
the original material and tHfermation of the crostnked structurgYakout and ElDeen,
2016). However H3PQ; allows the development of both micropores and mesopores in the
prepared activated carbons.

Table 3.7: BET surface area, total pore volume, micropore volume of activated carbons

prepared with different chemical impregnation

ACs | Sger(m?g) | Su(m?g) | Sm Vr Vy Vi | Vu/V1 | S/Seger | Dp
(melg) | (emelg) | (eng) | emvg) | ) | () | ™
Without NaOH soaking
Carbonization temperature (°C)
700 326 - - 0.37 - - - - 4.54
With NaOH soaking
Carbonization temperature (°C)
600 203 - - 0.21 - - - - 4.14
700 452 - - 0.43 - - - - 3.80
800 186 - - 0.18 - - - - 3.87
Carbonization temperature: 600°C
ZnCl; Impregnation ratio
1 1601 1025 576 0.89 0.85 0.04 | 9550 | 64.02 | 2.22
15 2028 1331 697 1.18 1.12 0.06 | 94.91| 65.63 | 2.32
2 2869 2124 745 1.96 1.68 0.28 | 85.71| 74.03 | 2.73
2.5 2480 1708 772 1.65 1.39 0.26 | 84.24| 68.87 | 2.66
Carbonization temperature: 700°C
H3PO4 Impregnation ratio
0.5 1622 1193 429 1.05 0.97 0.08 | 92.38| 73.55 | 2.60
1 1989 1476 627 1.09 0.95 0.14 | 87.15| 74.21 | 2.19
15 2636 2042 594 1.53 1.32 0.21 | 86.27| 77.46 | 2.32
2 1943 1496 447 1.27 1.00 0.27 | 78.74| 76.99 | 2.61
Carbonization temperature: 800°C
K,CO, Impregnation ratio
0.25 464 336 128 0.36 0.22 0.14 | 61.11| 72.41 | 3.10
0.5 1236 940 296 0.98 0.68 0.30 | 69.39| 76.05 | 3.17
0.75 1022 720 302 0.84 0.55 0.29 | 65.48| 74.36 | 3.30
1 867 615 222 0.56 0.34 0.22 | 60.71| 70.93 | 2.58
Seet: BET surface area, Smicropore surface aream-Smesopore surface arééy. total pore
volume, \;: micropore volume, M: mesopore volumé/,% = (V,/V1) x 100, % = (S/SeeT) %
100, Oy average dimeter.
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In the presentstudy with BPQs chemical activation, the effect of different impregnation
ratios on the surface area and pore volume of the prepared activated carbons were
investigatedand the resultare presentenh Fig. 3.1Za-b), and Table 3.7The maximum

BET surface area and the total pore volume of 263§ mnd 1.53cm®/g respectively
obtained for the activated carbon prepared at activation temperatur60ofC and

impregnation ratio of 1.5.
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Fig. 3.12. Effect ofHsPO4impregnation ratio on (a)surface area and (b) pore volume of

activated carbonspreapred at 700°C carbonization temperature.

At higher and lower impregnation ratios the BET surface area and total pore volume are
less. Thughe impregnation ratio hassignificanteffect s the Ser, Si, andVy, of the
activated carbon. The percentage of micropore volume decreases witicrisgsein
impregnation ratio. As far as the percentage of micropore surface area is concerned, the
same trend is obtained agparcentagef micropore wlume. Other research works also
demonstrateisnilar variation and the influence of impregnation ratio on the surface area
and pore volume of the activated carbon prepared wiRCiH activation using other
lignocellulosic materialgFierro et al., 2006; Prahas et al., 2008; Yakout aridd€in, 208;
Yorgun and .Yéldez, 2015)

The effect of theinitial amount of KCOs on the final product characteristiagas
determined using four different impregnation ratios (0.25, 0.5, 1.0, 0.75, and 1.0)°&t 800
(Table 3.7 and Fig. 3.13). From Table 3.7 and Bi3, it is seen that the surface area of
activated carbon increase with increasing impregnation ratio from 0.25 to 0.5 and then
decrease slightly above ratio of 0.5. However, mhesoporoussurface area increases

continually. For impregnation ratio off).the BET surface area is maximum (128%g).
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There is a noticeable decrease in micropore surface area when the ratio is higher than 0.5
due to enlargement ahicroporesto mesoporegAdinata et al., 2007)The micropore
volume of activated carbon prepared at impregnation ratio of 0.5 is maximunciit/g%

There is alecreas@ micropore volume and the total pore volume (micropore volume and
mesopore volume) when thetimis higher than 0.5. This type of influence KICOs
impregnation ratio are also reported in literat(Adinata et al., 2007; Chen et al., 2013;
Gurten et al., 2012; Hayashi et al., 2002b)
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Fig. 3.13. Effectof K.COsimpregnation ratio on (a) surface area and (b) pore volume of
activated carbonspreapred at 800°C carbonization temperature.

To summarizethe preparation conditions where high surface area activated carbons are
obtained are tabulated in Tabl83

Table 3.8: Preparation conditions and porous characteristics of ACs
Prepared ACs AT IR AT S \% \% \% Vu/VT Dp

BET T i m
(°C) (min) (hm)

(m’lg) | (cm’lg) | (cm'/g) | em1g) | (op)
ACZC-600-2.0 600 2.0 60 2869 1.96 1.68 0.28 85.71 | 2.73
ACPA-700-1.5 700 15 60 2636 1.53 1.32 0.21 86.27 | 2.32
ACPC8000.5 800 0.5 60 1236 | 0.98 0.68 0.30 69.39 | 3.17

The prepared activated carbons at the optimized parameters with activating agents as ZnCl
H:PQy and KCOz are namedas ACZCG600-2.0, ACPA700-1.5, and ACPC-800-0.5,
respediely. ACZC-600-2.0 has &ighestBET surface area (2869fg) over the other two
ACPA-700-1.5 (2636 m/g) and ACPE800-0.5 (1236 n/g). The microporosity of ACPA
700-1.5 (86.27%) is higher than the others.
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3.5.4 Surface characteristics comparison witHiterature data

The obtained high surface area activated carbon is comparalthe sourface areaf
commercially available activated carbons are typically ranged from 500 to Zo§Qiar

et al., 2009; Yorgun et al., 2009)he BET surface area of the activated carbaistained
from three different activatoia the present work hdseen comparedith some reported

in literatureand is tabulated in Table 3.@omparison shows that the activated carbon
prepared witlZnCl, activation in the present work has highB&T surface area of 2869
m?/g. The next higheBET surface area 2636%g of prepared activated carbon witeRdy
activatoralso moreghan the ones reported in literature. The activated canteaparedavith
K2COs activation has 1236 ffy of BET surface area, which is in between the values of
previous worksBased on the obtained results, the Fox nutshell appears to ésuitable

as a starting material for activated carbon preparafio@ prepared activated carbons have
high BET surface area and can suitably be used in varduications;one may be in

wastewatetreatment process.

Table 3.9: Comparison of surface aga of prepared ACs with literature ones

Raw material Atmosphere | AT IR | Activation | Sger References
C) time (hr) | (m2g)
ZnCl, activation

Fox nutshell N2 600 | 2.0 1 2869 | Present study

Paulownia P. N2 400 | 4 1 2736 | (Yorgun et al,

tomentosg 2009)

Coconut shells N2 800 2 - 2400 | (Hu etal., 2001)

Cattlemanure N2 400 | 1.5 0.5 2170 | (Qian et al., 2007)

compost

Peach stone N2 500 | 0.96 - 2000 | (Caturla et al.
1991)

Herb residues Vacuum 450 | 2.5 1952 | (Yang and Qiu,
2011)

Sugar beet bagasse N2 700 3 15 1826 | (Demiral and
G¢é¢ndegzofj
2010)

Walnut shells Vacuum 450 2 1 1800 | (Yang and Qiu,
2010)

Sour cherry Rrunus N2 700 3 2 1704 | (Angin, 2014)

cerasud..) stones

Bituminous coal - 500 | 1.0 1 1644 | (Ahmadpour ang
Do, 1997)
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Pumpkin seed shell - 500 3 - 1564 | (Demiral et al.,
2015)

Elutrilithe  (waste - 950 | 0.6 4 1465 | (Hu and Vansant

from coal) 1995)

Grape stalk CO 700 2 2 1411 | (Ozdemir et al.
2014)

Waste corn cob N2 550 | 1.75 - 1400 | (Tsaietal., 1997)

Pistachio nut shell \P) 400 | 0.75 1 1635.37| (Lua and Yang

Vacuum 400 | 0.75 1 1647.16 2005)
Vacuum 500 | 1.5 2 2527

Potato residue N2 600 1 1 1357 | (Zhang et al.
2015)

Chinese fir sawdus{ Vacuum 500 1 1 1079 | Juan and Ke
Qiang, 2009)

Paper mill sludge N2 800 | 3.5 2 1000 | (Khalili et al.,
2000)

Pomegranateeeds N2 600 1 978.8 | (Ucar et al., 2009)

Safflower seed pres N2 900 4 1 8015 |[( Angén

cake 2013)

Olive stone N2 650 | 0.2 2 790.25 | (Kulaetal.,2008)

Bagasse N2 600 1 0.5 750 | (Kalderis et al.,
2008)

Rice husk N2 600 | 0.75 0.5 674 | (Kalderis et al.,
2008)

Tectona grandis N2 500 2 1 585 | (Mohanty et al.,

sawdust 2005)

HsPO, activation

Fox nutshell N2 700 | 1.5 1 2636 | Present sudy

Corncob Ar 400 1 1 2081 | (Sychetal., 2012

Acacia  mangiun - 900 | 40% 0.75 1767 | (Danish et al.

wood 2014)

Cherry stones N2 500 | 3.44 2 1688 | (OlivaresMarin et
al., 2007)

Vine shoots Vitis N2 400 | 60% 2 1666 | (CorchoCorral «

vinifera) al., 2006)

Reedy grass leaveg N2 500 | 0.88 2 1474 | (Xu et al., 2014)

Durian shell - 500 | 30% 0.33 1404 | (Tham et al.,
2011)

Woody biomasg N2 600 | 1.5 1 1360 | (Budinova et al.

birch 2006)

Marigold straw - 400 | 2 2 1344.23| (Qin et al., 2014)
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Jackfruit peel N2 550 | 4.0 0.75 1260 | (Prahas et al.
2008)

Olive stones N2 500 | 60% 2 1218 | (Yakout and El
Deen, 208)

Tunisian olive N2 450 | 1.75 2 1062 | (Baccar et al.

waste cakes 2009)

Date pits - 700 | 60% 2 945 | (Girgis and H
Hendawy, 2002)

Chestnut wood N2 500 | 0.35 3 783 | (GomezSerrano
et al., 2005)

Lemnaminor N2 500 3 2 531.9 | (Huang et al.
2014)

K>COs activation

Fox nutshell N2 800 | 0.5 1 1236 | Present study

Pistachio shell N2 800 1 1 1800 | (Hayashi et al.
2002b)

Chickpea husk N2 800 1 1 1778 | (Hayashi et al.
2002a)

Waste tea N2 900 1 1 1722 | (Gurten et al.
2012)

Wood sawdust N2 - 1.25 - 1496.05| (Foo and Hameed
2012a)

Sunflower seed oi N2 - 0.67 - 1411.55| (Foo and Hameed

residue 2011)

Com cob CO 800 | 0.15 1 1266 | (Tsaietal., 2001b

Palm shell CO 800 2 1 1170 | (Adinata et al.,
2007)

Mangosteen shell - 900 1 2 1123 | (Chen et al., 2011

Orange peel N2 - 1.25 - 1104.45| (Foo and Hameed
2012b)

Sisal waste N2 700 | 0.5 1 1038 | (Mestre et al.
2011)

Wool fibers N> 600 2 - 438 (Chen et al., 2013

3.55. Pore size distribution

The pore size distribuins generally characterize the structural heterogeneity of porous
material. It is closely related to both kinetic and equilibrium properties of porous materials
applied in industrial application. The pore size distribution of the prepared activated carbons
from Fox nutshell at different carbonization temperatures and impregnation ratios are

shown inFigs.14(ab), 3.1%a-b) and 3.16In the present work, the pore size distribution

curves of the prepared activated carbaresobtained by the DFT method usitlye pore
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volumes in the measurement of 8esorption isotherm$&rom these figures, it isvident

that the carbonization temperature and impregnation natiea significanteffect on the

pore structure of the activated carbons. At low temperature amdgmgtion ratio, the pore
structure mainly consisted of micropore; however, with the increase of carbonization
temperature and impregnation ratio, the creation of micropore structure and widening of
microporesto mesopores increases, and also there igaserin the total pore volume of
activated carbonThe prepared activated carbons with ZnGQH:PQy, and KCOs
impregnation ratios have a narrow pore size distribution with a significant range less than
25 A.

In the case of ACZC activated carbons prepatechrbonization temperature 5000 °C
and impregnation ratio of 2, present an interestiagough narrow micropore size
distribution (centered at 17 A) and a great adsorption cap&igy3.14a)]. Fig. 3.14b)
shows the mesoporosity of the activatadbon is increased with impregnation ratio at 600

°C carbonization temperature.
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Fig. 3.14. Pre size distribution of activated carbons prepared at (a) differentarbonization
temperatures (ZnCL impregnation ratio = 2.0) and (b) different ZnCL impregnation ratios
(carbonization temperature = 600°C).

The mesopores increase with increasing Zn€xdgent may be due to the reactomeurred

more withbiomassand resultednerging of micropores to mesopore and mesopores to
macropore. e average pore diatee (D,) increased from 2.22 to 2.73 nm (Table 3.6).
Figure. 3.1%a-b) show the pore size distribution the prepared activated carbons at different
carbonization temperatures and differenfB: ratios. With increase in carbonization
temperature the por&s increases. The centered size distribution of the obtained activated
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carbon increases with increase in the impregnation ratio at °@GQ@arbonization

temperature The activated carbon prepared at 1.5 impregnation ratio and°C00

carbonizatiortemperatve contain mesopores.
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Fig. 3.15. Pre size distribution of activated carbons prepared at (a) differentarbonization
temperatures (HsPOsimpregnation ratio = 1.5) and (b) different HsPOsimpregnation ratios
(carbonization temperature = 700°C).

Table3.6 showsverage pore diameter{Dncrease from 2.19 to 2.61 nm. Fig. 3.16 shows
the pore size distribution of the activated carbon prepared at@@d carbonization
temperature and 0.5 impregnation ratio. There is micropore size distribution (dexité®e
A), also it containsnesopores, centered atR2The average pore diameter) 3.17 nm
(Table 3.6)
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Fig. 3.16. Poresize distribution of activated carbon prepared atcarbonization temperature
of 800°C and impregnation ratio of 0.5.
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3.5.6. Fourier Transform Infrared Spectroscopy

The carbon matrix does not consist of carbon ataloeebut is also formed by other
heteroatoms like hydrogen, oxygen, nitrogen, halogen, sulfur, phospétardd)e surface
chemistry of the activated carbon govebysthe heteroatoms thate bondedo the edges

of the carbon layeréNibowo et al., 2007)The cell wall of plant cell comprises a super
macromolecularcompound of hemicellulose,cellulose and lignin fractions and the
composition varies with the biomass resouriteis acceptedthat the pore structure
development in the porous material is influenced by many factors including inorganic
impurities and internal structure of carbdime main aim of this study was to examine the
surface functional groups present in the precursor material and preparetedcatardons

and to identify the groups responsible for the adsorption protheskETIR spectra were

recorded between the wavenumbers 4500 cm.

Figure 3.17 shows the FTIR spectra of raw Fox nutshiedble 3.10indicatesthe band
summary of the waveumbers detected in the Fox nutshell and prepared activated carbons
ACZC-600-2.0, ACPA700-1.5, and ACPE00-0.5. The broadbandsat 3373.84cm'?
correspondo Gi H stretching from phenolslcohol,and watei(Alabadi et al., 2015)The

band at 2925.77 crhand 2845.02m' ! assigndo the asymrmatric O H representing such

as methyl and methylene group¥ang and Qiu, 2010 helong shargpeak at 1591.12 cm

! maybe attributedo the presence of ketones, aldehydes, carboxylic asi@gssearomatic

ring, alkenes groups in hemicellulose compoumtithe bond between hemicellulose and
lignin. The bands in the region between 1300 and @G represent€i O stretching in

acids, alcohols, phenolsthersand esterg§Socrates, 2004)

Fox nutshell

% transmittance

3373.84
1392.90
607.09

1591.12

e e —— —— e ——r
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm~ l)

Fig. 3.17. FTIR spectra of the Fox nutshell.
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Table 3.10: FTIR spectrum band detected in the Fox nutshell and prepared activated

carbons
Characteristics Wave FNS ACZC- ACPA- ACPC- References
numbers 600-2.0 700-1.5 800-1.5
range
(cm'?)
Aliphatic hydrocarbons
C-H 3100 2924.99,| 2926.37, | 2926.37, | 2924.25, Socrates

2850 2840 2838.42 | 2838.42 | 2842.69 (2001)

Ccrc 2260 Not Not Not Not Socrates
2100 detected| detected | detected | detected (2001)

Aromatic hydrocarbons

C-H (out of <900 | 6988, | 851.12, | 849.42, | 850.32, | Socrates
plane) 607.09 | 699.68, | 696.50, | 697.92, (2001)
609.42 | 609.59 | 614.37
CC 1620 | 1591.12 | 1590.78 | 1590.88 | 1597.75 | Socrates
1400 (2001)

Oxygen functional groups

C-O 1300 | 1119.66 | 110992, | 1111.13, | 1116.49,| Socrates
1080 1209.60 | 1212.03 | 1210.18 | (2001)

“OH 1395 | 1392.90| 1390.05, | 1392.17 | 1388.13 | Cagnon et

al. (2005)

O-H 3600 | 3373.84| 3278.75 | 3319.52 | 3344.84 | Socrates
3200 (2001)

Figures3.18 through 3.20 shows the FTIR spectra of AGX0-2.0,ACPA-700-1.5,and
ACPGC-800-0.5, respectively. The FTIR spectra of AGBG0-2.0 demonstratesa
broadbandvith amaximumpeak at 3278.75 ct which corresponds to the characteristic
of the stretching vibration of hydrogen bonded hydroxyl groups and adsedter. Similar
observations are noticed in Figs. 3.19 and 3.20padband of peaks stretching from 3101
cm! to 3767 cmt with a maximum at 3319.52 chrand 3344.84 crhcorresponds to the
stretching of hydroxyl groups in ACRAO0-1.5 and ACPEB00-0.5, respectively. e
bands observed between 312860 cm?! assigns to the asymmetrickCand symmetric €

H bands representing the alkyl groups such as methyl and methylene (focpsts,
2004) The strongbands at 1590.78, 1590.88 and 15976t allocateso C=C aromatic
ring stretching vibratiorfPrahas et al., 2008yhe bands at 1390.05, 1392.17 and 1388.13
cm'tin Figs.3.18, 3.19 and 3.2@orrespondo thevibration of carboxylic GH group
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(Cagnon et al., 2005The bands in the region between 1308 4680cm' * assigrnto Ci O
stretching in acids, alcohols, phenathersand esters, usually found in oxidized carbons
(Socrates, 2004)he band at 1392.90 &h(Fig.3.17) of Fox nutshell split into twimands

when converted tACZC-600-2.0at 1390.05 and 1335.03 th{Fig. 3.18) The bands less

than 900cm' ! correspondgo CiH (out of plane) of aromatic hydrocarbo(BSocrates,

2004) However,in Fig. 3.19 it is also a characteristic of phosphorous and phosphorous
carbonaceous compounds present in the phosphoric acid activated carbon in the band region
between 130Gand 900 crit. The bands af300 900 cm?! tentatively assignedo the
following phosphorous species: hydrogamded P=0, €C stretching vibrations in-B-

C of aromaticandP=0OO0H (Puziy et al., 2002)
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Fig. 3.18. FTIR spectra of prepared activated carbon ACZ&00-2.0.
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Fig. 3.19. FTIR spectra of prepared activated carbon ACPA00-1.5.
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Fig. 3.20. FTIR spectra of prepared activated carbon ACP&00-0.5.
3.5.7. Surface chemistry determination Boehmtitration )

In Table 3.11, theneasuredjuantitiesof the acidic and basic surface functional groups are
comparedThe surfacdotal acidic groupsarelarger than theotal basicgroupsin all three
prepared activated carbons. The phenolic groups are aftundal the activated carbons
and more than the carboxylic group and lactonic group&CIAaC-600-2.0, lactonic group

is more than the carboxylic group, but in the other two car#®@BA-700-1.5 and ACPE
800-0.5 the carboxylic group is more than thetdaic group. The basicity of the ACZC
600-2.0 is 0.12 mmol/g, which is larger than the basicity of AGR&1.5 and ACPEB00

0.5 activated carbons.h& pH values for the ACZ600-2.0, ACPA700-1.5 and ACPE
800-0.5 are found to be 4.3, 2.6 and 4.6, respelti ThePZCvalues of ACZG600-2.0,
ACPA-700-1.5,andACPGC-800-0.5are 2.1, 2.7 and 5.4, respectively. The pH value falls in

the acidic region and value BZC< 7 shows dominant of acidic groups over basic groups.

Table 3.11: Quantities of the acidic ad basic surface functional groups in prepared ACs
Surface functionalgroups (mmol/g)

ACs Carboxylic | Lactonic | Phenolic | Acidity | Basicity | pH | PZC
ACZC-600-2.0 0.019 0.045 0.058 | 0.122 | 0.120 | 43| 2.1
ACPA-700-1.5| 0.0444 0.012 0.0836 | 0.140 | 0.104 | 26| 2.7
ACPGC8000.5| 0.0342 0.021 0.0558 | 0.111 | 0.0896 | 4.6 | 5.4

3.5.8. X - Ray Diffraction (XRD) analysis

XRD is the most useful method to visualize the crystalline and amorphous materials.
Researchers worked on-Ray Diffraction analysis of activated carbons, conadtlitieat
predominantly amorphous solid having large internal surface area and pore volume.

Activated carbon shows theery disordered microcrystalline structure in which graphitic
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microcrystals are randomly orientéhalil et al., 2013) XRD patterns of Foxutshell

(FNS) andobtainedactivated carbonare shownn Figs. 3.21, 3.22 and 3.23.
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Fig. 3.21. XRD pattern of the Fox nutshell angbrepared activated carbon ACZC-600-2.0.
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Fig. 3.22. XRD pattern of theprepared activated carbon ACPA700-1.5.
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Fig. 3.23. XRD pattern of theprepared activated carbon ACPG800-0.5.
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The XRD patterns of FNS exhibit sharp peak
portion of cellulose and at about 2d = 18.7

hemicelulose, and lignin).

The XRD patterndhave beenexhibitedbroad peaks and absence of a sharp peak in the
prepared activated carbons that reveals the predominantly amorphous structure of activated
carbon;broadpeak is an advantageous property for wielfined adsorbentdwo broad

peaks arecommon to activated carbon, namely (002) and (100) peaks. Occurrence of a
sharppeak (Fig. 3.21) iMCZC-600-2.0at ar c@ehahdvedsmallo ne a43° 2d
indicate the formation of (002) and (100) planes corresponding to a predominantly
microcrystalline graphitic structufenki et al., 2014)n Fig 3.22 forACPA-700-1.5, two

main diffraction peaks & d = 23.16 and 43.59 represent the (002) and (100) planes of the
graphitestructure.In Fig. 3.23,two main diffraction peaks & d = 24.79 and 43.32 also
represent the (002) and (100) planes tioatfirm graphite structure.

3.5.9. Surface morphologystudy

Surface morphology of the precursor and prepared activated carbons was characterized by
usingField Emission Scanning Electron Microscopy (FESEWM)e FESEMmicrographs

of the prepared activated carbons reveal the presence of abundant pores genangted dur
carbonization using activating agenrtsthe chemical activation process, the new pores are
formed due to the reaction between carbon and the activating agent.

The FESEM micrographs of the raw Fox nutshell and NaOH treated Fox nutshell is shown
in Figs. 3.24a-b). In Fig. 3.24a), the SEM micrographs of raw Fox nutshell shows that
thereareno pores present on the surface of the raw material afetsus smooth. From

Fig. 3.24b), it is found that the surface is not uniform and is degraded by NaOH.

Figures 3.283.27 show the FESEM of the prepared activated carl#a®aC-600-2.0,
ACPA-700-1.5,andACPGC-800-0.5, respectivelyThere are significant differences between

the surface morphology of the Fox nutshell and the prepared activated carbons. There are
quite large number of pores seen in the prepared activated carbons. From theses Figs. 3.25,
through 3.27, it can be concluded that the prepared activated carbons have large surface
area due to their highly porous structurarge pores are developed dweetvolution of

more volatile compound# seems that the pores on the surfaceab®fprepared activated
carbons resulted from the evaporation of the activating agent during carbonization, leaving

spacepreviously occupied by the activating agent.
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Fig. 3.24 FESEM images of(a) Fox nutshell and (b) NaOH treated FNS.
Mixed pores are developed on the surface of activated carbon, ACZ€.0. Honeycomb

shape like structure is formed on the surface of the prdpectivated carbon [Fig. 3.25]

but pores ee of different shapes and sizes [Fig. 312%. From Fig. 3.26, the cavities on the
surfaces of carbon ACRROO-1.5 resulted from the evaporation of the phosphoric acid
during carbonization and leaving the space previously occupied by the activatingmgent
Fig. 3.27,a heterogeneougpe pores are seen on the AGB@-0.5surface; ilooks like a

sponge and pores are of different size and shape.

Fig. 3.25.FESEM images of theprepared activated carbon ACZG600-2.0.
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