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ABSTRACT

The widespread use of phenols and phenolic derivatives in industrial applications has resulted
in their discharge as part of industrial wastewater. These chemicals are toxic and need to be
removed from the aqueous environment. Amongst the available pollutant removal
technologies, adsorption has been widely used due to its simplicity, ease of operation, cost-
effectiveness and ability to sequester pollutants at very low concentrations. Different
adsorbents have been applied for removal of phenols and their derivatives. Use of agricultural
waste as adsorbents seems to offer a much cheaper alternative in pollutant removal. This
study examines the synthesis of a hydrophobic biomaterial composite by cross-linking of
Fenton treated pine cone and applying the prepared adsorbent for 2-nitrophenol removal from

aqueous solution.

Pine cone biomass, in its raw and modified forms was tested for its ability to remove 2-
nitrophenol from simulated industrial wastewater. The experimental procedure is divided into
two main parts: (1) pine cone modification using Fenton’s reagent and 1.6-hexamethylene
diisocyanate and (2) application of the prepared hydrophobic adsorbent for 2-nitrophenol
removal from wastewater. Fenton’s reagent was used to remove pigments, extractives and
other soluble organic compounds from the raw pine. FTIR spectroscopy showed an increase
in magnitude of oxygenated surface groups which resulted in a decrease in pHp,.. The effect
of Fenton treatment on further modification of the pine biomass via cross-linking using 1.6-
hexamethylene diisocyanate was investigated. Optimum reaction variables for the cross-
linking using dibutyltin dilaurate as catalyst under an inert nitrogen gas atmosphere in
anhydrous hexane solvent were determined using FTIR spectroscopy. Success of the cross-
linking procedure was confirmed by use of analytical techniques (XRD, TGA, SEM, EDX

and BET surface area) and weight percent gain calculations.

Pine and modified pine biomass were tested for their ability to sequester 2-nitrophenol via
batch adsorption technique. The effect of pine modification on affinity for the biosorbate was
investigated. The mechanism of the adsorption process was determined via use of Kinetic,
diffusion and equilibrium isotherm models. Two error functions (coefficient of determination
and percent variable error) were employed to substantiate the model showing a good fit to the

experimental adsorption data.



The experimental adsorption kinetic data was fit to the pseudo-first-order and pseudo-second-
order kinetic models. Due to the large size of the pollutant molecules diffusion process
analysis was also conducted. The effect of pine modification on kinetic and diffusion

parameters was determined.

The experimental equilibrium adsorption data was fit to the Freundlich, Redlich-Peterson and
Hill isotherm models. The initial shapes of the adsorption isotherms for 2-nitrophenol
adsorption onto pine and modified pine biomass determined the type of equilibrium isotherm
models to fit the experimental data to. Thermodynamic parameters were calculated to
determine the spontaneity, feasibility and energy changes associated with the adsorption
process. The degree of disorder at the solid/liquid interface after the adsorption was
determined. The effect of temperature on the adsorption process was used to show whether
the adsorption is physical or chemical. The effect of pine modification on equilibrium

isotherm parameters was determined.

The study is divided into seven chapters:

Chapter 1:
The chapter covers the introduction, problem statement, aim and objectives of the research. It
gives an insight into the research project.

Chapter 2:

The literature review of pollutants in industrial wastewater and methods of their removal is
dealt with in this chapter. Adsorption is introduced as an alternative technique for pollutant
removal from aqueous systems. An in-depth review of various adsorbents (including pine
cone), their merits and limitations are also discussed together with methods of modifying and
use of modified adsorbents. Equilibrium, kinetic and thermodynamic models used to treat
adsorption experimental data are presented.

Chapter 3:
The experimental procedures on the synthesis, characterization and application of the
hydrophobic biosorbent in the removal of 2-nitrophenol from aqueous solution are presented.

Kinetic and equilibrium experiments are described in detail.
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Chapter 4:

It describes the first part of the results and discussions. The chapter focuses on optimization
of reaction variables and characterization (using various analytical techniques) of the
hydrophobic biomaterial composite.

Chapter 5
The chapter discusses the second part of the results. It focuses on magnitude of surface
charge, pHp,c and kinetic studies. Fitting of the adsorption experimental data to kinetic and

diffusion models is presented together with the error functions.

Chapter 6
The chapter discusses part three of the results on equilibrium studies. The adsorption
experimental data is fitted to equilibrium isotherm equations and error determination is

presented. Thermodynamic parameters are calculated and interpreted.

Chapter 7:

Conclusion and recommendations are presented.

The optimum reaction variables for cross-linking of Raw and Fenton treated pine cone were
determined using FTIR analysis and found to be: 0.2 g pine biomass, 3.5 cm® 1.6-
hexamethylene diisocyanate cross-linker, 50 cm® anhydrous hexane solvent, 1.5 cm?®
dibutyltin dilaurate catalyst, temperature of 50 °C and a reaction time of 4 hours. The pine
surface showed an increase in phenolic, lactonic and carboxylic acid groups due to the
modification. The pH,,. showed a decrease due to modification of the pine cone biomass. The
pPH,zc values for the pine and modified pine cone biomass were found to be: Raw = 7.49,
Raw-HMDI modified = 6.68, Fenton treated pine = 5.40 and Fenton-HMDI modified = 6.12.
The optimum pH for the adsorption of 2-nitrophenol onto raw pine and modified pine cone
biomass was determined to be 6. The optimum adsorbent dosage was determined as 1.5
g/dm?®. The adsorption kinetics show a good fit with the pseudo-second-order model. This
suggests that surface adsorption is the controlling step in the adsorption of 2-nitrophenol onto
pine cone biomass. The analysis of diffusion processes showed that the initial rapid stage
during the adsorption is due to external mass transfer processes. The adsorption experimental

data also showed that pore diffusion was rate-limiting amongst the diffusion processes. Pine
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modification using Fenton’s reagent and 1.6-hexamethylene diisocyanate increased
magnitude of Kkinetic and diffusion parameters. Experimental data for 2-nitrophenol
adsorption onto pine and modified pine cone biomass showed better correlation with the
Redlich-Peterson and Hill isotherm models and poor correlation with the Freundlich isotherm
model. This suggests that the mechanism does not show complete multilayer coverage with
cooperative phenomena between adsorbate molecules. Thermodynamic parameters showed
that the adsorption is feasible, spontaneous, and exothermic and results in a decrease in
degree of disorder at the solid/liquid interface. An increase in temperature resulted in a
decrease in adsorption capacity showing that the adsorption is physical. Pine modification
using Fenton’s reagent and 1.6-hexamethylene diisocyanate increased magnitude of kinetic,
diffusion and isotherm parameters. The kinetic and equilibrium results show that the
adsorption of 2-nitrophenol onto pine cone biomass follows the order: Fenton treated-HMDI
> Fenton treated > Raw-HMDI > Raw. Hence, it can be concluded that Fenton treatment and
HMDI cross-linking modification did increase the adsorptive capabilities of the pine cone

biomass.
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1 INTRODUCTION
1.1 INTRODUCTION

The use of phenol and its derivatives in chemical, petroleum, dye and pesticide industries has
resulted in the discharge of toxic effluent in potable waters (Lua and Jia, 2009). Phenols are
toxic to life even when they are present in very low concentrations. These pollutants have
been found to have carcinogenic and mutagenic effects on living organisms. Strict legislation
on discharge of toxic pollutants in industrial wastewaters makes it paramount to develop
efficient technologies for their removal. A number of methods have been used for the
removal of phenols from industrial wastewaters. These techniques include advanced
oxidation, electrochemical oxidation, biological degradation, photo-catalytic degradation,
membrane filtration, and adsorption (Annachhatre and Gheewala, 1996; Rzeszutek and
Chow, 1998; Nevskaia et al., 1999; Rodgers et al., 1999; Esplugas et al., 2002; Dabrowski et
al., 2005; Guo et al., 2006). Among these removal technologies, adsorption has been widely
used. The design and operation of adsorption systems is not complicated as is the case with

some of the separation technologies earlier mentioned.

Adsorbents of biological origin have been found to be efficient in the removal of pollutants at
very low concentrations but are limited by their low extraction capacities, poor mechanical
strength and selectivity for targeted pollutants. Organic-based adsorbents produced by cross-
linking biological materials with carbon nanotubes have been used for water treatment
(Salipira et al., 2008). Although these adsorbents are extremely efficient, the large scale
production of these co-polymers does not provide a viable economic alternative due to the
exorbitant cost of producing the carbon nanotubes (Li et al., 2003). This research seeks to
synthesize a low cost polysaccharide-based biosorbent with improved extraction capacities
and selectivity using Fenton treated cross-linked pine cone as a replacement for current

conventional methods of removing phenols from aqueous media.

1.2 PROBLEM STATEMENT

Different biosorbents from agricultural waste products have been prepared and applied for

wastewater treatment. These materials though effective, show some major drawbacks which



include: (1) low biosorption capacities for pollutants, (2) poor selectivity for target pollutants,
(3) biologically unstable (degrade rapidly), (4) possess poor mechanical properties in a
packed column and (5) leaching of pigments and extractives resulting in discolouration of
treated water and an increase in total organic carbon, biological and chemical oxygen demand
(Gaballah et al., 1997). This research seeks to improve on the above weaknesses by use of
Fenton’s reagent to remove soluble organics from the pine cone biomass and incorporating a
bi-functional cross-linker (1.6-hexamethylene diisocyanate) onto the biomass and apply the
synthesized hydrophobic biosorbent for removal of 2-nitrophenol from simulated industrial
wastewater. The research seeks to compare the effect of Fenton treatment of pine cone on
cross-linking with 1.6-hexamethylene diisocyanate. Cross-linkers have the advantage of
increasing the number of sorption sites for pollutant removal, thus improving, the capacities
and selectivity’s for the target pollutant from aqueous solution, the biological stability and
mechanical strength of the matrix. The use of chemical modification to improve the
adsorption potentials of pine cone biomass for industrial wastewater treatment is scanty in

literature and much research has not been carried out in this area.

1.3 AIM

This research aims to synthesize a cost-effective hydrophobic biosorbent from cross-linked
Fenton treated pine cone biomass and apply it in the removal of 2-nitrophenol from aqueous
solution by achieving the following research objectives:
1. To prepare the pine cone powder material.
2. Synthesis of the hydrophobic cross-linked pine cone biosorbent using 1.6-
hexamethylene diisocyanate.
3. Optimizing the preparation conditions for these modification methods.
4. Application of the produced biosorbent for removal of 2-nitrophenol from aqueous
solution in a batch adsorption system.
5. Perform equilibrium, kinetic and thermodynamic analysis on the experimental

adsorption data.

1.4 RESEARCH OUTLINE

The research focuses on Fenton treatment of pine cone and its modification via cross-linking
using 1.6-hexamethylene diisocyanate. The dissertation is divided into three parts, with the

first part describing the adsorption process, types of adsorbents and their applications,
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composition of agricultural wastes and treatment of adsorption experimental data. The second
part describes the synthesis of the hydrophobic biomaterial composite via Fenton treatment
and cross-linking of the pine biomass. The third part involves application of the prepared
biosorbent for the removal of 2-nitrophenol from aqueous solution. It describes kinetic and
equilibrium adsorption experiments whose results are used to determine the adsorption

mechanism and calculate thermodynamic parameters.
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2 LITERATURE REVIEW
2.1 POLLUTANTS IN INDUSTRIAL WASTEWATER

Anthropogenic activities and advances in technology have immensely contributed to
contamination of water resources around the world. Freshwater pollution is mainly caused by
release of municipal and industrial effluent together with run-off from agricultural activity
(Bhatnagar and Sillanpéda, 2010). Industrial effluents have been found to be major
contributors of heavy metals and dyes (Banat et al., 1996; Reddy et al., 2011). Heavy metals,
being non-biodegradable tend to bioaccumulate at each trophic level in the ecological food
chain damaging the ecosystem (Crini, 2005). Aromatic compounds are recalcitrant, toxic and
mutagenic to various organisms (Lee et al., 2003). Synthetic dyes strongly colour industrial

wastewater and colour greatly reduces the aesthetics of water (Banat et al., 1996).

2.1.1 Heavy metals

‘Heavy metals’ are a group of metals and metalloids whose atomic density is greater than 6
g/cm®. Unlike most organic pollutants, there is always a normal background concentration of
heavy metals in the environment as they occur naturally in mineral ores. Industrial uses of
metals and other domestic processes (e.g. burning of fossils, incineration of wastes,
automobile exhausts, smelting processes and the use of sewage sludge as landfill material and
fertiliser) do introduce substantial amounts of toxic heavy metals into the hydrosphere
(O’Connell et al., 2008). Several industrial disasters have also led to heavy metal
contamination of water bodies such as the Minamata tragedy in Japan due to methyl mercury
contamination and ‘Itai-Itai’ (Japanese for agony) due to contamination of cadmium in Jintsu
river of Japan (Nordberg, 1974; Kjellstrom et al., 1977). Natural processes like weathering of
rocks and volcanic eruptions also release heavy metals into the environment. Table 2.1

outlines major anthropogenic sources of heavy metals in the ecosystem.



Table 2.1 Significant anthropogenic sources of metals in the environment (O’Connell et
al., 2008).
Industry Metals Pollution arising

Metalliferous

mining

Mineral ores Cd, Cu, Ni, Cr, Co, Acid mine drainage, tailings (mine dumps) and
Zn. slag heaps.

Agricultural

materials

Fertilisers Cd, Cr, Mo, Pb, U, Run-off, surface and groundwater
V, Zn. contamination, plant bioaccumulation.

Manure Zn, Cu, Ni, Pb, Cd, Landspreading threat to ground and surface

sewage sludge Cr, As, Hg. water.

Metallurgical

industries

Specialist

alloys and steels

Pb, Mo, Ni, Cu, Cd,
As, Te, U, Zn.

Manufacture, disposal and recycling of metals.

Tailings and slag heaps.

Waste disposal

Landfill leachate

Zn, Cu, Cd, Pb, Ni,
Cr, Hg.

Landfill leachate, contamination of ground and

surface water.

Engineering

Electronics Pb, Cd, Hg, Pt, Au, Aqueous and solid metallic waste from
Cr, As, Ni, Mn. manufacturing and recycling process.

Metal

finishing industry

Electroplating Cr, Ni, Zn, Cu. Liquid effluents from plating processes.

Miscellaneous

sources

Batteries

Paints

and pigments

Pb, Sb, Zn, Cd, Ni,
Hg.
Pb, Cr, As, Ti, Ba,
Zn.

Waste battery fluid, contamination of soil and
groundwater.
Aqueous waste from manufacture, old paint

deterioration and soil pollution.




While many of the heavy metals are needed by organisms in very minute quantities, higher
concentrations are known to produce a range of physiological, gastro-intestinal,
immunological and neurological effects. The most dangerous heavy metals include the ‘toxic
trio’: lead, cadmium and mercury, for which no biological function has yet been found
(Chojnacka, 2010). Other heavy metals of concern to environmental scientists and engineers
are chromium, iron, selenium, vanadium, copper, nickel, arsenic, zinc, etc. These heavy
metals are of specific concern due to their toxicity, bioaccumulation tendency, long
persistence and biomagnification in food chains causing ecological disequilibrium (Garg et
al., 2007; Vaughan et al., 2001; Zhou et al., 2004; Celik and Demirbas, 2005).

At high exposure levels, lead causes encephalopathy, cognitive impairment, behavioural
disturbances, kidney damage, disruption to biosynthesis of haemoglobin causing anaemia and
toxicity to the reproductive system (Pagliuca and Mufti, 1990). Cadmium is associated with
nephrotoxic effects and long-term exposure may cause bone damage (Friberg, 1985). High
concentrations of mercury can lead to neurobehavioral disorders like rheumatoid arthritis
(autoimmune disease) and developmental disabilities including dyslexia, attention deficit
hyperactivity disorder (ADHD) and intellectual retardation (Weiss and Landrigan, 2000).
Chromium is widely recognised to exert toxic effects in its hexavalent form. Potable waters
containing more than 0.05 mg/dm® Cr®* are considered toxic (Baral and Engelken, 2002).
Human exposure to Cr®* compounds is associated with a higher incidence of respiratory
cancers (Rowbotham et al., 2000). Excessive copper concentration can lead to lethargy,
insomnia, Wilson’s disease, anorexia and damage to gastro-intestinal tract (Theophanides and

Anastassopoulou, 2002).

As a result of development of advanced analytical techniques and better health monitoring
technologies, the acceptable maximum concentration (fraction of mg/dm? or pg/dm?) of these
metal ions in industrial wastewaters is progressively decreasing (Sud et al., 2008; Chojnacka,
2010). This and stringent regulations ensure industries treat metal-contaminated effluent
before discharging it into natural water-bodies. Wastewater regulations were established to

minimise human and environmental exposure to hazardous chemicals (Barakat, 2011).



2.1.2 Aromatic compounds

Most common aromatic pollutants found in industrial wastewater are phenolic derivatives
(such as nitrophenols, chlorophenols, etc) and polycyclic aromatic compounds (especially
pesticides) (Crini, 2005). They have been classified as priority pollutants since they are
persistent, toxic, mutagenic, tumorogenic and carcinogenic to organisms even at low
concentrations. For example, compounds such as 2.4.6-trinitrotoluene (TNT) which has been
widely used in the weapons industry for bomb and grenade production have been found to be
very lethal to organisms (Lee et al., 2003). Contamination of potable water by phenolics at
low concentrations like 0.005 mg/dm?® brings about significant taste and odour problems
making it unfit for human use. The most important and common pesticide pollutants are
organochlorine compounds like dichlorodiphenyltrichloroethane and its metabolites (DDTS),
polychlorinated  biphenyls  (PCBs),  hexachlorocyclohexane  isomers  (HCHs),
hexachlorobenzene (HCB), cyclodienes, dieldrin, etc which are mostly used in households
and in agriculture. The lipophilic nature, hydrophobicity, low chemical and biological
degradation rates of these aromatic pollutants leads to their bioaccumulation,
bioconcentration and biomagnification in higher organisms (Aksu, 2005).

2.1.3 Synthetic dyes

Dyes strongly colour water causing an aesthetic problem and public perception of water
quality is greatly influenced by colour (Choy et al., 2004). There are more than 100 000
commercial dyes with more than 7 x 108 kg being produced annually (Pearce et al., 2003).
According to Greluk and Hubicki (2010), dyes can be classified into three categories: (1)
anionic — acid, direct and reactive dyes, (2) cationic — basic dyes, and (3) non-ionic — disperse
dyes. They are used in textile, paper, plastic, pharmaceutical, leather, paint, food packaging
and other industries to colour products. Wastewater containing dyes is very difficult to treat
since they are carcinogenic, highly soluble, recalcitrant organic molecules, resistant to
aerobic digestion and are stable to light, heat and oxidising agents (Sun and Yang, 2003).
This is due to their complex chemical structure, xenobiotic nature and synthetic organic
origin (Crini, 2006). Disposal of dye wastewater without proper treatment causes a myriad of
problems to the aquatic environment, such as reducing gas solubility, light penetration and
photosynthesis. Dyes may also be toxic to some aquatic life due to presence of aromatics,

metals, chlorides and other elements in them (Fu and Viraraghavan, 2001). Traditional
9



biological wastewater treatment techniques based on aerobic and anaerobic digestion are not
efficient at dye removal from wastewater since dyes are toxic to the organisms being used

(Kusic et al., 2007). Dye-wastewater is usually treated by physical and chemical methods.

2.2 TECHNOLOGIES FOR INDUSTRIAL WASTEWATER TREATMENT

Water is a unique substance which is able to cleanse itself via dilution and sedimentation.
This natural process is inhibited at high pollutant concentrations found in industrial
wastewaters. Physical, chemical and biological techniques have been applied for treatment of
industrial wastewaters. Conventional methods for removal of metal ions and organics from
aqueous  solutions include  chemical precipitation, ion-exchange, chemical
oxidation/reduction, reverse osmosis, electrodialysis, nanofiltration, electrochemical
treatment, solvent extraction, aerobic and anaerobic treatment, microbial reduction,
adsorption etc (Shen and Wang, 1994; Gardea-Torresdey et al., 1998; Zhang et.al, 1998; Bell
et al., 2000; LaPara et al., 2000; Lin and Juang, 2002; Van der Bruggen and Vandecasteele,
2003; Lee et al., 2003; Martinez et al., 2003). These conventional techniques have their own
limitations such as less efficiency, sensitive operating conditions, use of aggressive reaction
conditions, high reagent or energy requirements, production of toxic sludge and other waste
products which are costly to dispose (Ahluwalia and Goyal, 2005; lzanloo and Nasseri,
2005). There is also a possibility that a secondary pollution problem will arise due to
excessive chemical use. Amongst the numerous techniques of pollutant removal from
aqueous solutions, adsorption is the best procedure for wastewater decontamination due to
convenience, ease of operation, simplicity of design and results in high-quality treated
effluent (Jain et al., 2003; Zhou et al., 2004; Bhatnagar and Sillanp&&, 2011). Furthermore,
adsorption can remove or minimise different types of pollutants from dilute solutions to

ng/dm? (ppb) levels broadening its application in water pollution control.

2.2.1 Chemical precipitation

Coagulants such as alum, lime, limestone and iron salts are able to precipitate metal ions
from aqueous solutions. The most widely used chemical precipitation method of removing
heavy metals from inorganic effluents is to increase the pH of the effluent (to about pH 9-11),

thus converting the soluble metal into an insoluble hydroxide (O’Connell et al., 2008). The
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conceptual mechanism of heavy metal removal by chemical precipitation is represented in
Equation (2.1) below (Wang et al., 2004):

M™ + n(OH)" <> M(OH)n | (2.1)

where, M"" and OH" represent the dissolved metal ions and the precipitant, respectively,
while M(OH), is the insoluble metal hydroxide. Chemical precipitation is not metal selective
and requires a large amount of chemicals to reduce metals to an acceptable level for
discharge. Main disadvantage of the technique is production of large amounts of sludge
which might be toxic or expensive to dispose (Aderhold et al., 1996). Other drawbacks
include slow metal precipitation, poor settling and the aggregation of metal precipitates (Aziz
et al., 2008).

2.2.2 lon-exchangers

lon-exchange resins possess active ion groups such as sulphonic, amino and carboxylic acids.
These active ion groups exchange their ions for metal ions in dilute solutions. They are highly
selective depending on the active ion group that they possess. The resins can be classified as
cationic, anionic or amphoteric exchange resins. lon-exchangers are capable of reducing
metal ion concentrations to parts per million levels. Limitations of ion-exchangers include:
(1) their regeneration creates sludge disposal problem, (2) require high-tech operation and
maintenance which is expensive, (3) sensitivity to effluent pH, (4) failure to handle
concentrated metal solutions as the matrix gets easily fouled by organics and other solids in
the wastewater (Barakat, 2011); and (5) presence of competing mono- and divalent ions such
as Na* and Ca®* which inhibits their activity (Rengaraj et al., 2001; Mohan and Pittman,
2007).

2.2.3 Membrane processes

There are different techniques of membrane filtration such as reverse osmosis, ultrafiltration,
nanofiltration and electrodialysis (Pedersen, 2003; Barakat, 2011). The processes involve
ionic concentration by the use of selective membrane with a specific driving force.

Membrane processes have been proven as an effective wastewater metal decontamination

11



technology. Advantages include low solid waste generation and low chemical consumption.
The methods are expensive and require a high level of technical expertise to operate (Ning,
2002).

2.2.4 Electrochemical treatment

A current is passed through an aqueous metal-bearing solution containing a cathode plate and
an insoluble anode. Metallic ions are electrically discharged and accumulate at the cathode.
The technology does not require chemicals and can be engineered to tolerate suspended
solids. It is moderately metal selective and treats effluent to >2000 mg/dm?®. Demerits include
production of hydrogen gas (with some processes), electrode corrosion and high initial capital

cost (Kongsricharoern and Polprasert, 1996).

2.2.5 Adsorption

Adsorption is an equilibrium separation process (Dabrowski, 2001) in which molecules/ions
(adsorbate) are attached onto the surface of another material (adsorbent or substrate). It
involves accumulation of adsorbate from a bulk solution onto the external and internal
surfaces of the adsorbent. Adsorption based techniques are non-denaturing, highly selective,
energy efficient and relatively inexpensive because of convenience, ease of operation and
simplicity of design. They are used for bulk separation and purification in food,
pharmaceuticals and chemical industries (Barkakati et al., 2010). Current research is focused
on application of adsorption techniques to remove non-biodegradable pollutants (heavy metal

ions and organics) from wastewater (Ho and McKay, 2003).

At the surface of the adsorbent, there are unbalanced forces of attraction which are
responsible for the adsorption process. This process involves various interactions such as
hydrophobic, electrostatic attraction, hydrogen bonding etc. Depending on type of
interactions between adsorbate and adsorbent, three types of adsorption can be distinguished

from each other: (1) physisorption, (2) chemisorption, and (3) exchange adsorption.
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2.2.5.1 Physisorption

It is due to van der Waals’ forces of attraction and is reversible due to low activation energy.

Either monolayer or multilayer adsorption can occur during physical adsorption.

2.2.5.2 Chemisorption

Chemisorption results in formation of a chemical bond (usually covalent) and is irreversible.
The process is highly specific since a chemical bond need to be formed between adsorbate

and adsorbent. Only monolayer adsorption takes place during chemisorption.

2.2.5.3 Exchange adsorption or ion-exchange

The process involves exchange of ions from adsorbent surface with adsorbate ions having
charges of the same magnitude but greater affinity. It is generally reversible and proceeds
stoichiometrically (Khan, 1992).

2.3 TYPES OF ADSORBENTS

Most synthetic adsorbents are expensive, regenerative and non-biodegradable since they are
petrochemically derived (Wing, 1996a; Wilpiszewska and Spychaj, 2007). Adsorbents can be
of mineral, organic or biological origin (Crini, 2005). Mineral adsorbents include activated
carbon (Pereira, 2003), red mud (L6pez et al., 1998), silica beads (Krysztafkiewicz et al.,
2002; Ghoul et al., 2003), clays, etc (Celis et al., 2000; Yavuz et al., 2003). Organic polymer
resins (Atia et al., 2003) and cyclodextrin urethanes (Salipira et al., 2008) are some of the
organic adsorbents that have been used in decontamination of wastewaters. Biological
adsorbents can be micro-organisms (Aksu et al., 1992; Loukidou et al., 2003; Malkoc et al.,
2003; Pearce et al., 2003) or agricultural by-products (Acar and Malkoc, 2004; Reddad et al.,
2003; Ho and Ofomaja, 2006; Ghodbane et al., 2008; Awwad and Salem, 2012).

2.3.1 Commercial adsorbents

Adsorbents that are being used in water pollution control include activated carbon, zeolites,

silica gel and activated alumina, etc.
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2.3.1.1 Activated carbon

Activated carbon is a form of graphite with an amorphous, highly porous structure with a
broad range of pore sizes (Hamerlinck, 1994). It is produced by raw material dehydration and
carbonisation followed by activation. Activated carbon is a versatile adsorbent with a large
surface area and is able to remove different types of pollutants such as metal ions, anions,
dyes, phenols, detergents, pesticides and chlorinated hydrocarbons (Perez-Candela et al.,
1995; Bele et al., 1998; Bao et al., 1999; Chern and Chien, 2002; Sotelo et al., 2002; Pereira
et al., 2003). Adsorption using activated carbon is a powerful technology for treating
industrial wastewater (Horikoshi et al., 1981; Hosea et al., 1986) but, its use is restricted by

high cost involved during its synthesis and its loss during regeneration.

2.3.1.2 Zeolites

Zeolites are crystalline, hydrated aluminosilicates of alkali and alkaline earth metals, having
infinite, three-dimensional structures (Mohan and Pittman, 2007). The three-dimensional
structure of zeolite possesses large channels containing negatively charged sites resulting
from AI** replacement of Si** in the tetrahedral. Zeolite-based materials are mainly used for
manufacture of detergents, ion-exchange resins (water softeners), catalysts in the petroleum
industry, separation process (molecular sieves) and as adsorbent for water, hydrogen sulphide
and carbon dioxide. They can be natural or synthetic but both types are selective adsorbents
for the removal of metal ion pollutants in wastewater (Ellis and Korth, 1993; Okolo et al.,
2000; Metes et al., 2004; Wang and Peng, 2009).

2.3.1.3 Silica gel

Silica gels are amorphous forms of silicon dioxide and are classified into three types: regular,
intermediate and low density gels. Regular density silica gel shows high surface area (about
750 m?/g). Intermediate and low density silica gels have low surface areas, that is, 300-350
and 100-200 m%g (Bhatnagar and Sillanpaa, 2010). Silica gels are utilized in
dehumidification process due to their great pore surface area and good adsorption capacity
(Chang et al., 2008). Modified forms of silica have been used for the sequestration of
different pollutants (Ahmed and Ram, 1992; Backhaus et al., 2001).
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2.3.1.4 Activated alumina

Activated alumina consists of forms of partially hydroxylated alumina oxide, Al,Os. It is
prepared by thermal degradation of aluminium hydroxide thus removing hydroxyl groups and
forming a porous solid structure. Activated alumina is used in dehydration of organic liquids
like gasoline, kerosene, oils, aromatic hydrocarbons and chlorinated hydrocarbons
(Kasprzyk-Hordern, 2004).

2.3.2 Low-costs adsorbents

An adsorbent can be considered low-cost if it requires little processing, is abundant in nature
or is a by-product or waste material from another industry (Bailey et al., 1999). These

include: micro-organisms, industrial by-products and agricultural wastes.

2.3.2.1 Micro-organisms

Micro-organisms (fungi, algae and bacteria) are eco-friendly, low-cost and effective
biosorbents in wastewater decontamination (Das et al., 2008). Substantial research has been
conducted on the use of live and dead microbial cells as biosorbents for pollutant removal
from wastewater. Use of dead microbes is advantageous because: (1) they do not need a
constant supply of nutrients hence a decrease in the levels of chemical oxygen demand and
biological oxygen demand, (2) the biosorbents can be easily regenerated and re-used for a
number of cycles, and (3) dead microbes are not affected by toxic waste. Many yeast, algae
and bacteria have shown capability to remove metal ions from dilute aqueous solutions (Aksu
et al., 1990; Vymazal, 1990; Kapoor and Viraraghavan, 1995; Nuhoglu et al., 2002). Dead
cells are able to remove heavy metal ions to the same or greater extent than living cells. The
reason for this is the inhibition of microbial growth when concentration of metal ions
becomes high or when significant amounts of metal ions have been sorbed by the micro-
organisms (Aksu et al., 1991). Cell walls of eubacteria are made up of a polysaccharide called
peptidoglycan and that of archaebacteria consists of the polysaccharide pseudomurein. The
fungal cell walls are made from the polysaccharides chitin and chitosan. Algae cell walls are
mainly cellulose. These polysaccharides have functional groups (amino, amido, carboxyl,
hydroxyl, phosphate and sulphate) which can act as biosorption active sites for metal
immobilization (Vieira and Volesky, 2000; Davis et al., 2003). Metal uptake by different

parts of inactive microbial cells is a complex phenomenon. It can occur via different passive
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processes including complexation, chelation, co-ordination, ion-exchange, precipitation and
reduction (Tsezos and Remoudaki, 1997). The metal adsorption kinetics has been proposed to
take place in two stages. The first rapid stage, thought to be physical adsorption or ion-
exchange at the cell surface. The subsequent stage is slower and called chemisorption (Aksu
et al.,, 1990; Vymazal, 1990). Chemicals isolated from the microbial biomass (e.g. chitin,

chitosan and alginate) are also used as biosorbents (Chojnacka, 2010).

2.3.2.2 Industrial by-products

Industrial activities in power generation, metallurgy, fertiliser, paper, and leather industries
produce huge amounts of solid waste. Use of these industrial by-products as low-cost
adsorbents reduces the volume of waste materials and pollution of industrial wastewaters.
Some of the industrial wastes products that have been investigated as adsorbents for
sequestration of heavy metal ions include fly ash, metallurgical slag, red mud, activated
sludge, etc (Dimitrova, 1996; Lopez et al., 1998; Alinnor, 2007).

2.3.2.3 Agricultural wastes

Agricultural by-products are high volume, low value and underutilized biopolymers. Wing
(1996b), reported that agricultural by-products exceed 320 billion kilograms annually in the
United States alone. This poses a serious environmental disposal problem. Their use in
adsorption might contribute significantly to environmental protection and additional income
to farmers. Use of agricultural by-products as sorbents is a cost effective alternative for
wastewater treatment. Usually, the biomass that one would not suspect to have biosorptive
properties can show ability to effectively remove metal ions from solution, for example,
crushed egg shells, bones, etc (Kuyukac, 1997; Aksu, 2005). Table 2.2 shows some
agricultural wastes that have been used as adsorbents for the sequestration of divalent heavy

metal ions, chlorinated phenols and dyes.
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Table 2.2

(Bhatnagar and Sillanpéé, 2010).

Agricultural wastes as adsorbents for decontamination of industrial wastewater

Adsorbent Adsorbate Adsorption capacity
(mg/g)

Rice husk p-chlorophenol 14.36

Coffee residue Pb** 63

Orange peel Ni?* 158

Mango peel Pb* 99.05

Garlic peel Methylene blue 86.64 — 142.86

Sunflower stalks Basicred 9 317

Maize cob 2.4-dichlorophenol 17.94

Coconut 2.4.6-trichlorophenol 716.10

Sugarcane bagasse Cd* 38.03

Cotton stalk Remazol Black B 35.7

Banana peel Phenolic compounds 689

Peanut husk Neutral Red 375

24 MODIFICATION OF AGRICULTURAL WASTE BIOMASS

Agricultural waste products are used in treatment of industrial wastewater in their natural
form or after modification. Biosorbent modification involves physical (usually thermal) or
chemical manipulation of biomaterial surface properties such as type and amount of
functional groups, surface area and porosity by extraction of chemical components. The use
of untreated agricultural waste as biosorbents results in high chemical and biological oxygen
demand caused by leaching of soluble organics , reducing content of oxygen in water thus
threatening aquatic organisms (Gaballah et al., 1997). Hence, modification of biomass is
essential to preventing colouration of treated wastewater and disintegration of biosorbent
during prolonged contact with water (Bailey et al., 1999), thereby: (1) increasing the
adsorption capacity of the biosorbent by swelling of the material to increase the internal and
external surfaces (Wing, 1996b, Sciban et al., 2006), and (2) modifying biosorbent surface to
increase cation exchange capacity (Marshall and Johns, 1996) and allow for penetration of
polyfunctional organic moieties into the biosorbent matrix to increase sorption sites (Marshall
et al., 1999; Wartelle and Marshall, 2000).
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Agricultural waste materials show good reactivity since most are lignocellulosic (mainly
contain lignin, hemicelluloses and cellulose). They possess acetamido, hydroxyl, carboxyl,
carbonyl, phenolic, imine, amine, imidazole, thioether, phosphate, phosphodiester and
sulphydryl functional groups (Vieira and Volesky, 2000; Robinson et al., 2002; Garg et al.,
2003; Argun et al., 2008; Sud et al., 2008). These functional groups are able to undergo
chemical derivatization via esterification, etherification, hydrolysis, enzymatic degradation,

oxidation or grafting reactions.

A number of biomass modification techniques which include the use of mineral or organic
acids (sulphuric acid, nitric acid, phosphoric acid, hydrochloric acid, citric acid, tartaric acid),
strong bases (calcium hydroxide, sodium hydroxide, sodium carbonate), oxidising agents
(Fenton’s reagent, potassium permanganate), organic compounds (ethylenediaminetetraacetic
acid, formaldehyde, epichlorohydrin), grafting and solvent extraction have been reported in
literature by several authors (Wing, 1996a; Ahn et al., 1999; Wartelle and Marshall, 2000;
Sciban et al., 2006; Basha and Murthy, 2007; Argun et al., 2009; Ofomaja et al., 2010a;
Ofomaja et al., 2012; Reddy et al., 2012; Pholosi et al., 2013).

2.4.1 Base modification or mercerization

Pre-treatment with dilute sodium hydroxide solution has been the most widely used technique
to improve surface properties and remove soluble organic compounds of plant wastes used
for biosorption (Xuan et al., 2006; Li et al., 2007; Lu et al., 2008; Zhu et al., 2008). Sodium
hydroxide treatment of lignocelluloses causes swelling of the biomass leading to an increase
in internal surface area, separation of structural linkages between lignin and carbohydrates
and disruption of lignin structure (Min et al., 2004; Ofomaja et al., 2009). This reduces
extend of polymerization and crystallinity. Alkali solutions such as sodium hydroxide or
calcium hydroxide are good reagents for saponification or the conversion of an ester linkage
to carboxylic and alcohol functions. Swelling lignocellulosic materials in sodium hydroxide
increases accessibility of cellulose hydroxyl groups (Gassan and Bledzki, 1999; Foldvary et
al., 2003; El Seoud et al., 2008). Ofomaja et al. (2009) applied both raw and sodium
hydroxide modified pine cone powder for Cu** ions removal from aqueous solution. The
authors noted that surface modification of pine cone with dilute sodium hydroxide solution
affected quantities of carboxylic and phenolic functional groups, reduced pHy, from 7.49 to
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2.55, increase in internal surface area of pine cone biomass and increased biosorbent capacity
for Cu** ions with increase in sodium hydroxide concentration. Zhou and Banks (1993) also
applied dilute sodium hydroxide as a base modifying agent to microbial (fungal) biomass.
They observed that the biosorption capacity improved depending on duration of base
treatment. The workers suggested that sodium hydroxide treatment could remove proteins
and glucans from the cell wall thus increasing accessibility of chitin and cellulose which
contain the functional groups acting as binding sites in biosorption process. Other researchers
have also used dilute calcium hydroxide as a base modifying agent and shown its ability to
increase agricultural waste metal ion sorption capacity (Dhakal et al., 2005; Ofomaja and
Naidoo, 2011a). Biosorptive capacities of base modified agricultural wastes can be further

enhanced by grafting of other organic moieties (Zhu et al., 2008).

2.4.2 Organic or mineral acid modification

Wong et al. (2003) modified rice husk with a variety of organic acids (nitriloacetic, citric,
oxalic, salicylic, tartaric, malic and mandelic). The authors concluded that tartaric acid
modification gave the biosorbent the highest metal sorption capacity for lead and copper ions
in aqueous solution. A number of researchers have also treated lignocelluloses with
carboxylic acids and applied the prepared biosorbents for divalent heavy metal
decontamination of aqueous solutions with similar result (Marshall et al., 1999; Marchetti et
al.; 2000a; Low et al., 2004; Altundogan et al., 2007; Li et al., 2007; Zhu et al., 2008). The
researchers postulated that at elevated temperatures carboxylic acids produce carboxylic acid
anhydrides, which combine with the cellulosic hydroxyl groups to form ester linkages and

introduce carboxyl groups onto biosorbent surface as shown in Figure 2.1.

H,C— COOH H,C—CO H,C—CO—Ce
HO—C—CcooH 29> o—c—co ~0 Ce—O0OH, ;56— C—cooH
H,C—COOH H,C—COOH H,C—COOH
NaOH

H,C—CO—=Ce
HO—C—COONa

H,C—COONa

Figure 2.1 Thermochemical esterification of citric acid on cellulose (Ce — OH).
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These additional carboxyl functional groups increase biomass binding capacity with
positively charged metals. A decrease of 74 % and 80 % in copper and lead ion uptake by
esterified tartaric acid modified rice husk supports the idea that the carboxyl functional
groups play a crucial role in the sequestration of metal ions (Wong et al., 2003).

Mineral acids like hydrochloric, sulphuric, phosphoric and nitric acid have also been utilised
by various researchers to investigate their effects on enhancing biosorptive capabilities of
agricultural wastes (Garg et al., 2004; Leyva-Ramos et al., 2005; Argun et al., 2007; Lata et
al., 2007; Sud et al., 2008; Wan Ngah and Hanafiah, 2008). Ofomaja et al. (2013) concluded
that studies have shown that mineral acid treatment of biosorbents have very little or no

impact on their surface properties.

2.4.3 Oxidation techniques

Carboxylic acid functionality is considered responsible for heavy metal binding through the
phenomenon of ion-exchange (Kartel et al., 1999; Khotimchenko et al., 2007). Direct
oxidation of polysaccharidic moieties increases their adsorption capacities by generating new
carboxylate functions. Maekawa and Koshijima (1984), synthesized dialdehyde cellulose via
periodate oxidation of cellulose. The dialdehyde cellulose was oxidised further by use of
mildly acidified sodium chlorite to form 2.3-dicarboxy cellulose. Heavy metal adsorption
capability of 2.3-dicarboxy cellulose was the explored. Uptake levels of 184 mg/g and 236
mg/g were noted for Ni®* and Cu?*, respectively. Harchem et al. (2012) demonstrated that
adsorption capacities of crude polysaccharides (Douglas fir, argan tree bark and argan
endocarp) are lower than those of carboxylic acid-functionalized biosorbents. This
observation can be attributed to an increase in acidic functions and reduction in steric
hindrance affecting accessibility of carboxylate groups. Figure 2.2 shows possible reaction
pathways for oxidation of polysaccharides: route 1, selective oxidation of the primary alcohol
by NaOBr catalysed by TEMPO [(2.2.6.6-tetramethylpiperidin-1-yl)oxidanyl]; route 2,
periodic oxidation of cellulosic moiety and subsequent oxidation of aldehydic and primary

alcohol functions.
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Figure 2.2 General scheme of carboxyl functionalization of polysaccharide biosorbent
(Hachem et al., 2012).

Argun et al. (2008), used Fenton’s oxidation reagents (Fe?*/H,0,) to activate pine cone
powder and successfully applied the prepared biosorbent for Cd** and Pb?* ions removal from
aqueous solution. The Fenton reaction results in rupture of oxidant (H,O,) forming highly
reactive hydroxyl radicals which are able to degrade complex organics and phenolic
structures (Walling, 1975; Ahn et al., 1999). The authors noted an increase in BET specific
surface area, porosity and surface oxygenated groups which increase adsorption capacity of
biosorbent. Lignin fraction increased while cellulosic, hemicellulosic materials and
extractives content decreased. This change might be beneficial since earlier research by
Gaballah and Kilbertus (1998) suggested that heavy metal adsorption takes place on lignin

rather than on cellulose and hemicelluloses.

2.4.4 Solvent extraction

Chemical extraction has been used to remove plant extractives such as pigments, resin acids

and soluble tannins in wood preservation (Papadopoulos et al., 2010). A number of
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researchers have applied these methods for biosorbent modification. Sciban et al. (2006)
reported formaldehyde-sodium hydroxide treatment of sawdust of oak and black locust
hardwood and applied the modified biosorbents for removal of copper and zinc ions from
aqueous solution. Marchetti et al. (2000b) extracted wood meal (Picea abies) with a toluene-
ethanol mixture and applied the modified material as adsorbent for cadmium ions in solution.
These authors reported an enhancement in metal sorption capacities and ability of these
biosorbents to be further modified by grafting with polyfunctional organic acids and other
modifying agents. Literature search revealed that Argun et al. (2009) modified pine bark
using the following organic solvents tetra ethylene glycol, chloroform, acetone, ethanol,

diethyl ether and glycol for toxic metal adsorption.

2.4.5 Grafting or coupling reactions

Grafting or graft co-polymerization involves attachment of a known functional group onto
biosorbent surface to increase its pollutant binding capabilities. Grafting results in covalent
attachment of side chains onto the main polymer backbone. Grafting can be initiated by
chemical, photo-chemical, enzymatic, plasma-induced or high-energy ionizing radiation-
induced methods (Bhattacharya and Misra, 2004). During grafting, oxygen removal is
necessary since it is an efficient inhibitor of radical polymerization (Wojnarovits et al., 2010).
The properties of the grafted co-polymer depend on the type of monomer used for grafting,
the level of grafting, the length and distribution of the grafted chains (Wang and Xu, 2006).
Ofomaja et al. (2012) showed that high grafting efficiency of acrylic acid onto Fenton’s
treated pine cone powder reduced biosorbent surface area due to higher density of the
polymer chain on the biosorbent surface. Argun et al. (2009) reported grafting of pine bark
with polyacrylamide and its application in the removal of Cd**, Pb®*, Cu®* and Ni®* ions from

aqueous solution.

2.4.6 Cross-linking modification

Cross-linking occurs when a reagent (cross-linking agent) introduces linkages between
different polymer chains. The cross-linking agent can link the polymer chains (cross-linking
step) and/or itself (self-polymerization step). Cross-linking causes a reduction in segment

mobility and results in formation of a three-dimensional network by interconnection of
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several polymer chains. Extend of reticulation determines solubility of the matrix in water
and organic solvents (Crini, 2005). Shiftan et al. (2000) reported that cross-linking of
polysaccharide-based materials is not homogenous and a high cross-linking density makes
the material to become amorphous. Cross-linking density is controlled by the cross-linker
concentration, duration of cross-linking procedure and temperature among other parameters.
The cross-linked polymers are obtained by reticulation using bi- or polyfunctional cross-
linking agents such as diisocyanates, carboxylic acids, ethylene glycol diglycidyl diether,
gluteraldehyde, benzoquinone, maleic anhydride, phosphorus oxychloride or epichlorohydrin
(Crini, 2005).

A number of novel cross-linking procedures have been reported. Given et al. (1999) and
Pekel et al. (2004) applied radiation to induce cross-linking of polysaccharides. Radiation
treatment (ionizing radiation, gamma rays or electron beam) has merits over traditional cross-
linking techniques. Cross-linking agents (or initiators) are not necessary and the reaction can
be initiated at room temperature (Crini, 2005). In radiation treatment, cross-linking density is
controlled by irradiation time (absorbed dose) and the reactions can be initiated in liquid and
solid state whereas chemical treatment can only take place in liquids. However, cross-linking

has both its advantages and limitations.

2.4.6.1 Advantages of cross-linking

Some merits of reticulating polysaccharide chains using polyfunctional cross-linkers have
been discussed below:
e Reagents used are relatively cheaper and are available in a variety of configurations

and structures with different properties.

e Cross-linked materials show insolubility in acidic and alkaline mediums as well as in

organic solvents.

e Cross-linking results in polymers which are more resistant to low pH, high

temperature and shear.

e Cross-linked materials retain their original properties (though the crystallinity
changes) and are not affected by acidic or basic solutions. This is important for a

biosorbent that can be used at different pH values.
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e Cross-linking reduces crystallinity in the polymer and this influences its biosorption

capabilities as it may improve the accessibility to the biosorption sites.

e Cross-linked materials show faster kinetics and improved diffusion properties. Since
their cross-linking units exhibit hydrophilic character, the materials have a high
swelling capacity in water. This swelling ability expands their diffusion networks

facilitating faster pollutant diffusion.

e Cross-linked polysaccharides show good biosorption capabilities which can be
improved by grafting different functions onto the polymer backbone resulting in
increased density of biosorption sites. Introduction of new functional groups on the
cross-linked polymer network causes an increase in surface polarity and hydrophilic
character. This improves the removal of polar adsorbates and target pollutant

selectivity.

e The cross-linked materials are usually regenerated easily via solvent extraction or

washing.
2.4.6.2 Limitations of cross-linked materials

Despite their excellent biosorption capabilities, cross-linked polymer networks have not
found wide-spread industrial use. A myriad of reasons are responsible for the failure to
implement this technology at the industrial scale:
e Although cross-linking improves polysaccharide resistance towards acid, alkali and
chemicals, it causes a reduction in hydrophilic nature, chain flexibility resulting in
reduction of the chelating groups accessibility and mobility. This results in a decrease

in biosorption capacity.

o Degree of cross-linking needs to be made as low as possible as it affects number of
accessible sorption sites on the biosorbent and diffusion of pollutants thus affecting

selectivity success.

e Reaction conditions need manipulation to suppress self-polymerization of the

polyfunctional cross-linkers.
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e Most cross-linking agents are neither safe nor environmentally friendly, for example,
glutaraldehyde (a dialdehyde) contains cytotoxic chemical species and is a known

neurotoxin (Berger et al., 2004).

2.5 BIOSORPTION

Biosorption (or bioadsorption) represents biotechnological innovation involving the removal
of metal ion and organic pollutants through passive binding to biomass from an aqueous
solution (Volesky, 2001). It is a novel approach, competitive, effective, non-hazardous and
relatively inexpensive (Rafatullah et al., 2009). Biosorption, unlike bioaccumulation (based
on active metabolic transport) is independent of cell metabolism as it is based upon
physicochemical interactions between pollutants and surface functional groups. The major
advantages of biosorption over conventional treatment methods include: low cost, high
efficiency (can effectively sequester pollutants from dilute complex solutions), minimization
of chemical or biological sludge, no additional nutrient requirement, regeneration of
biosorbents and possibility of metal recovery from the sorbing biomass (Jalali et al., 2002;
Basha and Murthy, 2007). Research into biosorption processes has increased over the years
due to its potential application in environmental protection and/or recovery of precious or
strategic metals (Volesky, 2007). The processes of biological metal binding have also been
useful in biohydrometallurgy and biogeochemistry (Chojnacka, 2010). A major limitation of
biosorption is the short life time of the biosorbent in comparison with commercial adsorbents
(Bailey et al., 1999; Gadd, 2009)

2.5.1 Factors affecting biosorption

Interaction between metal pollutants and biosorbent functional groups is not only depended
on nature of the biosorbent but also on the solution chemistry. The sorption capacity of the
biosorbents strongly depends on experimental conditions such as solution pH, initial
concentration of pollutant, temperature, biomass concentration, surface area (particle size),
contact time (or residence time), competing ions (effluent composition), solubility of
adsorbate in wastewater, affinity of solute for adsorbent and the hydrophobic character in the

biosorption system (Bailey et al., 1999; Barkakati, et al., 2010).
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2.5.1.1 pH of medium.

The most important variable affecting biosorption is solution pH (Aksu, 2005; Ho, 2005;
Ofomaja and Naidoo, 2011b). Ucun et al. (2003) reported an increase from 6.73 to 53.6 % of
lead ion sorption as solution pH increased from 2.0 to 4.0 using pine cone biomass. Solution
pH determines protonation or deprotonation (magnitude of surface negative charge) of
sorption sites and thus determines the availability of the site to the sorbate. Binding sites are
available to metal ions only in deprotonated state (Ofomaja and Ho, 2007a). For pH values
greater than the pK, of the functional groups, sorption sites are mainly in dissociated form
and can exchange H" ions with metal ions in solution. At pH values lower than pKj, of these
groups complexation phenomenon can occur, especially for carboxylic groups (Fourest and
Volesky, 1996). Binding sites (or cation exchange capacity) can be determined by
potentiometric, volumetric, microscopic and spectroscopic techniques (Naja et al., 2006;
Volesky, 2007). Solution pH also affects the speciation and biosorption availability of the
sorbate (Ofomaja and Ho, 2007a). At high pH, metal ions can precipitate out of solution as
metal hydroxides thus distorting the biosorption process (Argun and Dursun, 2008). By
changing the pH, it is possible to release pollutants from the binding site (desorption). This
property is used for the recovery of metal ions and/or regeneration of the biosorbent.
Therefore, pH influences metal speciation in solution and surface charge of biomaterials
(Ofomaja and Ho, 2007a).

2.5.1.2 Initial concentration of pollutant

It creates a concentration gradient necessary to overcome all mass transfer resistances of the
pollutant between the bulk solution and surface of sorbent. Therefore, a higher initial
concentration of pollutant may improve the biosorption process (Aksu, 2005). Jianlong et al.
(2000) observed that the equilibrium sorption capacity of the activated sludge increased with
increasing initial pollutant (pentachlorophenol) concentration up to 0.5 mg/dm®. Aksu and
Yener (2001) also observed that the equilibrium sorption capacity of the dried activated
sludge for phenol, o-chlorophenol and p-chlorophenol increased with increase in initial
pollutant concentration up to 500 mg/dm?®. The authors suggested that the increase of
biosorption capacity with the increase in pollutant concentration maybe due to higher

probability of collisions between pollutant and sorbent with sufficient sorption sites.
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2.5.1.3 Temperature.

Changes in temperature affect a number of factors in biosorption of heavy metal ions. These
include: (1) stability of metal ion species initially placed in solution, (2) stability of metal-
biosorption complex depending on the biosorption sites, (3) cell wall configuration of the

biosorbent, and (4) ionization of chemical moieties on the biosorbent (Sag and Kutsal, 2000).

2.5.1.4 Weight of biomass.

An increase in biomass weight should result in a concomitant increase in pollutant uptake or
pollutant removal efficiency due to the increase in sorption sites as the biomass species
surface area increases. Brandt et al. (1997) showed that the adsorption capacity increased
significantly with decreasing microbial biomass (Mycobacterium chlorophenolicium PCP-1)
weight in the low pollutant (pentachlorophenol) concentration range (below 0.5 g/dm?®).
Researchers have proposed that an increase in biomass weight leads to interference between
the binding sites due to high cell density. Fourest and Roux (1992) also noted that zinc uptake
decreased when microbial biomass (Rhizopus arrhizus) weight increased. Jianlong et al.
(2000) obtained similar result using activated sludge for bioadsorption of pentachlorophenol.
The researchers invalidated the above hypothesis by Brandt et al. (1997) and suggested that
reduction in adsorption capacity is due to pollutant shortage in solution. This causes some

biomass binding sites to remain unsaturated.

2.5.2 Mechanism of biosorption

Lin and Juang (2009) reported that the chemical nature of pollutant, solution conditions and
biosorbent surface properties determine the mechanism of binding by biomass. Ho and
Ofomaja (2007b) also reported that acidic organic functional groups present on agricultural
by-products provide sites on which pollutant sequestration can take place or which other
moieties can be reacted with for possible enhancement of pollutant uptake efficiency.
Pollutants are attracted and bound to sorbent surface by a complex process determined by
several mechanisms involving adsorption by physical forces, ion-exchange, complexation,
chelation, adsorption on surface and pores, chemisorption and entrapment in inter and
intrafibrillar capillaries (Basso et al., 2002). Figure 2.3 shows some of the possible

mechanisms of biosorption.
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Figure 2.3 Mechanisms for biosorption.

26 DESORPTION

Desorption is the reverse of adsorption and refers to the detachment of pollutant species from
a sorption site. Desorption experiments are important in elucidation of the adsorption
mechanism, applicability in industry and possibility of metal recovery (Volesky, 2001).
Desorption characteristics of an adsorbent can be determined by extracting adsorbed metal
ions using different solvents. If the adsorbed metal ion can be desorbed by water, the
attachment of the metal ion onto the adsorbent is by weak physical interactions. If a strong
acid or alkali (such as HCI or NaOH) solution desorbs the metal ion, attachment of metal ion

to adsorbent is by ion-exchange. When acetic acid can desorb the attached metal ions the
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adsorption is believed to be by chemisorption (Pholosi et al., 2013). The desorbing agent
should remove all sorbate from biomass by low volume of solution and not alter the sorptive
properties of the biosorbent so that it can be used in the subsequent biosorption cycle
(Chojnacka, 2010).

2.7 PINE CONE BIOMASS

Pine cone, is an agricultural by-product from pine plantations grown for the timber, wood
pulp and paper industry. Pines are softwood trees in the genus Pinus, in the family Pinaceae,
order Pinales, class Pinopsida, division Pinophyta and kingdom Plantae. There are about 115
species of pine which are native to the Northern Hemisphere (Ryan, 1999). Pines are
evergreen, coniferous, resinous trees growing 3-80 m tall, with the majority of species
reaching 15-45 m. They are mostly monoecious; having the male (microsporangium) and
female (megasporangium) cones on the same tree, though a few species are sub-dioecious
with individuals predominantly, but not wholly, single sex. At maturity, the cones open to
release seeds depending on their dispersal mechanism. The scales of the mature cone are
composed of epidermal and sclerechyma cells which contain cellulose, hemicelluloses,
lignin, rosin (mixture of resin acids) and tannins in their cell walls which contain polar
functional groups such as alcohols, aldehydes, ketones, carboxylic, phenolic and ether groups
(Robbins et al., 1957; Sakagami et al., 1992). These functional groups form active sites for
sorption of pollutants. Pine cones have not been used to their full potential and are usually
discarded after seed release or left to decay on the forest floor. Their use in biosorption of
micropollutants might reduce their environmental disposal problem, produce an alternative
cost effective wastewater decontamination biosorbent and earn additional income for pine

plantations.

2.7.1 Chemical composition of pine cone

Elemental analysis of virgin pine cone on a percentage dry basis is shown in Tables 2.3 as
determined by Brebu et al. (2010).

Table 2.3 Elemental analysis of pine cone (% on dry weight basis).
Carbon Hydrogen Nitrogen Sulphur “Oxygen
42.62 5.56 0.76 0.05 51.05

“Calculated by difference
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The ultimate analysis presented in Table 2.3 shows very low values for nitrogen and sulphur,
indicating that protein content of pine cone is low. Carbon content of 42.62 % confirms
polysaccharide nature of pine cone. The results show presence of a large amount of
oxygenated groups on pine cone due to high oxygen content of 51.05 %.

The main constituents of pine cone have been determined on a percentage dry basis by Brebu

et al. (2010) and are presented in Table 2.4 below.

Table 2.4 Main constituents of pine cone (% on dry weight basis).
Lignin Hemicelluloses Cellulose Extractives
24.9 37.6 32.7 4.8

Table 2.4 shows that pine cone is mainly composed of lignin, hemicelluloses and cellulose.
The extractives include resin acids, tannins, simple sugars and other soluble organic
substances (Micales et al., 1994). Some of these extractives have been found to have
medicinal effects (Nagata et al., 1990).

2.7.1.1 Lignin

Lignin is a branched, three-dimensional, complex polymer that occurs in plant cell walls. The
molecule has apparent infinite molecular weight and is covalently linked with xylans in the
case of hardwoods and galactoglucomannans in softwoods (Dermibas, 2008). It consists of
both aliphatic and aromatic constituents, built mainly with p-hydroxycinnamyl alcohols with
different degrees of methoxylation (also called monolignols or phenylpropanoids) (Chuaqui
et al., 1993). Structure of lignin is not known completely but various molecular models have
been proposed (Faulon and Hatcher, 1994). Lignin offers structural and mechanical support
to plant cells.

30



THZOH CH,OH (‘?HZOH

I I T
CH CH H
OCHs CH30 OCHj,
p-cumaril alcohol coniferil alcohol sinapil alcohol

Figure 2.4 Main phenylpropane units forming lignin.

Figure 2.4 shows the main phenylpropane units which are linked together by ring-ring, side
chain-side chain and ring-side chain bonds forming a complex three-dimensional structure of
lignin. This makes lignin to be highly insoluble and unreactive towards common chemical
reagents. Sequence of the repeating monomer units is not homogenous as lignin lacks a

primary structure. Figure 2.5 shows structure of lignin.
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Figure 2.5 Lignin showing lack of primary structure.
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2.7.1.2 Cellulose

Cellulose is a carbohydrate homopolymer consisting of B-D-glucopyranose (anhydroglucose)
monomer units joined together by -1.4-glycosidic linkages forming cellobiose dimmer units
(Gurgel et al., 2008; Qin et al., 2008). Unlike starch, the glucose units in cellulose are
oriented with —CH,OH groups alternating above and below the plane of rings thus producing
long and un-branched chains. The absence of side chains allows cellulose molecules to form
organized, stacked structures. The linear cellulose chains are linked by inter- and intra-chain
hydrogen bonds making it highly crystalline and insoluble. Cellulose chains can be oriented
in parallel and in antiparallel conformation; the two forms are called cellulose | and Il

respectively (Takacs et al., 2000). Figure 2.6 shows a simplified diagram showing structure

of cellulose.
Anhydroglucose Reducing end group
OH |C|)
H
o ¢ OH o 8 C—py
o OM/
OH OH
Cellobiose

Figure 2.6 The structure of cellulose. Anhydroglucose is the monomer of cellulose,

cellobiose is the dimmer (Dermibas, 2008).

2.7.1.3 Hemicelluloses

Hemicelluloses are a group of plant-derived heteropolysaccharides with much lower
polymerization degree as compared to cellulose. They possess five- and six-member rings.
They contain side chains which prohibit formation of intermolecular hydrogen bonds and the
stacking conformation making them amorphous and thus more reactive and soluble in dilute
acids, in comparison to cellulose. Hemicelluloses have different sugar monomers but all have
two structural features in common which bear importantly on their biological function. (1)
They have straight, flat $-1.4-linked backbones. Any side chains attached to the backbone are
short, usually just one sugar long and stick out to the sides of the backbone. (2) All have

some structural feature which prevents the chains from extended self-aggregation of the type
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which exists between the p-1.4-linked glucan chains of cellulose. Most common
hemicelluloses are xylan, glucuronoxylan, arabinoxylan, glucomannan, galactoglucomannan

and xyloglucan. Figure 2.7 shows a simplified structure of galactoglucomannan.

HZOH
\ﬁog\ Q 8 o o~
CH,0H

CH2OH CH,0H

Figure 2.7 Structure of galactoglucomannan.

2.7.2 Use of pine cone as biosorbent

Pine cone is a waste product in pine plantations. When used as a biosorbent, pine cone has
shown that it is able to sequester a large amount of pollutant species in a short time. For
example, Ucun and co-workers (2003) achieved equilibrium of Cu?** removal by pine cone
powder in 20 minutes; Malkoc (2006) achieved equilibrium for Ni?* uptake using pine cone

powder biosorbent in about 7 minutes.

Pine cone is polyfunctional due to its lignocellulosic nature and can be chemically derivatized
to change the types and amounts of surface functional groups, pore structure and other
surface properties to improve its bioadsorption capabilities. Due to its polyfunctionality, a
number of researchers have managed to apply it for metal and dye removal from aqueous
solution (Nuhoglu and Oguz, 2003; Can et al., 2006; Akar et al., 2007; Ofomaja et al., 2009;
Aksakal and Ucun, 2010).

A major drawback in its application as biosorbent is due to colouration of treated water due to
presence of organic components such as phenolic groups of lignin, sugars and tannins which
leach into treated water increasing chemical oxygen demand (Argun et al., 2008). Another
disadvantage is resin acid content of pine cone (isopimaric acid, dehydroabietic acid, abietic
acid) which may cause toxicity in the treated water (Ofomaja and Naidoo, 2011b). A number
of researchers have used thermal and/or chemical modification of pine cone powder to avoid
leaching of volatile and soluble organics into treated water and improve its adsorption
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capabilities. For example, Argun and Dursun (2008) modified pine cone using Fenton’s
reagent/oxidation (Fe?*/H,0,) and applied it for Cd®* removal from aqueous solution, Pholosi
et al. (2013) used solvent extraction (toluene-ethanol mixture) to modify pine cone and
applied it for Pb®" removal from aqueous solution, Ofomaja and Naidoo (2011a) applied base
modification (using calcium hydroxide) of pine cone and applied it for Cu** removal from
aqueous solution, Ofomaja et al. (2012) modified pine cone by grafting of acrylic acid and
applied the prepared biosorbent for methylene blue removal from aqueous solution,
Samarghandi et al. (2009) carbonized the cones to produce a highly porous sorbent and

applied it for methyl orange removal from aqueous solution.

2.8 CROSS-LINKING AGRICULTURAL WASTE BIOMASS USING A
DIISOCYANATE

Agricultural waste being lignocellulosic, is polyfunctional and possesses reactive hydroxyl
functions. However, it has been established that most reagents do not form bonds with the
hydroxyl component, but simply bulk the void spaces within the plant material (Elvy et al.,
1995). Some of the most important reactions of lignocelluloses include etherification,
esterification, acetalization and oxidation (Qiu et al., 2012). This research aims to cross-link
Fenton treated pine cone using 1.6-hexamethylene diisocyanate and apply it for the removal

of 2-nitrophenol from aqueous solution as it has never been reported in literature.

Chemical modification with diisocyanates presents some unique properties due to: (1)
relatively high reaction rates; (2) reactions take place easily under mild ambient conditions
(Valodkar and Thakore, 2010); (3) absence of a myriad of secondary products; and (4)
chemical stability of urethane moiety in most inorganic or organic solutions (Siqueira et al.,
2010) and at low pH (ester and amide linkages easily reversed) since most industrial
wastewaters are discharged at low pH (Ofomaja et al.,, 2012). The gellation reaction
(formation of urethane linkage or carbamate ester) is catalysed either by amine compounds
like 1.4-diazabicyclo[2.2.2]octane (DABCO), dimethylcyclohexylamine (DMCHA),
dimethylethanolamine (DMEA) or organometallic compounds/complexes based on Hg, Pb,
Sn, Bi and Zn and needs an inert organic solvent to prevent conversion of diisocyanates into
the substituted ureas and carbon dioxide due to the side reaction with water which also
reduces cross-linking density (Wolff et al.,1952; Wegener et al., 2001). Amines act as Lewis

base catalysts by complexing the hydroxyl functions whereas organometallic compounds
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especially organotin compounds like dibutyltin (IV) dilaurate (DBTDL) which are more
active than amine compounds function as Lewis acid catalysts by complexing with the
diisocyanate (Blank et al., 1999; Wegener et al., 2001). Aliphatic diisocyanates like
hexamethylene diisocyanate (HMDI) are mostly used as cross-linkers since both isocyanate
functions are equivalent unlike their aromatic counterparts, due to steric and inductive effects
of substituents (Kothandaraman and Nasar, 1993). Aromatic diisocyanates like toluene
diisocyanate (TDI) and diphenylmethane diisocyanate (MDI) are also more difficult to handle
because of their high reactivity to water (Noble, 1997).

2.9 MODELLING OF BIOSORPTION EXPERIMENTAL DATA

Researchers often determine the potential of biosorbents by kinetic models and biosorption
isotherms. The time dependence of biosorption systems is established first followed by
modelling of biosorption isotherm (Basha and Murthy, 2007).

2.9.1 Kinetics of adsorption

The experimental data is analysed using kinetic parameters to establish the mechanism and
efficiency of the adsorption process. Adsorption reaction orders are studied using different
kinetic models including pseudo-first-order, pseudo-second-order, intraparticle diffusion
models etc. Reaction order of adsorption systems based on solution concentration has also
been investigated (Sud et al., 2008). Adsorption and desorption are both dependent on time.
Predicting the rate at which adsorption takes place is an important factor in adsorption system
design and evaluation of adsorbent. The rate of desorption is also important in design and
regeneration of adsorbent. Hence, it is of paramount importance to determine the adsorption
and desorption kinetics and compute the parameters characterising the transport of adsorbate
within adsorbents (Azizian, 2004). Development of adsorption kinetics is important in
surface chemistry, from formulation of adsorption/desorption mechanisms to more complex

situations such as catalysis and corrosion.

2.9.1.1 Pseudo-first-order rate equation

This rate equation is the most widely used to investigate adsorption kinetics and was
proposed by Lagergren (1898). It is represented as:
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Where, g. (mg/g) and q (mg/g) are the adsorption capacity at equilibrium and time t
respectively and k; (min™) is the rate constant. On integration and applying the following

boundary conditions: q=0att=0and q = g, att = t, Equation (2.2) becomes:

log( )= k,t
og(q, —q)=logq, - ——
9% — g 99 ~ 5303 23)

The adsorption rate constant k; is computed from a linear plot of log(q. — q) against t.

2.9.1.2 Pseudo-second-order rate equation

This model was developed by Ho and McKay (1999) to describe the adsorption of pollutants
onto adsorbents. It is based on the assumption that the adsorption process involves

chemisorption mechanism. The rate expression is represented as:

dq 2
Nk (a -
at s(qe CI) 2.4)

Where, g and q (mg/g) are the adsorption capacities at equilibrium and time t respectively
and ks (g/mg/min) is the rate constant. The integrated form at boundary conditionsq=0att =

O0and g =g, att =t, becomes:

1 t

t
P 2
q k. 0. (2.9)

Values of ge and ks are computed from a linear plot of t/q against t. The initial adsorption rate

can be expressed as g/t, when t approaches zero. This is expressed as:

. 2
h - ksqe (26)
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Where, h is the initial adsorption rate and is expressed in mg/g.min. The advantages of the
pseudo-second-order rate equation are that the biosorption capacity, pseudo-second-order rate
constant and the initial biosorption rate can all be calculated from the equation without

knowing any parameter beforehand (Ho, 2004).

2.9.1.3 Intraparticle diffusion model

This diffusion model was developed by Weber and Morris (1963) to determine the
mechanism involved in the adsorption process. A process is diffusion-controlled if its
controlling step is the rate at which the components diffuse towards each other. This model is

expressed as:
qt = kdtj/ 2 + I (2.7)

Where, q; (mg/g) is adsorption capacity at time t (min) and kq (mg/g.min?) is the intraparticle

1/2

diffusion rate constant. A straight line plot of g; versus t*“ will give | as the intercept. The

boundary layer effect is strongly depended on value of I.

2.9.1.4 Bangham’s model

The Bangham model shows if pore diffusion is the only controlling step (Barkakati et al.,

2010). It is represented as:

log Iog[ G j = Iog(k‘)—mj+alogt
c, —Qg,m 2.303V 2.8)

Where, C, (mg/dm?) is the initial adsorbate concentration, g; (mg/g) is adsorption capacity at

any time t (min), m (g) is the amount of adsorbent, V (dm®) is the solution volume and ko

(dm*/g) and o (<1) are the Bangham’s constants.

2.9.1.5 Boyd'’s diffusivity model

It is based on diffusion through the boundary layer (Boyd et al., 1947). The simplified form

of the equation is shown as:
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Where, F(t) = qi/qe is the fractional uptake at time t, D, (m?s) is the rate constant and R, (m)

(2.9)

is radius of adsorbent particle which is assumed to be spherical. Value of D, is obtained from
a linear plot of In[1/{1-F%(t)}] versus t.

2.9.1.6 Elovich kinetic model

The model describes adsorption kinetics based on chemisorptions mechanism. The equation

is shown as:

d

- aep(-an)

dt (2.10)

Chien and Clayton (1980) simplified the Elovich equation by assuming awt >> 1 and
applying the boundary conditionsg=0att=0and g = g att = t, the equation gives:

q :lln(aa))+l|nt
w ) (2.11)

Where, g (mg/g) is the adsorption capacity at time t (min), a is the initial adsorption rate
(mg/g.min) and w is the desorption constant (g/mg). Equation (2.11) can be rearranged as:

q=A1+Bl|nt (212)

Where, A; = In(ow). 1/ and B; = 1/w. From a straight line plot of g against In ¢, the values

of A; and B; can be determined.

2.9.1.7 Ritchie kinetic model

The model was developed as an alternative to the Elovich equation by Ritchie (1977) and is

shown as:
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k.dt Q. (2.13)

Where, k; (1/min) is the rate constant, g (mg/g) shows adsorption capacity at time t (min) and
ge (mg/g) is adsorption capacity at equilibrium. A linear plot of 1/q versus 1/t gives

magnitudes of ge and k, from the intercept and slope.

2.9.2 Equilibrium studies

The fitting of experimental equilibrium adsorption data to adsorption isotherm equations is an
integral aspect of data analysis since the isotherm equations describe how pollutants interact
with the adsorbent and are used to predict and compare adsorption performance (Kinniburgh,
1986; Basha and Murthy; 2007). The analysis of isotherm data is integral in development of
an equation which accurately fits the results and could be used for design and operation of
adsorption equipment for wastewater treatment (Yang and Al-Duri, 2005; Reddy et al.,
2011). Adsorption isotherms show the relations at constant temperature between equilibrium
concentrations of the adsorbate on the solid phase and in the liquid phase (Deniz et al., 2011).
A number of equilibrium isotherm models have been proposed in terms of three fundamental
approaches: (1) kinetic considerations, (2) thermodynamics, and (3) potential theory (Foo and
Hameed, 2010). They can be classified as two parameter, three parameter and multilayer
isotherm models. Freundlich (Freundlich, 1906) and Langmuir (Langmuir, 1918) models
(two-parameter models) are the most commonly preferred isotherms. Other two-parameter
models include: Temkin (Temkin and Pyzhev, 1940), Dubinin-Radushkevich (Dubinin and
Radushkevich, 1947), Halsey (Halsey, 1948) and Flory-Huggins (Horsfall and Spiff, 2005).
The two parameter models are usually used due to their simplicity which makes them easy to
linearize (Basha and Murthy, 2007). Linearization of the equations allows for the fitting of
experimental data and determination of the isotherm parameters. The three-parameter
isotherm models include: Redlich-Petersen (Redlich and Petersen, 1959), Hill (Hill, 1910),
Sips (Sips, 1948), Téth (Toth, 1971), Radke-Prausnitz (Radke and Prausnitz, 1972), Khan
(Khan et al., 1997) and Koble-Corrigan (Koble and Corrigan, 1952). Multilayer adsorption
isotherms include: Brunauer-Emmet-Teller (Brunauer et al., 1938), Frenkel-Halsey-Hill (Hill,
1952) and McMillan-Teller (McMillan and Teller, 1951). The isotherms show the adsorptive
capability of the adsorbent, enabling the evaluation of mechanistic pathways and parameters
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to be improved, which are important in optimising the adsorption process (Abdullah et al.,

2009). Most commonly used equilibrium adsorption isotherms are presented below.

2.9.2.1 Langmuir isotherm

The model proposes monolayer adsorption onto a homogenous surface (Langmuir, 1918). It
is based on the following basic assumptions: (1) monolayer adsorption, (2) adsorption takes
place at a finite number of adsorption sites, (3) each site only accommodates one adsorbate
molecule, (4) all sites are identical and energetically equivalent, and (5) there is no interaction
and steric hindrance between molecules adsorbed on neighbouring sites. The general form of

the Langmuir equation is:

_q,K.C,

Qe =—"7"~
1+ KLCE (2.14)

Where, gc is the equilibrium adsorption capacity (mg/g), C. is the equilibrium concentration
of the adsorbate (mg/dm®), the Langmuir constants: g, (mg/g) and K. (dm*/mg) show the
monolyer coverage capacity and adsorption energy parameter respectively. When linearized,

Equation (2.14) becomes:

1 C
+_
.  9.K. a, (2.15)

e

Plotting C./qe against Ce gives a linear relationship with slope 1/g, and intercept 1/(gmKy).

2.9.2.2 Freundlich isotherm

This isotherm model describes multilayer adsorption onto a heterogeneous surface with
interaction between adsorbed molecules (Freundlich, 1906). The Freundlich expression is

shown as:

_K.Ch
qe - KFCe (216)
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Where, C is equilibrium adsorbate concentration in mg/dm?® and q. is amount of adsorbate

adsorbed in mg/g. Kr ((mg/g)/(mg/dm?)") and n are the Freundlich equation parameters. n is

indicative of the energy or intensity of the adsorption and suggests the favourability and
capacity of the adsorbent-adsorbate system. According to the theory, n > 1 represents
favourable adsorption conditions and indicates adsorption capacity at a given temperature.

Equation (2.16) is linearized into:

logq, =log K. +1|09Ce
n (2.17)

A plot of log ge versus log Ce of the linearized Equation (2.17) gives a straight line whose

gradient and intercept are used to find values of the constant Kr and exponent 1/n.

2.9.2.3 Temkin isotherm

The Temkin and Pyzhev (1940) isotherm model explains chemisorption between the
adsorbate and adsorbent. The model assumes that the heat of adsorption decreases linearly
with the coverage. The equation works better for gas phase equilibria. Its original form is:

6, = -In(K,C,)

b (2.18)
And after linearization gives:
g. =B, InK; +B,InC, (2.19)

where, B; = RT/b, b (mol/kJ) is the Temkin isotherm constant, K (dm®mg) is equilibrium
binding constant, ge (mg/g) is the adsorption capacity and C. (mg/dm?®) is the equilibrium
adsorbate concentration, T (K) is temperature and R (8.314 x 10 kJ/mol/K) is the ideal gas
constant. The linear plot of ge versus In C, in Equation (2.19) gives the isotherm parameters,

b and Ky which are calculated from the slope and intercept.
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2.9.2.4 Dubinin-Radushkevich isotherm

Dubinin and Radushkevich (1947) developed the model which proposes that the sorption
curves are related to porosity of the adsorbents. The Dubinin-Radushkevich equation is:

d. =Q, exp(- B&?) (2.20)
And its linearized form is:
Ing, =InQ, —Be&? (2.21)

Where, Qp (mg/g) is the D-R isotherm constant and ¢ (kJ/mol) is the Polanyi potential. The
Polanyi potential € is represented as:

g:RTm@+£J
C. (2.22)

R is the ideal gas constant (8.314 x 10 kJ/mol/K) and T (K) is temperature. B (mol?/kJ?) is

related to mean free energy of sorption E (kJ/mol) and is represented as:

V2B (2.23)

Qo is determined from the linear plot of In ge versus ¢? using Equation (2.21).

2.9.2.5 Redlich-Peterson isotherm

Redlich and Peterson (1959) formulated an isotherm equation with three parameters that

incorporates the features of both the Langmuir and Freundlich isotherms as follows:

K.C,
g, =——

T1.ia.Ch
1+a;C/ (2.24)
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Where 0 < < 1. When B = 1, the equation gives the Langmuir form:

g = KeC,
¢ o1+ aRCe (225)
When f = 0, the equation follows Henry’s Law:
K:C.
%=1,
+ag (2.26)
Equation (2.25) may be rearranged into:
Kg Ce ~-1=a,C/
9. (2.27)
This equation can be expressed in linear form as:
C
In{KR —e—l} =Ina; +SInC,
. (2.28)

Where, agr (dm*mg)’ and Kg (dm*mg) are isotherm constants and f is an exponent. It is

difficult to determine the three unknown Redlich-Petersen constants by a linear plot of

In[Kr(Ce/ge) — 1] against In Ce. Therefore, the three parameters can be determined using non-

linear regression. It approaches the Freundlich model at high concentrations and is in

concurrence with the low concentration limit of the Langmuir equation, giving a hybrid

mechanism of adsorption which departs from ideal monolayer adsorption (Chin et al., 2012).

2.9.2.6 Hills isotherm

This three-parameter model views adsorption as a cooperative phenomenon, with adsorbed

molecules influencing affinity of adsorbent at other binding sites (Ringot et al., 2007). The

Hill equation is represented as:
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CM
de :qmax—en (2.29)
Kp +C.*

And can be linearized as:

,{q—ej: n,InC, —InK, (2.30)

max_qe

Where, qmax IS the Hill isotherm maximum uptake saturation (mg/g), Kp is the Hill constant
(mg/dm?), ny is the Hill cooperativity coefficient, g. is the adsorption capacity (mg/g) and Ce
is the equilibrium adsorbate concentration (mg/dm?®). According to the model three
possibilities in binding are possible:

(1) ny > 1, positive cooperativity;

(2) ny =1, non-cooperative and;

(3) nu <1, negative cooperativity.
2.9.2.7 Brunauer-Emmett-Teller isotherm

Brunauer-Emmett-Teller isotherm is widely used in gas-solid equilibria. It was developed to

describe multilayer adsorption systems (Brunauer et al., 1938). Its equation is:

q — qSCBET Ce
’ (Cs _Ce )[1+(CBEF _l)(ce /Cs )] (231)

Where, Cger is the BET isotherm constant (dm®/mg), C; is the adsorbate monolayer saturation
concentration (mg/dm?®), gs is the theoretical isotherm saturation capacity (mg/g) and ge is the
equilibrium adsorption capacity (mg/g). As Cger >> 1 and also Cger(Co/Cs) >> 1, Equation
(2.31) is simplified as:

as

te = 1- (Ce /Cs) (232)

When linearized Equation (2.31) becomes:
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c. _ 1 +(CBET—1)&
q(Cs_Ce) 0 Cer 0;Ceer C, (2.33)

The BET isotherm parameters can be elucidated from a plot of C./qe(Cs — C.) against C¢/Cs..

2.9.3 Thermodynamic analysis

Values of thermodynamic parameters such as free energy change, entropy change and
enthalpy change are important as they show the spontaneity, feasibility, enthalpy and nature
of the sorption process (Reddy et al., 2012). The free energy change of the sorption reaction

can be obtained from the following expression:

0 e
AG® =—RT InK, (2.34)

Where, AG® is free energy change of sorption (kJ/mol), R is the ideal gas constant (8.314
J/mol/K), T shows temperature (K) and K. is the equilibrium constant (Cs/C.). Negative
values of AG® suggest that the sorption process is spontaneous. The values of enthalpy and

entropy changes of sorption can be determined using the Van’t Hoff equation:

AH® AS°
InK, =-
RT R (2.35)

Where, AH® (kJ/mol) is change in enthalpy and AS® (kJ/mol/K) denotes entropy change. Plot
of In K. against 1/T gives a linear relationship with slope (-AH°/R) and intercept (AS°/R).
Positive values for AH® and AS® show that the sorption process is endothermic and reflects
increasing randomness at the solid/solution interface during biosorption. The activation

energy can be determined using the Arrhenius equation:

Ink, =In A— Es
RT

(2.36)
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Where, A is the Arrhenius factor and E, is the activation energy (kJ/mol) which can be
estimated from gradient of a straight line plot of In ks against 1/T. Low activation energies (5-
50 kJ/mol) suggest physisorption, while higher activation energies (60-800 kJ/mol) are
characteristic of chemisorption (Deniz et al., 2011).

2.9.4 Error functions

Two error functions will be used to verify and substantiate the goodness of fit between
experimental and modelled data. They are the coefficient of determination and the percentage
variance. Error functions are used as a guideline to measure the accuracy of a mathematical

model.

2.9.4.1 Coefficient of determination

The coefficient of determination, r® represents the proportion of variance in the dependent
variable that can be explained by the regression line. 0 < r? < 1, with zero indicating that 0%
of the variation of the dependent variable (ge) has been explained by the regression equation
(Ofomaja et al., 2010). The coefficient of determination, r’> was calculated using the

following equations:

2
r’=—> (2.37)

Where, S« is the sum of squares of X:

n ixl
S.= X[ - (2.38)

Where, Syy is the sum of squares of Y:

2,
S, =Y —=— (2.39)
-y n
Where, Syy is the sum of squares of X and Y:
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(2.40)

n

2.9.4.2 Percentage variable error

Percentage variance or percentage variable error shows the ratio of the absolute variation to
the base value. An absolute variation is the difference between the modelled adsorption
capacity (ge,m in mg/g - calculated from the models) and the experimental adsorption capacity
value (ge in mg/g) also known as the base value. The following equation can be used to

elucidate the percentage variance (% var or % variance) values:

% var = 200 Z(qe’m — G J (2.41)
n i=1l qe

The larger the % variance, the greater the variation between the modelled and experimental

adsorption capacities.

2.10 CONCLUSION

Substantial research has been done to investigate the biosorptive capability of agricultural
wastes in both their natural and modified form. Literature search revealed that chemical
modification of pine cone powder using polyfunctional cross-linkers to improve its
biosorption capabilities has not been attempted. It is the aim of this research to synthesize a
hydrophobic biosorbent via Fenton treatment and cross-linking using HMDI and explore its

ability to remove 2-nitrophenol from aqueous solution as this has not yet been attempted.
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3 EXPERIMENTAL PROCEDURES
3.1 INTRODUCTION

This chapter is divided into four sections. The first section explains the sample preparation

which involved thermal and Fenton’s reagent oxidation of the raw pine cone biomass.

The second section involves the optimization procedures for the cross-linking reaction
between 1.6-hexamethylene diisocyanate (HMDI) and the Fenton treated pine cone biomass
using Fourier transform infrared instrumentation. Weight percent gain calculations were done
to determine extend/degree of the cross-linking reaction. The section also deals with the
characterization of the prepared hydrophobic biomaterial composite using thermogravimetric
analysis, X-ray diffraction, scanning electron microscope, electron dispersive spectroscopy
and Brunauer-Emmett-Teller surface area to confirm the success of HMDI cross-linking

modification of the pine cone biomass.

The third section deals with surface properties of the pine cone biomass, before and after the
modification techniques. Experiments to determine acidic groups and pHp,. are also

presented.

The fourth section describes the application of pine cone biosorbents (Raw, Raw-HMDI,
Fenton treated and Fenton treated-HMDI) in the removal of 2-nitrophenol from aqueous
solution using the batch adsorption technique. Equilibrium and Kinetic experiments are

presented to investigate the adsorption process.

3.2 SAMPLE COLLECTION AND PREPARATION
3.2.1 Sample collection

The cones were collected from pine trees in Vanderbijlpark, Gauteng province in South
Africa. The cones were washed and heated in a thermostatic oven at 80 °C for 48 hours to
remove impurities and some volatile organics like resin acids without destroying the pine
cone matrix. The pine cone scales were peeled and crushed to a powder using a pulveriser

and sieved. Particles between 45 and 90 um were then used for analysis.
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3.2.2 Modification of pine cone sample
3.2.2.1 Theory of Fenton modification of biomass

Hydrogen peroxide-ferrous ion system (H,O,/Fe®"), known as Fenton’s reagent is known to
destroy plant organic constituents and pigments along with resin acids present in pine cone
which are likely to colour the purified water and increase total organic carbon, chemical and
biological oxygen demand (Ahn et al., 1999; Argun et al, 2008). Addition of Fenton’s reagent
in strong acid to plant biomass results in a complex redox reaction (Walling and Kato, 1971)
involving the following Equations (3.1-3.3):

Fe?* + H,0, — Fe** + OH + HO' (3.1)
RH + HO — H,0 + R’ (3.2)
R- + O, - ROO* — decomposed (3.3)

3.2.2.2 Fenton oxidation of pine cone

Fenton’s reagent was prepared by accurately measuring 303 cm?® of 30 % H,0, and 6.993 g
of Fe** as FeSO,.7H,O which were separately placed in 1000 cm® volumetric flasks
containing distilled water. The pH of Fe** was adjusted to between 3 and 4.5 with 0.1
mol/dm® H,SO,4. An Adwa AD8000 pH meter, supplied by Labmark (Romania) was used for
the pH measurements. In a 2000 cm?® three-necked round-bottomed flask with a nitrogen inlet
and magnetic stirrer, 250 cm® of Fe?* and 100 g of pine cone powder were mixed and heated
at 50 °C for 30 minutes. To this mixture, 250 cm® of the prepared H,O, was added and the
heating programme continued for a further 30 minutes. The resulting bleached/oxidised
mixture was filtered under suction with a Whatman™ filter paper and the residue was washed
with distilled water until filtrate was clear. The Fenton oxidised pine cone biomass was then
oven dried for 8 hours at 80 °C and changes in surface properties determined using Fourier
transform-infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray
diffraction (XRD), scanning electron microscopy (SEM), electron dispersive spectroscopy
(EDX) and Brunauer-Emmett-Teller (BET) surface area determination techniques before

being used in the cross-linking reaction.
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3.2.3 Cross-linking of Fenton treated pine cone biomass with hexamethylene

diisocyanate
3.2.3.1 Theory of cross-linking Fenton treated pine cone with a diisocyanate

The reaction of lignocellulosic based materials with diisocyanates requires the initial
activation of the biomass (Gafurov et al., 1970; Rozman et al., 2001). The activating agent
causes a swelling of the biomass to allow access of the hexamethylene diisocyanate (HMDI)
cross-linker to the matrix surface. Fenton oxidised pine cone powder (0.1 g) was dispersed in
anhydrous hexane (10 cm?®), in which dibutyltin dilaurate (1 cm®) was added as catalyst in a
250 cm® three-necked round-bottomed flask with a magnetic stirrer and an inlet for N, gas.
The mixture was heated in a reflux set up at 50 °C for 15 minutes to complete the process of
activation. This reaction has been shown to cause a redistribution of the hydrogen bonds in
lignocelluloses (Gavurov et al., 1970). A separate volume of HMDI (2.5 cm®) was dissolved
in anhydrous hexane (10 cm?®), this has been shown to produce easier reaction of
lignocellulosic materials and the dominant transverse bond formation without homopolymer
production (Gafurov et al., 1970). It was then added drop wise to the activated pine cone
biomass. The mixture was heated under reflux in a nitrogen atmosphere for 1 hour with
continuous stirring. The HMDI modified Fenton treated pine cone biosorbent produced was
rinsed with fresh hexane several times, followed by drying in a thermostatic oven at 80 °C for

8 hours.

3.2.3.2 Proposed reaction pathway for cross-linking of pine cone using a diisocyanate

Since pine cone is lignocellulosic, it should be feasible to cross-link the biomass using a
diisocyanate forming hydrophobic urethane linkages (Noble, 1997) as shown in the proposed

reaction pathway in Figure 3.1:

or T T
+ OCN(CHp)eNCO B8NSt 0 € — N—(CHz)s— N —C — O wwwes
~ OH
pine cone biomass  HMDI cross-linker HMDI cross-linked pine cone biomass

Figure 3.1 Schematic illustrations showing proposed cross-linking of pine cone using
HMDIL.
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3.2.3.3 Optimization of mass of Fenton treated pine cone biomass

Accurately weighed amounts (0.1 g, 0.2 g, 0.3 g, 0.4 g and 0.5 g) of Fenton treated pine cone
were placed in separate 250 cm® three-necked round-bottomed flasks, each with a magnetic
stirrer. The procedure for the biomass activation and cross-linking described in 3.2.3.1 was
followed. Changes to the surface properties of modified biosorbent were determined using
FTIR to confirm cross-linking of pine cone biomass using HMDI and select the optimum

mass of Fenton treated pine cone for this reaction.

3.2.3.4 Optimization of HMDI cross-linker

Fenton treated pine cone samples (0.2 g) were weighed and separately placed in five 250 cm®
three-necked round-bottomed flasks, each with a magnetic stirrer. The procedure described in
3.2.3.1 was followed with carefully measured volumes of HMDI cross-linker (2.5 cm?®, 3.5
cm®, 4.5 cm®, 5.5 cm® and 6.5 cm®). Changes to the surface properties of modified biosorbent
were determined using FTIR to confirm cross-linking of pine cone biomass using HMDI and

select the optimum volume of HMDI cross-linker for this reaction.

3.2.3.5 Optimization of dibutyltin dilaurate catalyst

Carefully weighed four samples of Fenton treated pine cone (0.2 g) were separately placed in
250 cm® three-necked round bottomed flasks and activated using the procedure described in
3.2.3.1 but with catalyst volumes of 1 cm®, 1.5 cm®, 2.5 cm® and 4 cm®. The cross-linking
procedure as in 3.2.3.1 was also followed using HMDI (3.5 cm®) together with the

characterization in order to choose the optimum catalyst volume for this reaction.

3.2.3.6 Optimization of cross-linking temperature

The same procedure (using a catalyst volume of 1.5 cm®) as in 3.2.3.5 was followed in the
activation and cross-linking of the Fenton treated pine cone but using 30 °C, 50 °C, 70 °C
and 90 °C as the cross-linking temperatures in different experiments. FTIR was used to

confirm cross-linking of the cone biomass.

3.2.3.7 Optimization of cross-linking time

The same procedure (at 50 °C) as in 3.2.3.6 was followed in the activation and cross-linking
of the Fenton treated pine cone but using 1 hour, 2 hours, 3 hours and 4 hours as the cross-
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linking times in different experiments. The same characterization technique (FTIR) was used

to confirm the cross-linking of the biomass.

3.2.4 Cross-linking of Raw and Fenton treated pine cone

Accurately weighed amounts of Raw and Fenton treated pine cone (0.2 g) were placed in two
separate 250 cm?® three-necked round-bottomed flasks, each with a magnetic stirrer. The
procedures as in 3.2.3.6 were followed with the cross-linking mixture being refluxed under
nitrogen atmosphere for 4 hours with continuous stirring. Weight percent gain calculations
together with FTIR instrumentation was used to confirm and determine extend of cross-

linking of pine cone biomass using HMDI.

3.3 CHARACTERIZATION OF PINE CONE BIOMASS
3.3.1 Fourier-Transform Infra-Red spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was used to study the functional groups of
the pine cone biomass and the changes in functional groups observed due to different
treatments and chemical derivatization (Sim et al., 2012). The FTIR spectra provide
qualitative and semi-quantitative information suggesting the presence and absence of
lignocellulosic compounds (Li et al., 2010). The analysis was done using a Perkin-Elmer
(USA) FTIR Spectra 400 spectrometer in the range 650-4000 cm™.

3.3.2 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) determines weight loss as a function of temperature. It
was used to determine the changes to the pine cone matrix due to the different chemical
treatments since each kind of biomass has a characteristic pyrolysis behaviour which is
explained based on its individual component characteristics (Raveendran et al. 1996). The
cone samples were subjected to pyrolysis from 30 — 700 °C in a Ny/air atmosphere at a
heating rate of 10 °C.min™ using a Perkin-Elmer (USA) Simultaneous Thermal Analyzer

6000 instrument. An empty crucible was used as reference.
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3.3.3 X-Ray Diffraction spectroscopy

X-ray diffraction (XRD) was conducted to identify the chemical composition and
crystallographic structure of the raw and modified pine cone biomass. An X Pert PRO X-ray
diffractometer (PANalytical, PW3040/60 XRD; CuKa anode; A = 0.154 nm) was used to obtain
the XRD patterns. The samples were placed in an aluminium holder and scanned at 45 kV and 40
mA from 10 ° to 120 ° 26, the exposure time for each sample was 20 minutes and a step size of
0.02 °. The Debye-Scherrer equation (Burton et al., 2009) was used to determine particle sizes of
the prepared biosorbents:

4 089

~ Bcosd (3.4)

Where, d = particle size (nm),
A=0.154 nm (CuKa),
FWHM

p= 360 X 21
0 = half of 20 (centre of peak).

(FWHM = Full Width at Half Maximum),

3.3.4 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to observe the microstructure and surface
morphology of treated and untreated pine cone biomass (Ouajai and Shanks, 2005). The SEM
images were obtained on a Cerl-Zeiss-Sigma instrument (Germany) that uses a tungsten
filament source. The samples were Pd-Au coated and imaging was done at 5 kV and 150 x

magnification.

3.3.5 Electron Dispersive Spectroscopy (EDX)

Elemental analysis was done on the raw and modified pine cone samples using a Cerl-Zeiss-
Sigma instrument (Germany). The samples were Pd-Au coated before analysis in order to

improve their surface conductivity.
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3.3.6 Brunauer-Emmett-Teller Surface Area

Sample surface area, pore volume and pore size were determined by N, adsorption at -196 °C
using a Tristar 3000 analyzer coupled to a VacPrep 061 degassing unit. Both instruments
were supplied by Micromeritics Instrument Corporation (Australia).

3.3.7 Weight Percent Gain Determination

Weight percent gain (WPG) calculations were done to determine extend/degree of cross-
linking due to the reaction between HMDI and the pine cone biomass (Raw and Fenton

treated). The WPG values were calculated as follows (Rozman et al., 2001):

WPG = V% x100 (3.5)

0

Where, W is the weight of oven-dried HMDI-modified pine cone biomass (after rinsing with

hexane) and W, is the weight of oven-dried unmodified pine cone biomass.

3.4 SURFACE PROPERTIES
3.4.1 Determination of acid groups on pine cone surface
3.4.1.1 Theory

Acidic oxygen surface functional groups on raw, Fenton oxidised, HMDI cross-linked Fenton
oxidised and HMDI cross-linked raw pine cone biomass were determined by the acid-base
titration method proposed by Boehm (1994). The titration works on the principle that oxygen
groups on material surfaces have different acidities, hence can be neutralised by bases of
different strengths (Oickle et al., 2010). The total acid sites matching phenolic, lactonic and
carboxylic groups were neutralised using a 0.1 mol.dm™® NaOH solution. Lactonic and
carboxylic sites were neutralised using a 0.05 mol.dm™ Na,COs solution while carboxylic
sites were neutralised by a 0.1 mol.dm® NaHCOs solution. The difference between the
consumption of bases can be used to identify and quantify the types of oxygen surface groups
present on the pine cone sample (Goertzen et al., 2010). Therefore, by taking the difference,
the magnitude of each acidic function on the pine cone surface was determined as follows:
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1) mmoles of NaOH reacted — mmoles of Na,COj3 reacted = mmoles of phenolics
2 mmoles of Na,COj3 reacted — mmoles of NaHCO3 reacted = mmoles of lactones

3 mmoles of NaHCOj3 reacted = mmoles of carboxyl groups

3.4.1.2 Experimental

To a series of 100 cm® volumetric flasks containing 50 cm® of either NaOH or Na,COj3 or
NaHCOg; solutions, 0.1 g samples of raw (Raw) or Fenton treated or HMDI cross-linked
Fenton oxidised (Fenton treated-HMDI) or HMDI cross-linked raw (Raw-HMDI) pine cone
powder were separately added. The flasks were immediately closed to prevent dissolution of
CO; which ends up reacting with water forming carbonic acid, causing the pH to shift
(Goertzen et al., 2010). The volumetric flasks were agitated at 100 revolutions per minute
(rpm) on a shaker for 120 hours. A 10 cm® aliquot of the reaction base from each volumetric
flask was then pipetted out and titrated with a 0.1 mol/dm® HCI solution using
phenolphthalein and bromocresol green indicators to detect the end point. The titration was

carried out in triplicates.

3.4.2 pH at point zero charge

The solid addition method (Lataye et al., 2006) was used to determine the pHy,. of the Raw,
Fenton treated, Fenton treated-HMDI and Raw-HMDI pine cone powder. To a series of 100
cm® volumetric flasks, 45 cm® of 0.01 mol/dm® KNO; solution were transferred. The pH;
values of the solutions were roughly adjusted between pH 2 to 12 by addition of either 0.1
mol/dm® HCI or NaOH on a pH meter with constant stirring. Total volume of the solution in
each flask was made up to 50 cm® by addition of KNO; solution of the same strength. The
pH; of the solutions were accurately noted, and 0.1 g of either Raw or Fenton treated or
Fenton treated-HMDI or Raw-HMDI pine cone powder were added to each volumetric flask,
which was then immediately closed. The suspensions were allowed to equilibrate for 48
hours on a shaker operating at 100 rpm. The pHs values of the supernatant were accurately
noted and the difference between the initial and final pH values (ApH = pHs — pH;) were
plotted against the pH;. The point of intersection of the resulting curve at which ApH = 0 gave
the pHpzc.
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3.5 APPLICATION OF PREPARED BIOSORBENT IN POLLUTANT REMOVAL
FROM AQUEQOUS SOLUTION

3.5.1 Analytical method

At high pH (11-12), the phenolic proton dissociates giving a phenolate anion with an intense
yellow colour that can easily be measured spectrometrically (Ofomaja, 2011). The procedure
for determination of equilibrium concentrations of 2-nitrophenol after the adsorption process
involves mixing equal volumes (2 cm?®) of the 2-nitrophenol sample and 0.5 mol/dm® Na,COs3
solution (pH 11-12) before analysis with a Perkin-Elmer (USA) Lambda 25 UV-visible (UV-
vis) spectrometer. The absorption of the resulting mixture was read at 400 nm wavelength

using distilled water as blank.

3.5.2 Effect of solution pH

An accurately weighed amount (0.05 g) of each of the four different pine cone biomass
samples (Raw, Raw-HMDI, Fenton treated and Fenton treated-HMDI) was separately placed
in six 250 cm® conical flasks. To each conical flask, 100 cm® of 50 mg/dm? (2-nitrophenol)
whose pH had each been adjusted to 1, 2, 4, 6, 8 and 10 using 0.1 mol/dm? of either HCI or
NaOH was then separately added. The conical flasks were then agitated at 100 rpm for 1 hour
at 299 K and then filtered to stop the adsorption process. The 2-nitrophenol samples were

then analysed as described in 3.5.1 to determine the equilibrium concentrations.

3.5.3 Adsorbent dose

The experiments were performed by agitating known masses (0.0125 g, 0.05g, 0.10g, 0.15 g
and 0.2 g) of the four pine cone biomass samples (Raw, Raw-HMDI, Fenton treated and
Fenton treated-HMDI) in 250 cm® conical flasks containing 50 mg/dm?® (2-nitrophenol) at pH
6. The conical flasks were agitated at 100 rpm for 1 hour at 299 K and then filtered. The

filtrate was then analysed as described in 3.5.1.
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3.5.4 Equilibrium studies

The experiments were done at 299 K, 309 K, 319 K and 329 K. Accurately weighed amounts
(0.15 g) of each of the four different pine cone samples (Raw, Raw-HMDI, Fenton treated
and Fenton treated-HMDI) were separately placed in five 250 cm® conical flasks, each
containing 100 cm?® of either 50 mg/dm?®, 200 mg/dm?, 300 mg/dm?®, 350 mg/dm?® or 400
mg/dm? (2-nitrophenol) at pH 6. The conical flasks were agitated at 100 rpm for 1 hour. The
adsorption process was stopped and concentration of the remaining 2-nitrophenol determined
by the procedure described in section 3.5.1.

3.5.5 Effect of initial 2-nitrophenol concentration

The kinetic experiments were conducted using different concentrations of 2-nitrophenol (100
mg/dm?®, 200 mg/dm?, 300 mg/dm?® and 400 mg/dm?) at pH 6. Accurately weighed amounts
(0.015 g) of each of the pine cone samples (Raw, Raw-HMDI, Fenton treated and Fenton
treated-HMDI) were separately placed in seven 100 cm® beakers, each containing 10 cm?® of
2-nitrophenol and a magnetic stirrer. The beakers were stirred for different time intervals and
concentration of 2-nitrophenol was determined using UV-vis spectrometry as described in
3.5.1.
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4 RESULTS AND DISCUSSION (PART 1): CHARACTERIZATION OF
HYDROPHOBIC BIOMATERIAL COMPOSITE:

41 INTRODUCTION

The chapter is divided into two sections. The first section deals with optimization of the
synthesis of the HMDI cross-linked hydrophobic pine cone biosorbent and its
characterization using FTIR, TGA, XRD, SEM, EDX and BET surface area. WPG results are
also presented and discussed.

The second section discusses surface properties of the pine cone biomass before and after the
modification procedures. Types, magnitude of acidic surface groups and pHy,c results are

presented and discussed.

4.2 OPTIMIZATION OF SYNTHESIS AND CHARACTERIZATION OF CROSS-
LINKED PINE CONE BIOMASS

4.2.1 FTIR spectroscopy
4.2.1.1 FTIR discussion for raw pine cone

The FTIR spectra of raw pine cone in Figure 4.1, indicates presence of organic functional
groups characteristic of lignocellulosic biomass. The major peaks due to cellulose include the
broad peak observed at 3333.80 cm™ representing hydrogen bonded (O-H) stretching
vibration of polymeric compounds (Saygideger et al., 2005; Ghali et al., 2012) namely o-
cellulose and phenol hydroxyls. The peak at 2930.54 cm™ is characteristic of C-H stretching
vibration from CH, in cellulose component (Jayaramudu et al., 2010). The 1421.60 cm™ band
may be due to the CH, symmetric bending present in cellulose (Bessadok et al., 2008; De
Rosa et al., 2011). The band at 1370.91 cm™ represents symmetric C-H bending from the
methoxyl group (Adel et al., 2010). Peak at 894.37 cm™ is attributed to the B-glycosidic
linkages (De Rosa et al., 2010). Absorbance at 807.01 cm™ is due to C-H out-of-plane
vibrations (Ouajai and Shanks, 2005).The absorbance at 664.27 cm™ corresponds to C-OH
bending deformation (Sgriccia et al., 2008).
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The FTIR spectra also reveals functional groups characteristic of lignin. The functions
include carbonyls, phenol hydroxyls, aromatic rings and methoxyls (He et al., 2008). The
absorption band at 1728.40 cm™ is characteristic of carbonyl (C=0) stretching of
unconjugated ketones in lignin and the acetyl groups of hemicelluloses (Abraham et al.,
2011; He et al., 2008). The peak at 1607.12 cm™ is characteristic of C-O stretching of lignin
(Jayaramudu et al., 2010) and the peak at 1508.93 cm™ represents aromatic C=C stretching
vibrations of aromatic rings of lignin (Alemdar and Sain, 2008; Subramanian et al., 2005).
The bands at 1450, 1262 and 1021 cm™ are indicative of methoxy (O-CHs) groups (Suksabye
and Thiravetyan, 2012), syringyl ring bending (Shi and Li, 2012) and C-O stretching

vibration of secondary alcohol (Qiu et al., 2012) in lignin.
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Figure 4.1 FTIR spectra for Raw pine and Fenton treated pine cone
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4.2.1.2 FTIR discussion for Fenton treated pine cone

After modification of pine cone with Fenton’s reagent the intensity of the broad peak at
3337.70 cm™ decreased as shown in Figure 4.1. Higher percentage of transmittance mean
lower amount of functional groups (Argun and Dursun, 2008), this implies a decrease in —OH
functional groups which is supported by the following mechanism proposed by Collison and
Thielemans (2010):

OH OH OH
/
-H,0 ]
HO  OH o PoH © 0 (i\
3 A0 ‘2 H
Fe 0-0 \Fe3+
OH
Fe¥*— + O N °
OH HO” S0 HC
0

Figure 4.2 Mechanism of the oxidation of sugars by H,O, in presence of water-soluble

metal phthalocyanines.

The absorbance at 2927.86 cm™ which is indicative of C-H stretching, is narrower and shorter
than for raw pine cone. Decrease in intensity of C-H absorption band shows reduction of
hydrocarbon content (Shi and Li, 2012). Since the —-OH and CH, (representing —CH-, -CH,-
and —CHj3) intensities decrease, three likely things may have happened: (1) destruction of
resin acids by oxidation, (2) the rupture of links between cellulose and lignin, and (3)
oxidation and extraction of waxes containing alkyl groups from the pine surface. Absorbance
peak at 1731.77 cm™ is more intense in the treated than virgin pine cone showing an increase
in C=0 groups. This shows that the oxidising agent did manage to oxidise some functions on
the lignocellulosic material (He et al., 2008). A decrease in intensity of the C-O peak due to
stretching of lignin shows degradation of lignin components due to Fenton treatment.
Absorbance band at 1507.19 cm™ which is indicative of aromatic characteristics of lignin

increased in intensity for the Fenton treated pine than for the raw pine cone due to removal of
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extractives, waxes and other soluble organics. Intensity of absorbance at 1024.04 cm™ did not
change showing that oxidation did not take place on the secondary alcohol groups from
lignin. The absorption band at 806.40 cm™ which is attributed to an aromatic C-H out-of-
plane vibration in lignin decreased in intensity showing that delignification took place
(Ouajai and Shanks, 2005). In general, absorption bands shifted which is indicative of
changes to lignin and cellulose structure. The intensity and shape evolution of these infrared
absorbance bands define the structural changes caused by the Fenton treatment (Colom and
Carillo, 2002). FTIR spectrums also show that the Fenton modified pine cone constituents are
mainly composed of OH and CO groups which all have affinity for pollutant adsorption (Al-
Degs et al., 2006).

4.2.1.3 FTIR discussion for optimisation of synthesis of cross-linked Fenton treated pine

cone biosorbent using HMDI

The broad OH peak at 3337 cm™ becomes narrower and shifts to lower wavelengths between
3327-3315 cm™ as the mass of the Fenton treated pine cone is increased from 0.1 to 0.5 g as
shown in Figure 4.3. This is due to the carbamate NH bond formed during the nucleophillic
reaction between hydroxyl groups on the pine cone and isocyanate groups from HMDI (Islam
et al., 2011). The CH and CH, peak absorbance around 2900 cm™ becomes narrower, more
intense and split into two giving absorbances around 2930 and 2850 cm™ due to asymmetric
and symmetric CHj stretching (Stenstad et al., 2008). This is evidence of interaction between
HMDI cross-linker and pine resulting in addition of six consecutive CH; groups from the
HMDI cross-linker. A new peak not present in the Fenton treated pine appears around 2265
cm™ in the HMDI cross-linked pine. This is attributed to the N=C=0 group (Barikani and
Mohammadi, 2007) from the diisocyanate and shows that most of the diisocyanate is only
reacting with pine hydroxyl groups at one end. This peak was more intense at 0.2 g than in all
the other samples implying that more reaction between the pine and HMDI took place with
this mass. The C=0 stretching vibration at 1731 cm™ becomes smaller until it disappears with
an increase in mass of pine cone and is replaced with a new ureic carbonyl absorption around
1615 cm™ (Qiu et al., 2012) formed in the cross-linking reaction. A new absorbance peak
appears around 1570 cm™ due to NH in urethane linkage (Siqueira et al., 2010). These two
absorbance peaks at 1615 and 1570 cm™ increased in intensity as mass of pine cone was
increased from 0.1 to 0.2 g then became constant with further mass increases from 0.3 to 0.5
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g. This shows that the optimum pine cone mass for the cross-linking reaction is 0.2 g. An
intense absorbance peak is observed around 1250 cm™ except for a mass of 0.1 g. This peak
is due to C=0 vibrations of aliphatic polyurethanes (Zha et al., 2008). The peak at 1228 cm™
shifted to lower frequencies around 1213 cm™ and also increased in intensity suggesting an
increase in nitrogen content since this peak is due to aliphatic tertiary C-N stretch and
corroborates the cross-linking reaction (Sarkar and Adhikari, 2001). Absorption peak around
1024 cm™ decreased in intensity representing reaction between the secondary alcohol groups
on lignin with HMDI. Two new peaks are also observed around 770 and 735 cm™ and are due
to CH; bending vibrations from the added HMDI (Valodkar and Thakore, 2010). The shifts,
changes in intensity and shape of the absorbance bands signify changes to the chemical

composition of the pine cone due to the cross-linking reaction.
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Figure 4.3  FTIR spectra for mass optimization

The FTIR spectrum in Figure 4.4 was obtained during determination of optimum amount of
cross-linker needed for the modification reaction. As quantity of HMDI is increased from 2.5,
3.5, 4.5, 5.5 to 6.5 cm® no major changes to peak intensities or shape were observed only

minor shifts were noted on the absorbance bands. From 3.5 cm® HMDI, the urethane C=0
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peak around 1730 cm™ (Barikani and Mohammadi, 2007; Valodkar and Thakore, 2010)
reappears further proving occurrence of the cross-linking reaction. In light of the above, 3.5
cm?® was taken as the optimum amount of HMDI needed for the reaction to take place since

above this amount no major changes were noted to the chemical composition of the cross-

linked pine cone.
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Figure 4.4 FTIR spectra showing optimization of HMDI cross-linker

The FTIR spectra in Figure 4.5 were obtained during optimization of the dibutyltin (IV)
dilaurate catalyst. Catalyst volumes of 1, 1.5, 2.5 and 4 cm® were used in the optimization
experiments. Decrease in intensity of the N=C=0 absorption peak around 2265 cm™ was
used in choosing the optimum volume of catalyst needed for the reaction as this now
represented level of cross-linking of the pine cone. Higher intensity of this peak signifies that
the bi-functional cross-linker is only reacting with the pine on one end. Therefore, a catalyst
volume of 1.5 cm® was chosen as the optimum.
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Figure 4.5 FTIR spectra showing optimization of dibutyltin (IV) dilaurate catalyst

The same approach was employed in selection of the optimum temperature from the
following temperature ranges; 30, 50, 70 and 90 °C whose FTIR spectra are shown in Figure
4.6. A temperature of 50 °C was chosen as the optimum due to narrowness, high intensity of
the NH bond peak at 3329 cm™ and small intensity of the N=C=0 peak at 2269 cm™. The
urethane C=0 absorption at 1731 cm™ is also well resolved for this temperature. The above
stated absorbances show that more cross-linking took place at this temperature. At 70 and 90
°C, some spectral changes were observed which are due to low cross-linking density and
destruction of the biological matrix at these higher temperatures. For example, broadening of
the absorbance around 3343 cm™ and splitting of the CH, peak around 2900 cm™ did not
occur at 70 °C showing that not much HMDI had reacted with the OH groups resulting in

addition of a hydrocarbon chain across the cross-linked pine cone molecules.
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Figure 4.6 FTIR spectra showing temperature optimization for the cross-linking reaction

Time was the last experimental parameter to be optimized. Experiments were conducted at 1,
2, 3 and 4 hours. No major spectral changes emanated as shown in Figure 4.7. A time of 4
hours was chosen as the optimum due to the small absorbance of the N=C=0 peak at 2268
cm™ implying more cross-linking of the pine cone with HMDI. The peak did not disappear
completely as some few N=C=0 groups can get embedded in the pine cone matrix and hence

will not be available for reaction due to steric effects.
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Figure 4.7 FTIR spectra for time optimization of the cross-linking reaction

A comparison of the spectra of cross-linked raw pine and cross-linked Fenton treated pine is
shown in Figure 4.8. A few differences were noted. The NH, CH, and C=0 absorbance peaks
around 3328, 2920, 2850 and 1250 cm™ are less intense with the raw than Fenton treated, but
the N-C=0 peak around 2268 cm™ was more intense for the raw than for Fenton treated pine
cone. All this shows that less cross-linking took place between HMDI and virgin pine than
with Fenton treated pine. This is because in the treated pine some lignin was degraded as it
can hinder the nucleophillic reaction between the isocyanate and hydroxyl groups. Also the
Fenton treatment leaches out waxes and other organic extractives thus improving access of

HMDI to the pine hydroxyl moieties.
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Figure 4.8 FTIR spectra of HMDI cross-linked Raw and Fenton treated pine cone

4.2.2 Thermogravimetric Analysis (TGA) of pine cone biomass

Thermal degradation of the pine cone biomass can be divided into three stages (ldris et al.,
2010; Gao et al., 2013): (1) moisture evolution from 30-150 °C, (2) hemicelluloses and
cellulose decomposition from 200-350 °C, and (3) lignin decomposition from 160-700 °C
as shown in Figures 4.9 and 4.10. The weight losses are focused in the temperature range

200400 °C.

4.2.2.1 Thermogravimetric Analysis of Raw pine and Fenton treated pine cone

The first stage (30-150 °C) corresponds to evaporation of water, showing the hygroscopic
nature of the pine cone biomass surface (Chen and Kuo, 2011). The mass losses during this
stage were about 8.75 % for the raw pine and 4.50 % for the Fenton modified pine. This
difference in mass losses between the two biosorbents signifies a decrease in surface
hydrophilic groups due to the Fe?/H,O, treatment. It further corroborates information

obtained from the FTIR results in figure 4.0, which shows a decrease in hydroxyl functions
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(hydrophilic group) after the Fenton treatment. Collison and Thielemans (2010) proposed a
reaction mechanism in Figure 4.2, showing oxidation of hydroxyl moieties with the ferrous
ion-hydrogen peroxide system which further accounts for the decrease in hydroxyl functional
groups after Fenton modification.

The second stage (200-350 °C) is attributed to hemicelluloses and cellulose degradation. It
has been shown in several studies that hemicelluloses especially xylans decompose at lower
temperatures due to their random and amorphous structure (Raveendran et al., 1996; Orfio et
al., 1999; Yang et al., 2004). Hemicelluloses decomposition took place from 200 -310 °C
with maximum weight loss rate at 270 °C. Cellulose decomposition took place from 310-350
°C with maximum weight loss rate around 330 °C. Raw pine experienced a mass loss of
about 52.25 %, while Fenton treated pine showed a mass loss of about 46.5 % during this
second stage. The difference in mass losses can be attributed to rupture of the saccharide
rings due to Fenton treatment (Collison and Thielemans, 2010) reducing the quantity of

hemicelluloses and cellulose present in the biomass.

The third stage (160-700 °C) is due to lignin degradation. Yang and co-workers (2007),
showed that lignin degradation was more difficult and takes place over a wide temperature
range since it is heavily cross-linked in three-dimensions and part of its structure consists of
benzene rings resulting in slow carbonization (Yang et al., 2004; Gani and Naruse, 2007;
Idris et al, 2010). It was also noted that nearly all the Fenton treated pine was decomposed

but about 15 % of the raw pine remained undecomposed.

The thermal degradation properties of the pine cone components can be summarised from the
easiest to the most difficult, as follows: hemicelluloses > cellulose >>> lignin (Dermibas,
2001). Similar results for the thermal degradation of pine cone biomass were reported by
other authors (Singh et al., 2012; Gao et al., 2013).
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Figure 4.9 TG curves for Raw and Fenton modified pine cone
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Figure 4.10  Derivative weight percent curves for Raw and Fenton treated pine cone
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4.2.2.2 Thermogravimetric Analysis of Raw-HMDI pine and Fenton treated-HMDI pine

cone

The HMDI modified pine cone biomass did degrade in three stages as shown in Figures 4.11
and 4.12. The first stage, which is due to evaporation of water from the biomass surface, took
place from 30-150 °C, with weight losses of about 2 and 4 % being noted respectively
between Fenton treated-HMDI and the Raw-HMDI pine cone. The second stage, signifying
decomposition of hemicelluloses and cellulose, occurred from 200—480 °C, with weight
losses of about 78 and 75 % between Fenton treated-HMDI and the Raw-HMDI pine cone
biomass. The third stage, which is due to lignin degradation, took place between 160-700 °C.
Less than 20 % of either Fenton treated-HMDI or Raw-HMDI pine cone biomass remained as

residue at the end of the thermal degradation process.

The thermogravimetric curves of Raw-HMDI and Fenton treated-HMDI pine cone show a
number of differences to that of Raw pine cone. Firstly, the weight losses due to evaporation
of water from the cross-linked pine cone biomass surfaces are lower. This signifies a decrease
in hydrophilic character or increase in hydrophobic character due to the diisocyanate cross-
linking modification (Qiu et al., 2012). Secondly, the HMDI modified pine cone biomass
degraded at higher temperatures than the raw pine cone during the second degradation stage
showing an increase in stability due to cross-linking, as it results in extensive covalent
bonding (Valodkar and Thakore, 2010). Thirdly, during the second degradation stage, the
cross-linked pine cone biomass showed rapid degradation than the raw pine. This is attributed
to formation of carbamate esters during the cross-linking reaction, hence the degradation
rates of cross-linked biomass approached to polyurethane’s (Javni et al., 2000). The fourth
difference is that, the second degradation stage is resolved into two sections on the
thermograms of the cross-linked pine cone biomass. This can be attributed to the
supramolecular structure of cellulose which consists of amorphous and crystalline regions,
with the amorphous regions being oxidised at a lower temperature, while the crystalline
regions are oxidised at a higher temperature. Qiu and co-workers (2012) published similar
TG curves on diisocyanate cross-linked cellulose. In general, the results showed that cross-
linking the Raw and Fenton treated pine with HMDI did improve the thermal stability of the

pine cone biomass.
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4.2.3 X-ray diffraction (XRD)

The diffraction patterns for raw pine and Fenton’s treated pine are presented in Figure 4.13

and are characteristic of lignocelluloses.
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Figure 4.13  XRD diagram of Raw pine and Fenton treated pine.

The diffraction patterns of the Raw pine and Fenton treated pine show three major peaks at
26=18°, 22° and 35°. The peak at 20=18° represents the amorphous component (cellulose,
lignin and hemicelluloses) and that at 20=22° represents the crystalline portion of the biomass
(cellulose) (Kim et al., 2003). Analysis of the biomass major peaks shows an increase in
intensity due to Fenton treatment. This is attributed to leaching of extractives, waxes and

resin acids thus increasing magnitude of the lignocellulosic components.

The diffraction diagram in figure 4.14 shows the diffraction patterns for Fenton treated pine
and Fenton treated-HMDI pine cone. The diffraction pattern of Fenton treated-HMDI pine
only shows two major peaks at 26=22° and 35°. Absence of the peak at 20=18°, suggest a
significant decrease in amorphous content of the biomass due to the cross-linking

modification. Scrutiny of the 26=22° intensity peaks of the pine cone biomass shows a
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decrease in intensity on the Fenton treated-HMDI pine suggesting a decrease in crystallinity

due to the reaction between the diisocyanate and hydroxyl groups on cellulose.
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Figure 4.14  XRD patterns of Fenton treated and Fenton treated-HMDI pine cone biomass.

The diffraction patterns for the Raw-HMDI and Fenton treated-HMDI pine cone biomass are
presented in Figure 4.15. They both show two major peaks at 26=22° and 35° but the
crystallinity peak at 26=22° is more intense in the Raw-HMDI pine than the Fenton-HMDI

pine. This may be attributed to extent of cross-linking with HMDI, since cross-linking

reduces crystallinity (Crini, 2005).
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Figure 4.15  X-ray diffractograms of Raw-HMDI and Fenton treated-HMDI pine
The biosorbents particle sizes determined from the XRD patterns by use of the Debye-
Scherrer equation are presented in Table 4.1. The Debye-Scherrer equation relates the width

of a diffraction peak to the average dimensions of crystalline particles (Burton et al., 2009)

Table 4.1 Particle sizes of the pine cone biosorbents.

Pine cone biomass

Raw Raw-HMDI Fenton Fenton-HMDI

Particle size (nm) 556.71 772.85 377.26 411.71

The particle sizes for the Raw, Raw-HMDI, Fenton treated and Fenton treated-HMDI pine
cone biomass are 556.71 nm, 772.85 nm, 377.26 nm and 411.71 nm respectively. The results
show a decrease in particle size due to Fenton treatment and an increase in particle size due to

the cross-linking modification.
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4.2.4 Scanning electron microscopy (SEM)

The surface morphology of the raw and modified pine cone biomass is shown in Figure 4.16
(a)-(d). Surface of raw pine appears rough and has few pores as shown in Figure 4.16 (a). The
cone surface appears more porous and coated with a milky layer in Figure 4.16 (b) for the

Raw-HMDI pine. After treatment with Fenton’s reagent (Figure 4.16 (c)), the cone surface

appears to be highly porous. The surface appears smoother and coated with a milky layer in
Figure 4.16 (d) after HMDI treatment.

Figure 4.16 SEM images of (a) Raw, (b) Raw-HMDI, (c) Fenton treated and (d) Fenton
treated-HMDI pine cone biomass.

The SEM images show that HMDI treatment of raw pine increased its porosity and made the
surface to be smooth. This is attributed to the cross-linking reaction. The cross-linking
reaction took place in anhydrous hexane as solvent. Other researchers like Pholosi et al.
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(2013) have shown that solvents are able to leach out extractives from pine cone thus
increasing its porosity. The smoothness on the surface is due to the milky coating which

shows that cross-linking took place between the raw pine and HMDI.

Fenton treatment of raw pine increased number of pores on the surface in accordance with
previous research done by Argun and Dursun (2008). The researchers showed that Fenton’s
reagent can degrade organics and leach out extractives from the pine cone biomass. The
Fenton treated pine surface became smooth with a milky coating due to the cross-linking
reaction with HMDI.

4.2.5 Electron dispersive spectroscopy (EDX)

The elemental analysis results of the cone samples obtained from EDX are presented in Table
4.2. The Raw pine cone had 63.47 % C, 24.96 % O and 1.35 % N, while the Fenton treated
pine had 48.03 % C, 25.70 % O and 4.32 % N. The Raw-HMDI pine had 53.56 % C, 22.85 %
O and 14.54 % N, whilst Fenton treated-HMDI pine had 49.12 % C, 25.03 % O and 22.43 %
N.

Table 4.2 Elemental analysis of raw and modified pine cone
Weight % (on dry basis)
C 0] N
Raw pine 63.47 24.96 1.35
Fenton treated pine 48.03 25.70 4.32
Raw-HMDI pine 53.65 22.85 14.54
Fenton-HMDI pine 49.12 25.03 22.43

*instrument cannot measure % of H present in the pine cone sample

Amount of carbon in Fenton treated pine decreased in comparison to the Raw pine. This can
be attributed to leaching of alkyl groups present in extractives, waxes and resin acids due to
the oxidation modification. A slight increase in oxygen content was noted between the raw
and Fenton’s treated pine. This signifies that oxidation of some organic functional groups
took place due to the Fenton’s reagent treatment. The main difference between the Raw,

Fenton treated and the HMDI cross-linked pine cone biomass is in the nitrogen content. This
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showed that cross-linking between the pine cone biomass and HMDI took place. The highest
percent increase in nitrogen content was on the Fenton treated-HMDI pine cone. This
signifies that more cross-linking took place between Fenton treated pine and HMDI than
between the raw pine and the diisocyanate. This is attributed to Fenton treatment of the

biomass which increased access of the HMDI to the pine cone matrix.

4.2.6 Brunauer-Emmett-Teller (BET) Surface Area

The BET surface area, pore volume and pore size values of the raw and modified pine cone
samples are presented in Table 4.3.

Table 4.3 Surface area of raw and Fenton’s pine unmodified and modified with HMDI
Sample Surface area (m°/g)  Pore volume (cm®/g) Pore size (nm)
Raw pine 4.48 0.0203 33.10
Fenton pine 8.43 0.0425 77.38
Raw-HMDI 1.47 0.0021 17.11
Fenton-HMDI 3.22 0.0032 21.23

The Raw pine had a surface area of 4.48 m?/g, pore volume of 0.0203 cm®/g and pore size of
33.10 nm. Fenton treated pine showed a surface area of 8.43 m?/g, pore volume of 0.0425
cm®/g and pore size of 77.38 nm. The Raw-HMDI pine biosorbent had a surface area of 1.47
m?/g, pore volume of 0.0021 cm®/g and pore size of 17.11 nm. Fenton treated-HMDI pine
cone exhibited a surface area of 3.22 m?/g, pore volume of 0.0032 cm®g and pore size of
21.23 nm.

Surface area, pore volume and pore size values of Fenton treated pine are much greater than
those of raw pine. Previous research by Argun and Dursun (2008) reported similar results.
This is attributed to the oxidation modification which results in leaching of extractives
(including resin acids and waxes) and rupture of some links within the lignocellulosic matrix.
The results also show that the cross-linking modification reduced surface area, pore volume

and pore sizes.
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4.2.7 Weight percent gain determination (WPG)

The weight percent gain values for the raw and Fenton’s treated pine cone biomass after

modification with HMDI is presented in Table 4.4.

Table 4.4 Weight percent gain values

Weight percent gain

Raw pine + HMDI 19.96
Fenton’s treated pine + HMDI 24.13

The weight percent gain values of the biomass after modification with HMDI was 19.96 for
the raw pine cone and 24.13 for the Fenton treated pine cone. The results show that more
cross-linking took place between Fenton treated pine cone and HMDI as shown by the higher
weight percent gain value. This can be attributed to effect of Fenton oxidation which leached
out extractives, low molecular weight organics and ruptured some links within the
lignocellulosic biomass thus increasing access of HMDI to the pine cone matrix and

increasing cross-linking density.

4.3 SURFACE PROPERTIES
4.3.1 Determination of acidic surface functional groups on pine cone

The results showing type and quantity of surface oxygen acidic groups on Raw, Fenton
oxidised, HMDI cross-linked Fenton oxidised (Fenton treated-HMDI) and HMDI cross-

linked raw (Raw-HMDI) pine cone samples are shown in Table 4.5.

Table 4.5 Type and quantity of acidic groups on pine cone surface

type of acidic functional group on pine cone surface

(mmol/g)
Phenolic Lactonic carboxylic
Raw 2.03 0.21 0.32
Fenton oxidised 4.63 0.13 1.25
Fenton treated-HMDI 3.00 0.25 0.75
Raw-HMDI 2.38 0.10 0.50
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The results from Table 4.5 show that Fenton oxidised pine cone had the greatest number of
acidic functions due to the oxidative modification process. Its total acidic content is more
than twice that of the raw pine cone sample. Fenton’s reagent (strong oxidant) treatment of
pine cone produces a material which is mainly composed of polymeric OH and COOH
groups which all contribute to its high surface acidity (Al-Degs et al., 2006; Collinson and
Thielemans, 2010). The Fenton treated-HMDI pine cone has less surface acidic groups than
Fenton oxidised pine cone. The decrease in magnitude of surface acidic functions is due to
the reactions that occur between the OH and COOH groups and HMDI producing urethane
and amide linkages (Noble, 1997; Stankovich et al., 2006):

-NCO + OH — urethane
-NCO + COOH — amide + CO,

The raw-HMDI pine cone sample had fewer surface acidic groups than Fenton treated-HMDI
pine cone since there was no oxidation of any organic functions. The few acidic groups
present were further reduced on reaction with the diisocyanate. Raw pine showed the least
amount of presence of surface acidic groups since it mainly consists of hydroxyl groups and a

few carboxyl groups on some hemicelluloses.

4.3.2 pH at point zero charge (pHpc)

The pH at point zero charge (pHp.) is the pH at which the amount of negative charges on
biosorbent surface just equals the amount of positive charges (Ofomaja et al., 2009), that is,
the pH at which biosorbent surface has net electrical neutrality (Deng et al., 2009). At pH
above pHy,c the biosorbent surface is negatively charged and it is positively charged at pH
below pHy.c. This knowledge informs about the possible electrostatic interactions between
sorbent and sorbate (Fiol et al., 2009).

The pHp,c of the pine cone and modified pine cone samples were observed to be different and
the values are presented in Table 4.6. Variations in pHp,c values within the samples can be
attributed to the difference in the surface functional groups present on pine cone and modified

pine cone (Kumar et al., 2008).
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Table 4.6 PHpzc values of pine cone and modified pine cone samples

Raw Fenton treated Fenton-HMDI Raw-HMDI

PHozc 7.49 5.40 6.12 6.68

The pH,,c of Raw pine cone powder was found to be 7.49, while those of Fenton treated pine
cone, Fenton treated-HMDI pine cone and Raw-HMDI pine cone biomass where observed to
be 5.40, 6.12 and 6.68. Decrease in pHp, from 7.49 for the Raw pine cone to 5.40 for the
Fenton treated pine cone can be attributed to: (1) increase in acidic functional groups due to
the oxidative modification of the surface and (2) exposure of acidic groups within blocked
pores due to the leaching out of plant organic extractives. The increase in pHy,c from 5.40 for
the Fenton treated pine cone to 6.12 for the Fenton treated-HMDI pine cone sample can be
attributed to a reduction in acidic groups due to the reaction of acidic groups (e.g. carboxylic
acids) with the diisocyanate forming urethane and/or amide linkages which reduces the total
acidity. An increase in pHp, from 5.40 on Fenton treated pine cone to 6.68 for the Raw-
HMDI pine cone was also noted. The higher increase in the pHy,. value of Raw-HMDI pine
over the Fenton treated-HMDI pine can be attributed to the fewer number of acid groups

reacting with the diisocyanate in the raw pine as compared with the Fenton treated pine.

44 CONCLUSION

The results show successful modification of pine cone biomass by Fenton treatment and
cross-linking using HMDI. Optimum conditions for cross-linking of Fenton treated pine cone
were determined using FTIR analysis and found to be: 0.2 g pine biomass, 3.5 ml HMDI
cross-linker, 50 ml hexane, 1.5 ml dibutyltin dilaurate catalyst, temperature of 50 °C and a
reaction time of 4 hours. The synthesized hydrophobic pine cone biosorbent was
characterized using analytical instrumentation (FTIR, TGA, XRD, SEM, EDX and BET
surface area). Weight percent gain (WPG) computation was done to determine the extent of
the cross-linking reaction. The pine surface showed an increase in phenolic, lactonic and
carboxylic acid groups due to the modification. The pHp, showed a decrease due to

modification of the pine cone biomass.
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5 RESULTS AND DISCUSSION (PART 2): KINETIC STUDIES
5.1 INTRODUCTION

The chapter presents and discusses the adsorption kinetic results of the adsorption of 2-
nitrophenol onto pine cone biomass. It reports on the following in detail: effect of solution

pH, adsorbent dose, kinetic models and diffusion processes.

5.2 KINETIC STUDIES
5.2.1 Effect of solution pH

The effect of solution pH on the adsorption of 2-nitrophenol using Raw, Raw-HMDI, Fenton
treated and Fenton treated-HMDI pine cone biomass was studied in the pH range 1-10 and
the results are presented in Figure 5.1. Solution pH plays a very important role in the
biosorption process as it influences both biosorbent and biosorbate properties (Ho and
Ofomaja, 2007). The surface charge of the pine cone biosorbent is depended on solution pH
and its pHyzc. At pH > pHp,, the pine cone biomass surface is negatively charged and is
positively charged at pH < pHpzc. The pHy,c values for Raw, Raw-HMDI, Fenton treated and
Fenton treated-HMDI pine cone were found to be 7.49, 6.68, 5.4 and 6.12 respectively. The
2-nitrophenol biosorbate is predominantly in protonated form at pH < pK; and in
deprotonated form at pH > pK, (Liu et al., 2010). The pK, of 2-nitrophenol is 7.17 at 298 K
(El-Sheikh et al., 2013). The adsorption capacity was calculated as follows:

— (CO _Ce)\/ (51)
m

Where, e is the equilibrium sorption capacity (mg/g), Co is the initial 2-nitrophenol
concentration (mg/dm®), C. is the equilibrium 2-nitrophenol concentration (mg/dm?®), V is

solution volume (dm?®) and m is mass of biosorbent (g).

The optimum pH was found to be around 6 as shown in Figure 5.1 for all the pine cone
biosorbents and is close to their pHp,c values presented in Table 4.5. Adsorption capacity
values for the pine cone biosorbents at pH 6 were found to be 25.04 mg/g for Raw, 31.96
mg/g for Raw-HMDI, 33.72 mg/g for Fenton treated and 52.12 mg/g for Fenton treated-

HMDI. The results show that pine cone biomass modification via Fenton treatment and cross-
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linking using HMDI increased its affinity for 2-nitrophenol. At low pH, that is, at pH < pHpc
of the biosorbents and pH < pK, of 2-nitrophenol the adsorption capacity decreases and this
might be due to: (1) adsorption of protons on the active sites, and/or (2) electrostatic repulsive
force between biosorbate and biosorbent, and/or (3) repulsion between the sorbate molecules
(Ofomaja, 2011). The adsorption capacity also decreases at higher pH values, that is, at pH >
PHp,c of the biosorbents and pH > pK, of 2-nitrophenol. At these pH values the biosorbent
surfaces are negatively charged and the 2-nitrophenol mainly exists in deprotonated form.
Hence, electrostatic repulsion force exists between the 2-nitrophenol and the pine cone
surfaces. The magnitude of the electrostatic repulsion force depends on the amount of charge
on the biosorbent surface and extent of dissociation of 2-nitrophenol. Electrostatic repulsion
force also exists between the adsorbed phenolic anions in the biosorbent pores. A higher
degree of dissociation of the 2-nitrophenol also decreases its hydrophobic character causing a

reduction in affinity between biosobate and biosorbent (Liu et al., 2010).
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Figure 5.1 Effects of solution pH on the adsorption of 2-nitrophenol using pine cone
biomass. Adsorbent dose: 0.5 g/dm?, initial adsorbate concentration: 50 mg/dm?®, solution

volume: 100 cm?®, agitation speed: 100 rpm, temperature: 299 K.
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5.2.2 Adsorbent dose

The plots in Figures 5.2-5.5 show the effect of adsorbent dose on percentage uptake and
adsorption capacity of 2-nitrophenol. The percentage 2-nitrophenol removal was calculated

as follows:

%R :(C%Ce)xloo (5.2)

0

Where, % R, is percentage 2-nitrophenol removed from solution, Cy and C, are initial and

equilibrium concentration (mg/dm?®) of 2-nitrophenol respectively.
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Figure 5.2 Effect of Raw pine dose on 2-nitrophenol adsorption. Initial pH: 6, initial
adsorbate concentration: 50 mg/dm?, solution volume: 100 cm?, agitation speed: 100 rpm,

temperature: 299 K.
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Figure 5.3 Effect of Fenton treated pine dose on 2-nitrophenol adsorption. Initial pH: 6,
initial adsorbate concentration: 50 mg/dm?, solution volume: 100 cm®, agitation speed: 100

rpm, temperature: 299 K.
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Figure 5.4 Effect of Raw-HMDI pine dose on 2-nitrophenol adsorption. Initial pH: 6,
initial adsorbate concentration: 50 mg/dm?®, solution volume: 100 cm?, agitation speed: 100

rpm, temperature: 299 K.
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Figure 5.5 Effect of Fenton treated-HMDI pine dose on 2-nitrophenol adsorption. Initial
pH: 6, initial adsorbate concentration: 50 mg/dm?®, solution volume: 100 cm®, agitation speed:

100 rpm, temperature: 299 K.

For the Raw pine, adsorption capacity decreases from 48.32 mg/g to 15.41 mg/g as adsorbent
dose increases from 0.125 g/dm?® to 1.5 g/dm?®, but only decreases from 15.41 mg/g to 12.29
mg/g as the adsorbent dose increases from 1.5 g/dm® to 2 g/dm®. The percentage 2-
nitrophenol removal increases from 12.08 % to 46.29 % as adsorbent dose increases from
0.125 g/dm® to 1.5 g/dm?, but only increases from 46.29 % to 49.16 % as adsorbent dose

increases from 1.5 g/dm? to 2 g/dm®.

For the Raw-HMDI pine, adsorption capacity decreases from 62.24 mg/g to 18.76 mg/g as
adsorbent dose increases from 0.125 g/dm? to 1.5 g/dm?®, but only decreases from 18.76 mg/g
to 14.85 mg/g as the adsorbent dose increases from 1.5 g/dm?® to 2 g/dm®. The percentage 2-
nitrophenol removal increases from 15.56 % to 56.28 % as adsorbent dose increases from
0.125 g/dm® to 1.5 g/dm®, but only increases from 56.28 % to 59.40 % as adsorbent dose

increases from 1.5 g/dm?® to 2 g/dm®.
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For the Fenton treated pine, adsorption capacity decreases from 73.60 mg/g to 20.60 mg/g as
adsorbent dose increases from 0.125 g/dm? to 1.5 g/dm?, but only decreases from 20.60 mg/g
to 16.84 mg/g as the adsorbent dose increases from 1.5 g/dm?® to 2 g/dm®. The percentage 2-
nitrophenol removal increases from 18.40 % to 61.80 % as adsorbent dose increases from
0.125 g/dm® to 1.5 g/dm®, but only increases from 61.80 % to 67.48 % as adsorbent dose

increases from 1.5 g/dm? to 2 g/dm®.

For the Fenton treated-HMDI pine, adsorption capacity decreases from 122.24 mg/g to 26.05
mg/g as adsorbent dose increases from 0.125 g/dm?® to 1.5 g/dm®, but only decreases from
26.05 mg/g to 19.53 mg/g as the adsorbent dose increases from 1.5 g/dm? to 2 g/dm®. The
percentage 2-nitrophenol removal increases from 30.56 % to 78.16 % as adsorbent dose
increases from 0.125 g/dm® to 1.5 g/dm® but decreases from 78.16 % to 78.12 % as

adsorbent dose increases from 1.5 g/dm? to 2 g/dm?®.

The plots show a similar pattern. Analysis of the plots in Figures 5.2-5.5 reveals that as
adsorbent dose increases from 0.125 g/dm® to 1.5 g/dm® there is a marked decrease in
adsorption capacity, but a small decrease in adsorption capacity is observed when adsorbent
dose increases from 1.5 g/dm® to 2 g/dm®. An analogous trend is also observed with
percentage 2-nitrophenol removal. As adsorbent dose increases from 0.125 g/dm® to 1.5
g/dm?® there is a marked increase in percentage 2-nitrophenol removal, but only a small
increase is noted as adsorbent dose increases from 1.5 g/dm? to 2 g/dm?®. All the plots show a
decrease in adsorption capacity and consequent increase in percentage removal of 2-
nitrophenol with increase in adsorbent dose. The decrease in adsorption capacity is due to
increase in number of adsorbent particles with constant 2-nitrophenol concentration. The
observed increase in percentage removal of adsorbate is attributed to an increase in number of
biosorption sites. The observed result suggests that the optimum adsorbent dose for the pine
cone biosorbents for the adsorption process is 1.5 g/dm®. The results also show that pine
modification enhanced its biosorptive capability towards 2-nitrophenol.

5.2.3 Kinetic models

Adsorption is an equilibrium separation process involving five main stages namely: (1) bulk
diffusion, (2) film diffusion, (3) surface adsorption, (4) intraparticle diffusion and (5) pore
diffusion. Amongst these processes mentioned, the slowest process is the rate-determining or
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controlling step. The adsorption kinetic curves for 2-nitrophenol adsorption onto pine cone
biomass at 299 K and concentrations ranging from 100 to 400 mg/dm?® are presented in
Figures 5.6-5.9.
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Figure 5.6 Adsorption kinetics of 2-nitrophenol on Raw pine. Initial pH: 6, adsorbate

dose: 1.5 g/dm®, solution volume: 10 cm®, agitation speed: 100 rpm, temperature: 299 K.
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Figure 5.7 Adsorption kinetics of 2-nitrophenol on Raw-HMDI pine. Initial pH: 6,
adsorbate dose: 1.5 g/dm?, solution volume: 10 cm?, agitation speed: 100 rpm, temperature:
299 K.
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Figure 5.8 Adsorption kinetics of 2-nitrophenol on Fenton treated pine. Initial pH: 6,
adsorbate dose: 1.5 g/dm?®, solution volume: 10 cm?, agitation speed: 100 rpm, temperature:
299 K.
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Figure 5.9 Adsorption kinetics of 2-nitrophenol on Fenton treated-HMDI pine. Initial pH:
6, adsorbate dose: 1.5 g/dm?, solution volume: 10 cm®, agitation speed: 100 rpm, temperature:
299 K.
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The shapes of the adsorption kinetic curves of 2-nitrophenol on pine cone biomass in Figures
5.6-5.9 are all similar and are divided into two kinetic profiles. An initial rapid uptake
between 0-5 minutes and a slower rate from 5 minutes till equilibrium is reached at 60

minutes.

The adsorption capacity of the pine sorbents increases with an increase in adsorbate
concentration. An opposite pattern is observed with the % removal of 2-nitrophenol, which
shows a decrease as 2-nitrophenol concentration increases. For example, Raw pine shows an
adsorption capacity of 13.26 mg/g at 100 mg/dm® and 27.15 mg/g at 400 mg/dm?, but %
removals of 19.89 at 100 mg/dm?® and 10.18 at 400 mg/dm®. This is attributed to an increase
in adsorbate molecules with no change in number of adsorption sites since adsorbent mass is

not changing.

The adsorption capacities show an increase due to Fenton treatment and cross-linking using
HMDI. At 400 mg/dm® 2-nitrophenol concentration, the pine biomass had the following
adsorption capacities: Raw, 27.15 mg/g; Raw-HMDI, 33.98 mg/g; Fenton treated, 46.35
mg/g; and Fenton treated-HMDI, 53.01 mg/g. The magnitude of the pine biomass adsorption
capacities increased in the order: Fenton treated-HMDI > Fenton treated > Raw-HMDI >

Raw.

The increase in oxygenated surface groups and the hydrophobic character imparted on the
pine due to cross-linking using HMDI created conditions favouring uptake of 2-nitrophenol

from aqueous solution.

It can be observed from Figures 5.6-5.9, that initial adsorption of 2-nitrophenol onto the pine
cone biomass is rapid. The adsorption kinetics of the pine biomass is in the order: Fenton
treated-HMDI > Fenton treated > Raw-HMDI > Raw. This suggests that the increase in
porosity and hydrophobic character of the biomass due to Fenton treatment and HMDI cross-
linking caused a reduction in diffusion resistance resulting in fast adsorption kinetics. The
plots also show that the kinetics of the initial adsorption of 2-nitrophenol increase with an
increase in initial adsorbate concentration. This is due to an increase in concentration gradient
between the bulk solution and the adsorbent resulting in a decrease in external mass transfer

resistance.
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The experimental Kinetic data for 2-nitrophenol adsorption onto the pine cone biomass was
fitted to the pseudo-first-order and pseudo-second-order kinetic models. Non-linear

regression was used to determine the rate constants and kinetic parameters.

5.2.3.1 Pseudo-first-order model

The non-linear form of the pseudo-first-order rate equation (Kumar, 2006) can be expressed

as:
0 = qe(l_eXp _kl) (5.3)

Where, g (Mmg/g) and q: (mg/g) are the adsorption capacity at equilibrium and time t
respectively and k, (1/min) is the rate constant. A non-linear plot of g; against t is used to
calculate k;. The pseudo-first-order constants and error functions for 2-nitrophenol adsorption
onto pine cone biomass are presented in Table 5.1.

The pseudo-first-order constants at an initial 2-nitrophenol concentration of 100 mg/dm?® at
299 K are: (1) Raw pine; ge(experimental) = 13.26 mg/g, ge(calculated) = 12.60 mg/g, k; =
0.2846 1/(min), (2) Raw-HMDI pine; ge(experimental) = 22.78 mg/g, ge(calculated) = 21.91
mg/g, k; = 0.3350 1/(min), (3) Fenton treated pine; qe(experimental) = 28.92 mg/g,
ge(calculated) = 26.13 mg/g, k; = 0.5647 1/(min), and (4) Fenton treated-HMDI pine;
ge(experimental) = 33.55 mg/g, ge(calculated) = 31.33 mg/g, ki = 0.5254 1/(min). The
experimental and calculated adsorption capacity values increase as 2-nitrophenol
concentration increases and exhibit small variations. The rate constant increases due to
modification of pine biomass via Fenton treatment and cross-linking using HMDI. The rate
constant also increases as 2-nitrophenol concentration increases due to an increase in
collision frequency between adsorbate and adsorbent. This shows that the adsorption rate

increased due to pine modification and increase in 2-nitrophenol concentration.

The coefficient of determination, r? and the percentage variable error, % var or % variance
was used for error analysis. The pine sorbents had the following values: Raw, r>= 0.9363 and
% variance = 1.74; Raw-HMDI, r’= 0.9662 and % variance = 3.60; Fenton treated, r’=
0.9161 and % variance = 10.10; and Fenton treated-HMDI, r’= 0.9214 and % variance =
12.63. The r? for Raw pine is lower than that for Raw-HMDI pine.
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The plots in Figures 5.10-5.13 compare experimental and modelled equilibrium capacities for
adsorption of 2-nitrophenol on pine cone biomass. The experimental data shows good
correlation with the pseudo-first-order model in the first five minutes of the adsorption. After
this initial period the experimental data shows a poor fit.

5.2.3.2 Pseudo-second-order model

The non-linear form of the pseudo-second-order rate equation (Kumar, 2006) can be

expressed as:

k,qct

T 1+k,0,t (5.4)

t

Where, ge and g: (mg/g) are the adsorption capacities at equilibrium and time t respectively
and k, (g/mg.min) is the rate constant. The values of g and k; are calculated from a non-

linear plot of g; against t. The initial adsorption rate (mg/g.min) is expressed as:

_ 2
h=k,q; (5.5)

The pseudo-second-order constants and error functions for 2-nitrophenol adsorption onto pine
cone biomass are presented in Table 5.2. The pseudo-second-order constants at an initial 2-
nitrophenol concentration of 100 mg/dm?® at 299 K are: (1) Raw pine; ge(experimental) =
13.26 mg/g, ge(calculated) = 13.27 mg/g, k, = 0.0333 g/mg.min, h = 5.86 mg/g.min, , (2)
Raw-HMDI pine; ge(experimental) = 22.78 mg/g, ge(calculated) = 23.04 mg/g, k. = 0.0223
g/mg.min, h = 12.05 mg/g.min, , (3) Fenton treated pine; ge(experimental) = 28.44 mg/g,
ge(calculated) = 28.92 mg/g, k. = 0.0313 g/mg.min, h = 74.04 mg/g.min, , and (4) Fenton
treated-HMDI pine; ge(experimental) = 33.55 mg/g, ge(calculated) = 32.89 mg/g, k. = 0.0262
g/mg.min, h = 28.34 mg/g.min. The experimental and predicted adsorption capacity values
increase as initial 2-nitrophenol concentration increases and are in very good agreement. The
rate constant increases due to modification of pine biomass with Fenton treatment and cross-
linking using HMDI. The rate constant also decreases as initial 2-nitrophenol concentration
increases. This shows that the adsorption rate increased due to biosorbent modification and
decrease in adsorbate concentration. The initial adsorption rate increases with an increase in

initial adsorbate concentration, with modified pine samples showing higher initial adsorption
121



rates than the Raw pine. This suggests initial rapid uptake due to an increase in adsorbate

molecules and indicates higher affinity of modified pine surfaces for the adsorbate. The

decrease in rate of adsorption as adsorbate concentration increases can be attributed to

repulsion and/or steric effects between adsorbate molecules.

The results of the two error functions used for error analysis are: Raw, r’= 0.9739 and %
variance = 0.71; Raw-HMDI, r’= 0.9870 and % variance = 1.07; Fenton treated, r’= 0.9786
and % variance = 2.57; and Fenton treated-HMDI, r?= 0.9796 and % variance = 3.70. The r?

for Raw pine is lower than that for Raw-HMDI.

The plots in Figures 5.10-5.13 compare experimental and modelled equilibrium capacities for

adsorption of 2-nitrophenol on pine cone biomass. The experimental data shows good

correlation with the pseudo-second-order model throughout the entire adsorption process.
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Figure 5.10 Comparison of predicted equilibrium capacities of kinetic models with

experimental data for 2-nitrophenol adsorption on Raw pine.
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Table 5.1

Pseudo-first-order kinetic modelling of different concentrations of 2-nitrophenol adsorption on pine cone biomass.

Sample

Raw Pine

Raw-HMDI pine

Fenton treated pine

Fenton-HMDI pine

Parameters 100 mg/dm? 200 mg/dm? 300 mg/dm?® 400 mg/dm?
ge(mg/g)(exp) 13.26 19.15 25.15 27.15
ge (Mg/Q) 12.60 18.12 23.74 25.84
k; (1/min) 0.2846 0.3352 0.3905 0.4067
r? 0.9363 0.9597 0.9534 0.9754
% Variable Error 1.74 2.30 451 2.92
ge(mg/g)(exp) 22.78 25.89 31.38 33.98
ge (Ma/g) 21.91 24.32 29.67 30.68
k; (1/min) 0.3350 0.3713 0.5095 0.8608
r? 0.9662 0.9162 0.9540 0.9188
% Variable Error 3.60 8.15 6.85 13.05
ge(mg/g)(exp) 28.92 35.19 44.64 46.35
ge (Mg/g) 26.93 31.01 40.71 42.31
k; (1/min) 0.5647 1.1688 1.4887 1.6589
r? 0.9161 0.8906 0.9511 0.9392
% Variable Error 10.08 17.43 12.56 16.68
ge(mg/g)(exp) 33.55 38.81 48.79 53.01
ge (Mg/g) 30.36 35.59 44.69 49.26
k; (1/min) 0.5254 1.0398 1.5697 1.7651
r’ 0.9206 0.9471 0.9453 0.9601
% Variable Error 12.22 10.91 16.80 14.48
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Table 5.2 Pseudo-second-order kinetic modelling of different concentrations of 2-nitrophenol adsorption on pine cone biomass.
Sample Parameters 100 mg/dm? 200 mg/dm? 300 mg/dm?® 400 mg/dm?
Raw pine ge(mg/g)(exp) 13.26 19.15 25.15 27.15
ge (Ma/g) 13.27 19.10 24.15 27.27
ko (g/mg min) 0.0333 0.0268 0.0222 0.0220
h (mg/g min) 5.86 9.78 12.95 16.81
r? 0.9739 0.9899 0.9895 0.9959
% Variable Error 0.71 0.57 1.01 0.48
Raw-HMDI pine ge(ma/g)(exp) 22.78 25.89 31.38 33.98
ge (Mg/g) 23.04 25.33 31.11 33.50
ka2 (9/mg min) 0.0223 0.0267 0.0274 0.0277
h (mg/g min) 12.05 17.13 26.52 29.96
r? 0.9870 0.9740 0.9887 0.9876
% Variable Error 1.07 2.52 1.63 2.06
Fenton treated pine  qe(mg/g)(exp) 28.44 33.51 42.62 45.02
ge (Mg/g) 28.92 35.19 44.64 46.35
ko (g/mg min) 0.0313 0.0446 0.0612 0.0619
h (mg/g min) 74.04 77.57 81.61 86.09
r? 0.9786 0.9709 0.9887 0.9825
% Variable Error 2.57 4.66 2.90 4.88
Fenton-HMDI pine  ge(mg/g)(exp) 33.55 38.81 48.79 53.01
ge (Mg/g) 32.89 37.49 47.19 51.62
ka2 (9/mg min) 0.0262 0.0470 0.0491 0.0546
h (mg/g min) 28.34 66.06 109.34 145.49
r? 0.9796 0.9805 0.9861 0.9959
% Variable Error 3.70 3.84 4.28 2.99
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5.2.4 Diffusion processes

Adsorption is a multi-step process involving the migration of adsorbate molecules to external
surface of adsorbent followed by diffusion into the pores. A film or boundary layer forms
around a solid in an aqueous phase. During adsorption, the adsorbate molecules move from
the bulk solution via the boundary layer onto the adsorbent surface and finally diffuse into the
pores. The plots in Figures 5.14-5.17 show the external mass transfer diffusion plots for
sorption of 2-nitrophenol onto pine cone biomass at 299 K. The external mass transfer
diffusion rate constants were determined from plot of C/C, at different initial concentrations
of 2-nitrophenol against time, where C; and C, represent adsorbate concentration at time t and
initial adsorbate concentration (mg/dm?). The slope of the curve is taken as the external mass
transfer diffusion rate constant, ks on the assumption that the relationship is linear for the first
initial rapid stage (due to external mass transfer) that is in the first 5 minutes of 2-nitrophenol
sorption on pine biomass. The external mass transfer diffusion rate constants for adsorption
of 2-nitrophenol on pine biomass are presented in Table 5.3. The ks (1/min) values for 2-
nitrophenol (200 mg/dm?®) adsorption onto pine biomass at 299 K are 0.0169 for Raw, 0.0480
for Raw-HMDI, 0.0480 for Fenton treated and 0.0556 for Fenton treated-HMDI. The external
mass transfer diffusion rate constants increase in magnitude due to modification of the pine
biomass, but decrease with an increase in initial adsorbate concentration. This shows that the
Fenton treatment and cross-linking using HMDI improved the affinity between adsorbate and
adsorbent, thus increasing the concentration gradient between the bulk solution and solid
surface resulting in an increase in external diffusion rates. The external mass transfer
diffusion rate constants decrease with an increase in initial adsorbate concentration due to an
increase in resistance of the boundary layer. The number of adsorbent particles and total
surface area for interaction become smaller as adsorbate concentration increases resulting in
an increase in boundary layer resistance (Ofomaja, 2011) thereby reducing the external
diffusion rates. This suggests that the initial rapid uptake in the adsorption of 2-nitrophenol

by pine cone biomass is controlled by external mass transfer.
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Figure 5.14  External mass transfer diffusion plot for 2-nitrophenol adsorption onto Raw
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Figure 5.15  External mass transfer diffusion plot for 2-nitrophenol adsorption onto Raw-
HMDI pine.
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Figure 5.16  External mass transfer diffusion plot for 2-nitrophenol adsorption onto Fenton

treated pine.
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Figure 5.17  External mass transfer diffusion plot for 2-nitrophenol adsorption onto Fenton
treated-HMDI pine.
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Table 5.3 External mass transfer and diffusion coefficients at different adsorbate concentrations.

Sample Parameters 100 mg/dm?® 200 mg/dm’® 300 mg/dm?® 400 mg/dm?®
Raw pine External Mass transfers
ks (1/min) 0.0201 0.0169 0.0157 0.0130
Boyd Diffusion model
D, (cm?/s) 3.03x10° 4.14x10™%° 4.30x10™%° 5.04x10™°
D1 (cm?/s) 2.75x107 3.21x107 3.50x107 3.62x107
Raw-HMDI pine External Mass transfers
ks (1/min) 0.0549 0.0480 0.0428 0.0337
Boyd Diffusion model
D, (cm?/s) 3.69x10™° 4.47x10™ 4.95x10™ 5.02x10™"°
D1 (cm?/s) 3.34x10°° 3.56x10° 4.39x10°° 4.45x10°°
Fenton treated pine  External Mass transfers
ks (1/min) 0.0749 0.0480 0.0428 0.0221
Boyd Diffusion model
D, (cm?/s) 3.84x10%° 4.02x10™%° 4.24x10™%° 5.14x10™%°
D1 (cm?/s) 4.27x107 5.12x107 6.45x10” 6.51x10°
Fenton-HMDI pine  External Mass transfers
ks (1/min) 0.0615 0.0556 0.0488 0.0412
Boyd Diffusion model
D, (cm?/s) 4.14x10™ 4.60x10™ 5.32x10™° 5.94x10™"°
D1 (cm?/s) 5.75x10°° 5.76x10°° 6.25x10™° 6.92x10°°
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The effect of film diffusion on the overall diffusion process needs to be examined as
intraparticle diffusion has been ruled out due to the small pore size and pore volume
determined by BET surface area on the pine cone biomass. Assuming that the pine biosorbent
is spherical with a radius a (cm) and that the diffusion follows Fick’s law, the mathematical

relation between uptake times is (Crank, 1975):

D 0.5 o A D
Q _ 6[—2‘] {ﬂ.—o.s + ZZ; ierfc W} -3— (5.6)

X a

When t is small, D is replaced by D; and Equation 5.6 becomes:

0.5
&:e(i;j (o5 (5.7)

Qe 7

The plots of qi/qe against t°° are presented in Figures 5.18-5.21 and show two sections in the
curves represented by straight lines. There is an initial rapid stage followed by a slow uptake.
The film diffusion coefficient (D;) values for the pine biomass at the different initial
concentrations of 2-nitrophenol are calculated from a gradient of the plots in Figures 5.18-

5.21 and are presented in Table 5.3. As t becomes large, Equation (5.6) can be written as:
—D.x?
(1—i] = %exp( 227[ t] (5.8)
Q) 7 a

D : L
IfB=r" —,j Equation (5.8) simplifies to:
a

Bt = —0.4997 — In( - g—tj (5.9)
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Figure 5.19  Plot of fractional uptake of 2-nitrophenol onto Raw-HMDI pine against square

root of time.
132



1.2 A
1 - . . [ )
0.8 -
o
SN,
o
0.6 -
. 4 100 mg/dm3
W 200 mg/dm3
041 ¢ 4 300 mg/dm3
® 400 mg/dm3
0.2 -
O T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9

Time?%5 (min©3)
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A plot of Bt against t at different initial concentrations of 2-nitrophenol gives slope B, which
is then used to calculate the pore diffusion coefficient, D, (since B = D,7%/a%) whose values
are presented in Table 5.3. From a plot of Bt against t, it is possible to conclude whether
external transport or intraparticle diffusion is the controlling step. The Boyd plots for
adsorption of 2-nitrophenol onto pine biomass at different initial concentrations of 2-
nitrophenol are presented in Figures 5.22-5.25. All the Boyd plots of the pine cone biomass
show linear relationships which do not pass through the origin in the initial stage of 2-
nitrophenol adsorption. The plots cut the y-axis between -0.25 and 0.50. This shows that
external mass transfer is the controlling step in the initial stage of the adsorption. The
intercept values become more positive due to surface modification of pine biomass and
increase in initial concentration of 2-nitrophenol. This signifies an increase in external mass
transfer processes due to modification of pine biomass and increase in initial adsorbate
concentration. Modification of pine biomass created surface conditions conducive to external
mass transfer processes. This can be a result of the increase in porosity and hydrophobic
nature imparted upon the pine biomass by Fenton treatment and cross-linking using HMDI.
The increase in external mass transfer due to an increase in initial adsorbate concentration can

be attributed to increase in concentration gradient between the bulk solution and adsorbent

surface.
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Figure 5.22  Boyd plots for 2-nitrophenol adsorption onto Raw pine.
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Figure 5.25  Boyd plots for 2-nitrophenol adsorption onto Fenton-HMDI pine.

The calculated values of film diffusion (D;) coefficients increase with an increase in initial
concentration of 2-nitrophenol. This is attributed to an increase in concentration gradient
between the bulk solution and biosorbent surface resulting in an increase in film diffusion.
The modified pine biomass also showed higher values for the diffusion coefficients than the
raw pine. This shows that pine cone biomass modification via Fenton treatment and cross-
linking using HMDI improved the sorbent surface resulting in faster diffusion across the
boundary layer and into the pores. Fenton treatment made the surface more porous whilst
cross-linking using HMDI increased its hydrophobic character. The hydrophobic nature of
the modified pine biomass resulted in a decrease in boundary layer effect and an increase in

film diffusion.

5.3 CONCLUSION

The optimum pH for the adsorption of 2-nitrophenol onto pine cone biomass was determined
to be 6. This pH value is close to the pHy, for the pine cone biomass and the pK, of the
adsorbate. The optimum adsorbent dosage was determined as 1.5 g/dm®. The adsorption
kinetics show a good fit with the pseudo-second-order model. The r? values are close to one

and the % variable errors are very small. The theoretical and experimental uptakes are also in
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good agreement. This suggests that surface adsorption is the controlling step in the adsorption
of 2-nitrophenol onto pine cone biomass. The analysis of diffusion processes showed that the
initial rapid stage during the adsorption is due to external mass transfer processes. The
experimental adsorption data was not fit to intraparticle model since BET surface area
determination showed that the pine cone biomass has small pore sizes and pore volumes. The
results show that modification of pine biomass improved its adsorption capabilities towards
2-nitrophenol. The modification also increased magnitude of kinetic and diffusion

parameters.
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6 RESULTS AND DISCUSSION (PART 3): EQUILIBRIUM STUDIES
6.1 INTRODUCTION

The chapter presents results and discussions on equilibrium studies for 2-nitrophenol
adsorption using Raw, Raw-HMDI, Fenton treated and Fenton treated-HMDI pine cone

biosorbents. It gives an in depth analysis of the adsorption isotherms and thermodynamics.

6.2 EQUILIBRIUM STUDIES

Equilibrium relationships also known as adsorption isotherms describe how pollutants
interact with the adsorbent materials and are important in elucidation of adsorption
mechanism pathways and design of adsorption systems (Argun et al., 2008; Rangabhashiyam
et al., 2014). They provide information about the distribution of adsorbate between the liquid

and solid phases at various equilibrium concentrations.

The shape of an adsorption isotherm is important as it indicates the type of the adsorption
isotherm model that can describe the experimental adsorption data. Giles et al. (1974)
proposed a general classification based on the initial slope of the adsorption isotherms with 4
main shapes being observed (C, L, H and S). This information was used in determination of
equilibrium adsorption isotherm equations to fit the experimental data. The plots in Figure
6.1 show adsorption isotherms of 2-nitrophenol onto pine cone biomass. All the plots of the
different pine biomass show the same shape. Using the classification proposed by Giles et al.
(1974), the plots fall under the S-shape. The S-type is always a result of at least two opposite
mechanisms (Mahmoud et al., 2012). The experimental data for 2-nitrophenol adsorption
onto the pine cone biosorbents was then fitted to the following equilibrium adsorption

models: Freundlich, Hill and Redlich-Peterson.

139



60 -

— 50 -

X

o

E

k-]

[J]

2 40 -

o

2]

o

©

)

]

2 30 +

o

)

=]

Z

S 20 -

o

€ .
g —&— Raw Pine
5 10 —&— Raw Pine + HMDI

—aA— Fenton's Treated Pine
—@— Fenton's treated Pine + HMDI

0 50 100 150 200 250 300 350 400

Equilibrium Conc. (mg/dm?3)

Figure 6.1 Adsorption isotherms of 2-nitrophenol on the various pine cone biosorbents

6.2.1 Error analysis

To circumvent bias due to linearization (Chin et al., 2012), the isotherm parameters were
determined by non-linear regression. Non-linear regression involves mathematical calculation
of isotherm parameters using the original form of the isotherm model. Two error functions
were employed to verify and substantiate the equilibrium isotherm model showing the best-fit
to the experimental data. They are the coefficient of determination and the percentage
variance. Error functions are used as a guideline to measure the accuracy of a mathematical
model. A comparison of the two error functions for the three equilibrium adsorption isotherm
models used to fit the experimental data for the pine cone biomass at 299 K is shown in Table
6.1.

In order to establish correlation or goodness of fit between experimental data and the
equilibrium isotherm models (Freundlich, Hill and Redlich-Peterson), graphs were plotted

and are presented in Figures 6.2-6.5. The graphs are plotted in the form of 2-nitrophenol
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adsorbed per unit mass of pine cone biomass (mg/g), against the concentration of 2-

nitrophenol left in solution at equilibrium (mg/dm?®) at 299 K.
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Figure 6.2 Comparison of modelled adsorption capacities with equilibrium experimental

data for adsorption of 2-nitrophenol onto Raw pine.

As shown in Figure 6.2, experimental data of adsorption of 2-nitrophenol onto Raw pine cone
shows a better fit with the Hill and Redlich-Peterson isotherm models than with the
Freundlich isotherm model. This is also augmented by results in Table 6.1 about the two error
functions. The Freundlich model has an r® value of 0.9899 and % variance of 1.5304, whilst
the Hill model has an r? value of 0.9972 and % variance of 0.5689. The Redlich-Peterson
model has an r® value of 0.9973 and % variance of 0.5513. This shows that the Freundlich
isotherm parameters exhibit the least correlation with experimental data as the r? value is the
least and the % variance is the largest amongst the three equilibrium isotherm parameters
under scrutiny. The two error functions values for Hill and Redlich-Peterson models are very
close with only small differences being observed. This also shows a correlation in the results

from the two different error methods.
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Figure 6.3 Comparison of modelled adsorption capacities with equilibrium experimental

data for adsorption of 2-nitrophenol onto Raw-HMDI pine
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Figure 6.4 Comparison of modelled adsorption capacities with equilibrium experimental

data for adsorption of 2-nitrophenol onto Fenton treated pine
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Figure 6.5 Comparison of modelled adsorption capacities with equilibrium experimental
data for adsorption of 2-nitrophenol onto Fenton treated-HMDI pine.

The same trend with the error functions values in Table 6.1 for the Raw pine is observed with
the other pine cone biomass samples (Raw-HMDI, Fenton treated and Fenton treated-HMDI).
The Freundlich isotherm model had the least r? values and the highest % variances in
comparison to the Hill and Redlich-Peterson isotherm models. The r? values and the %
variances for Hill and Redlich-Peterson models are very close as shown in Table 6.1. The
plots (Figures 6.3-6.5) also show better fit of the experimental data with Hill and Redlich-
Peterson models than with the Freundlich isotherm model. This suggest that the experimental
data for 2-nitrophenol adsorption onto Raw, Raw-HMDI, Fenton treated and Fenton treated-
HMDI pine cone biosorbents shows to fit better to Hill and Redlich-Peterson isotherm

models than to the Freundlich isotherm model.
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Table 6.1 A comparison of coefficient of determination and % variance for three isotherm models in the biosorption of

2-nitrophenol by pine cone biomass at 299 K.

Pine cone biomass Freundlich Hill Redlich-Peterson

r’ % variance r’ % variance r’ % variance
Raw 0.9899 1.5304 0.9972 0.5689 0.9973 0.5513
Raw-HMDI 0.9911 2.2414 0.9957 1.4449 0.9956 1.4804
Fenton treated 0.9906 4.4057 0.9975 1.5551 0.9974 1.6526
Fenton-HMDI 0.9941 3.5291 0.9985 1.1961 0.9983 1.3639
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6.2.2 Adsorption isotherms

The adsorption isotherms of 2-nitrophenol on Raw, Raw-HMDI, Fenton treated and Fenton
treated-HMDI pine biomass were investigated at 299 K, 309 K, 319 K and 329 K and, the
results are presented in Figures 6.6-6.9.

As can be seen from Figure 6.1, the biomass show the following order in terms of intense
adsorption at low concentrations and higher adsorption capacities: Fenton treated-HMDI pine
> Fenton treated pine > Raw-HMDI pine > Raw pine. This seems to suggest that the
mechanism of 2-nitrophenol adsorption by the pine cone biosorbents is mainly via
hydrophobic interactions and pore filling phenomenon. Fenton treatment and cross-linking
with HMDI increased biomass porosity and hydrophobic character. This accounts for the
increase in biosorbate affinity due to Fenton treatment and HMDI cross-linking.
Nevertheless, adsorption isotherms will not conclusively provide information on adsorption
reactions. Therefore, it is necessary to fit the experimental data to the most appropriate
adsorption isotherm equations for reliable prediction of adsorption parameters
(Rangabhashiyam et al., 2014).
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Figure 6.6 Adsorption isotherms of 2-nitrophenol on Raw pine biomass
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Figure 6.7 Adsorption isotherms of 2-nitrophenol on Raw-HMDI pine biomass
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Figure 6.8 Adsorption isotherms for 2-nitrophenol on Fenton treated pine biomass
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Figure 6.9 Adsorption isotherms for 2-nitrophenol on Fenton treated-HMDI pine biomass

The experimental data for 2-nitrophenol adsorption onto the pine cone biomass was fit to
Freundlich, Hill and Redlich-Peterson equilibrium isotherm models. The equilibrium
adsorption parameters of the three models on Raw, Raw-HMDI, Fenton treated and Fenton
treated-HMDI pine cone biosorbents were calculated and are presented in Tables 6.2-6.5. The
experimental data showed good fit with Redlich-Peterson and Hill models. A poor correlation

was noted between experimental results and the Freundlich model.

6.2.2.1 Freundlich model

The Freundlich expression which describes multilayer adsorption on a heterogenous surface

with interaction between adsorbed molecules is shown as:

_K.ch
qe - KFCe (61)

Where, C. is equilibrium adsorbate concentration (mg/dm®) and ge is amount of adsorbate
adsorbed (mg/g). Ke ((mg/g)/(mg/dm®") and n are the Freundlich equation parameters. n is

indicative of the intensity of the adsorption and suggests the favourability and capacity of the
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adsorbent-adsorbate system. According to the model, n > 1 represents favourable adsorption

conditions and Kg indicates adsorption capacity.

At 299 K, the Freundlich constants for: (1) Raw pine; Kr = 1.26 (mg/g)/(mg/dm®" and n =
1.91, (2) Raw-HMDI pine; Ke = 1.33 (mg/g)/(mg/dm?)" and n = 1.78, (3) Fenton treated pine;
Ke = 3.56 (mg/g)/(mg/dm®)" and n = 2.21, and (4) Fenton treated-HMDI pine; K¢ = 3.92
(mg/g)/(mg/dm®)" and n = 2.18. The experimental data shows the least goodness of fit with
the Freundlich isotherm model for 2-nitrophenol adsorption onto pine cone biomass. This
suggest that adsorption of 2-nitrophenol onto the pine cone biomass does not completely
follow multilayer adsorption and shows uniformity of biosorbent surface. All the n values are
greater than one suggesting favourable adsorption. The Kg values for the pine cone biomass
increase in the order: Fenton treated-HMDI > Fenton treated >Raw-HMDI > Raw. This
shows that the Fenton’s treatment and HMDI modification did increase the biosorptive

capabilities of the pine cone biomass towards 2-nitrophenol.

6.2.2.2 Redlich-Peterson model

The three parameter isotherm equation which incorporates the features of both the Langmuir

and Freundlich isotherms is represented as:

g = KzC.
e 4 A b
1+aRCe (62)

Where 0 < < 1. When g =1, the equation gives the Langmuir form:

q = KzC,
° 1+a,C, (6.3)

When g = 0, the equation follows Henry’s Law:

KrCe
1+a, (6.4)

Qe
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Where, ag (dm®mg)’ and Kg (dm*mg) are isotherm constants and $ is an exponent. It
approaches the Freundlich model at high concentrations and is in concurrence with the low

concentration limit of the Langmuir equation.

At 299 K, the Redlich-Peterson constants were: (1) Raw pine; Kg = 0.2212 dm*/mg, ag =
0.0035 (dm*mg)’ and g = 1.08, (2) Raw-HMDI pine; Kg = 0.2839 dm*/mg, ag = 0.0064
(dm*/mg)’ and g = 0.97, (3) Fenton treated pine; Kg = 0.6880 dm®mg, ag = 0.0173 (dm*/mg)”
and # = 0.93, and Fenton treated-HMDI pine; Kg = 0.9426 dm®mg, ag = 0.0375 (dm*/mg)”
and S = 0.83. The Redlich-Peterson model suggests that the adsorption of 2-nitrophenol onto
pine cone biomass is a hybrid mechanism of the Freundlich and Langmuir equations which
does not follow ideal monolayer adsorption (Chin et al., 2012). The S values are all close to
unity suggesting that the adsorption is more of Langmuir than Freundlich form.

6.2.2.3 Hill model

This three-parameter model views adsorption as a cooperative phenomenon, with adsorbed
molecules influencing affinity of adsorbent at other binding sites (Ringot et al., 2007). The

Hill equation is represented as:

Qrex Ce ™
=— 6.5
qe KD —|—CenH ( )

Where, gmax 1S the Hill isotherm maximum uptake saturation (mg/g), Kp is the Hill constant
(mg/dm?), ny is the Hill cooperativity coefficient, g is the adsorption capacity (mg/g) and Ce
is the equilibrium adsorbate concentration (mg/dm?®). According to the model three
possibilities in binding are possible:

(1) ny > 1, positive cooperativity;
(2) ny = 1, non-cooperative and;
(3) nu <1, negative cooperativity.

At 299K, the Hill isotherm constants are: (1) Raw pine; qmax = 38.18 mg/g, ny = 1.02 and Kp
= 172.41 mg/dm®, (2) Raw-HMDI pine; gmax = 58.02 mg/g, ny = 0.94 and Kp = 164.87
mg/dm?3, (3) Fenton treated pine; gmax = 66.80 mg/g, ny = 0.89 and Kp = 74.19 mg/dm?, and

(4) Fenton treated-HMDI pine; Qmax = 86.36 mg/g, ny = 0.80 and Kp = 61.07 mg/dm?®. The
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Hill model explains the adsorption as a positive cooperation between adsorbate molecules
and raw pine (since ny > 1), but a negative cooperativity between adsorbate molecules and
raw-HMDI, Fenton treated and Fenton treated-HMDI pine cone (their ny values are all < 1).
The gmax Vvalues for the pine cone biomass are in the order: Fenton treated-HMDI > Fenton
treated > Raw-HMDI > Raw. As gmax implies maximum specific uptake corresponding to site
saturation (mg/g), an increase in this value suggest an increase in number of adsorption sites

and capacity due to Fenton treatment and HMDI modification of the cone biomass.
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Table 6.2 Isotherm parameters for the adsorption of 2-nitrophenol onto Raw pine

ISOTHERM MODEL

Freundlich
Ke (mg/g)/(mg/dm®)”
N

Hills

Omax (MQ/g)
NH

Ko (mg/dm®)

Redlich-Peterson
Kg (dm®mg)

ar (dm*/mg)”

B

299 K 309 K 319 K 329 K
1.26 1.07 0.98 0.87
1.91 1.86 1.90 1.88
38.18 34.63 29.10 24.85
1.02 1.05 1.09 1.17
172.41 200.75 219.07 294.44
0.2212 0.1895 0.1654 0.1362
0.0035 0.0027 0.0022 0.0009
1.08 1.11 1.14 1.26
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Table 6.3 Isotherm parameters for the adsorption of 2-nitrophenol onto Raw-HMDI pine

ISOTHERM MODEL 299 K 309 K 319 K 329 K
Freundlich

Ke (mg/g)/(mg/dm®)”  1.33 1.23 1.35 1.60

N 1.78 1.80 1.96 2.23
Hills

Omax (MQ/Q) 58.02 50.42 35.17 24.67
NH 0.94 0.96 1.08 1.28
Kp (mg/dm?) 164.87 174.66 192.05 288.32
Redlich-Peterson

Kg (dm*/mg) 0.2839 0.2448 0.2190 0.1992
ar (dm*/mg)” 0.0064 0.0042 0.0027 0.0012
B 0.97 1.03 1.14 1.23
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Table 6.4 Isotherm parameters for the adsorption of 2-nitrophenol onto Fenton treated pine

ISOTHERM MODEL 299 K 309 K 319 K 329 K
Freundlich

Ke (mg/g)/(mg/dm®)" 3.56 2.86 2.34 1.83

N 2.21 2.14 2.07 1.98
Hills

max (MQ/Q) 66.80 57.39 50.16 44.28
NH 0.89 0.97 1.04 1.11
Ko (mg/dm®) 74.19 100.76 136.85 196.14
Redlich-Peterson

Kg (dm*/mg) 0.6880 0.5092 0.3867 0.2920
ar (dm*/mg)” 0.0173 0.0096 0.0048 0.0021
B 0.93 0.99 1.07 1.17
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Table 6.5 Isotherm parameters for the adsorption of 2-nitrophenol onto Fenton treated-HMDI pine

ISOTHERM MODEL 299 K 309 K 319 K 329 K
Freundlich

Ke (mg/g)/(mg/dm®)" 3.92 3.35 3.01 2.12

N 2.18 2.14 2.13 2.12
Hills

max (MQ/Q) 86.36 70.49 61.05 56.13
NH 0.80 0.89 0.94 1.09
Kp (mg/dm?) 61.07 79.73 92.68 143.14
Redlich-Peterson

Kg (dm*/mg) 0.9426 0.6823 0.5598 0.3848
ar (dm*/mg)” 0.0375 0.0181 0.0121 0.0052
B 0.83 0.91 0.96 1.04
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6.2.3 Adsorption thermodynamics

The thermodynamic parameters for 2-nitrophenol adsorption onto the pine cone

biomass are presented in Table 6.6 and were determined using the following

equations:
AG°=-RTInK (6.6)
AG® = AH° - TAS® (6.7)

Where, AG® is the Gibbs free energy (kJ/mol), R is the ideal gas constant
(kJ/K/mol), T is the temperature (K), K is the equilibrium constant (dm*/mol) and
is derived from Redlich-Peterson equation, AH® is the enthalpy change of reaction
(kJ/mol) and AS° is the entropy change (kJ/mol/K).

Table 6.6 Thermodynamic parameters for 2-nitrophenol adsorption onto Raw,

Raw-HMDI, Fenton treated and Fenton treated-HMDI pine cone

AG® (kJ/mol) AH° AS°
(kJ/mol) (kJ/mol/K)

Samples 299 K 309K 319K 329K

Raw pine -1.15 -0.80 -0.46 -0.06 -11.95 -0.036
Raw-HMDI -1.78 -145 -1.21 -0.98 -9.64 -0.026
Fenton treated -398 -334 -271 -2.03 -23.36 -0.065
Fenton-HMDI -456 -4.08 -3.69 -2.79 -21.68 -0.057

As shown in Table 6.6, all the thermodynamic parameters (AG, AH and AS) have
negative values for all the pine cone biosorbents under investigation. Magnitude of
the negative values of Gibbs free energy is in the order: Fenton treated-HMDI pine
> Fenton treated pine > Raw-HMDI pine > Raw pine. This indicates reinforced
adsorption due to the Fenton treatment and HMDI modification of pine cone
biomass. The negative values of the Gibbs free energy show that the adsorption of
2-nitrophenol onto the pine cone biosorbents was spontaneous and suggest that it
was due to physisorption (Argun et al., 2008). Values for Gibbs free energy

between 0 and -20 kJ/mol indicate physisorption, whilst those between -80 and -
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100 kJ/mol indicate chemisorption (Yu et al., 2004). The spontaneous nature of the
adsorption decreases with an increase in temperature. Negative values of enthalpy
change show that the adsorption is exothermic, which is in agreement with
experimental observations. The adsorption isotherm plots showing the uptake of 2-
nitrophenol with the various pine cone biosorbents in Figures 6.6-6.9, show that
adsorption capacity decreases with an increase in temperature. The exothermic
nature of the adsorption process further corroborates that it is due to physisorption
rather than chemisorption (Liu et al., 2010). The negative entropy values indicate a
decrease in degree of randomness at the solid/liquid interface due to the adsorption

process.

6.3 CONCLUSION

Experimental results for 2-nitrophenol adsorption onto pine cone biomass showed
better correlation with Redlich-Peterson and Hill models. This suggests that the
mechanism does not show complete multilayer coverage with cooperative
phenomena between adsorbate molecules. Thermodynamic parameters showed
that the adsorption is feasible, spontaneous, and exothermic and results in a
decrease in degree of disorder at the solid/liquid interface. An increase in
temperature resulted in a decrease in adsorption capacity. This suggests that the
adsorption is physical rather than chemical. The equilibrium results presented
herein show that adsorption of 2-nitrophenol onto pine cone biomass follows the
order: Fenton treated-HMDI > Fenton treated > Raw-HMDI > Raw. Hence, it can
be concluded that Fenton treatment and HMDI cross-linking modification did

increase the adsorptive capabilities of the pine cone biomass.
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7 CONCLUSION AND RECOMMENDATIONS
7.1 CONCLUSION

A number of researchers have investigated the ability of agricultural waste
materials to remove pollutants from aqueous solution in both their natural and
modified forms. The main achievement of this study was the synthesis of a novel
hydrophobic biomaterial composite from pine cone and HMDI which acted as an
efficient adsorbent for the removal of 2-nitrophenol from simulated industrial
wastewater and to compare the effect of Fenton treatment of pine cone on cross-
linking with HMDI.

Fenton treatment of pine cone effectively removed plant extractives, pigments and
resin acids among other soluble organic compounds. The treatment also resulted in
an increase in oxygenated functional groups on the pine surface thereby reducing
the pHy.c and increasing the BET surface area by creating small pores on the pine
surface. The Raw and Fenton treated pine was successfully cross-linked using
HMDI, a bi-functional cross-linker. The reaction took place in hexane solvent
under a N, gas atmosphere with dibutyltin dilaurate as catalyst. This modification
resulted in a less hydrophilic composite with increased affinity of the composite
for hydrophobic pollutants. The final composites produced from the Raw and
Fenton treated pine on optimization of reaction variables were characterized using
FTIR, TGA, XRD, SEM, EDX and BET. The optimum reaction conditions were
found to be: 0.2 g of pine, 3.5 cm® HMDI and 1.5 cm?® catalysts at 50 °C for 4
hours under inert conditions. The results obtained from analytical techniques and
WPG calculations confirmed that the pine cone biomass was successfully cross-
linked using HMDI.

Four samples which includes the Raw pine cone, HMDI modified raw pine cone,
Fenton’s reagent treated pine cone and the Fenton’s treated and HMDI modified
pine cone were then applied for the removal of 2-nitrophenol from aqueous
solution. The Fenton treated-HMDI pine biomass gave the highest adsorption
capacity amongst the pine and treated pine biomass which were also under

scrutiny. The pine and treated biomass adsorption capacity were in the following
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order: Fenton treated-HMDI > Fenton treated > Raw-HMDI > Raw. This showed
that pine biomass modification with Fenton’s reagent and HMDI did enhance its

affinity for the adsorbate.

Adsorption kinetic data were fitted to the pseudo-first-order and pseudo-second-
order kinetic models. The coefficient of determination and percent variable error
methods were used to determine which kinetic model gave a better fit to the
experimental data. The pine and modified pine biomass had r? values between
0.8906 and 0.9754, and % variable error between 1.74 and 17.43 when the
adsorption kinetic data was fitted to the pseudo-first-order model. When the same
data was fitted to the pseudo-second-order kinetic model, the r? values were
between 0.9709 and 0.9959, with % variable error between 0.48 and 4.88. This
shows that the experimental adsorption kinetic data of 2-nitrophenol onto pine and
modified pine cone biomass showed better correlation with the pseudo-second-
order kinetic model. This suggests that surface adsorption is the controlling step in
the adsorption of 2-nitrophenol onto pine and modified pine cone biomass.
Diffusion process analysis showed that the initial rapid stage during the adsorption
is due to external mass transfer processes of adsorbate from the bulk solution onto
the biosorbent surface. The results also show that modification of pine biomass
improved its adsorption capabilities towards 2-nitrophenol and also increased
magnitude of kinetic and diffusion parameters. The modified pine biosorbents had

the highest rate constants and diffusion coefficients.

Equilibrium adsorption studies were conducted and the data was fit to Freundlich,
Redlich-Peterson and Hill equilibrium isotherm models. The shape of the
isotherms obtained from adsorption of 2-nitrophenol onto the pine and modified
pine biomass are similar and fall under the S-type isotherm. The experimental data
was not fit to the Langmuir isotherm model (which is the most commonly used
isotherm model) because the shape of the adsorption isotherms for 2-nitrophenol
adsorption onto pine and modified pine biomass did not fall under the L-type
isotherm. The coefficient of determination and percent variable error were used for
error analysis. The r? values and % variable error for fitting of the adsorption

experimental data to the Freundlich isotherm model were between 0.9899-0.9941

160



and 1.5304-4.4057, respectively. For the Hill model, the r® values were between
0.9957 and 0.9985, while the % variable error values were between 0.5689 and
1.5551. The r® values for fitting of the data to the Redlich-Peterson isotherm
model were between 0.9956 and 0.9983, while the % variable errors had values
between 0.5513 and 1.6526. The experimental equilibrium adsorption data for 2-
nitrophenol adsorption onto pine and modified pine cone biomass showed a better
fitting with Redlich-Peterson and Hill equilibrium isotherm models, but a poor fit
with the Freundlich isotherm model. This suggests that the mechanism does not
follow complete multilayer coverage and that the adsorption shows cooperative
phenomena between adsorbate molecules. Thermodynamic parameters showed
that the adsorption is feasible, spontaneous, and exothermic. The negative entropy
results show a decrease in degree of disorder at the solid/liquid interface. The
decrease in adsorption capacity due to an increase in temperature suggests that the
adsorption is physical rather than chemical. The equilibrium results showed that
adsorption of 2-nitrophenol onto pine cone biomass follows the order: Fenton
treated-HMDI > Fenton treated > Raw-HMDI > Raw. This shows an increase in
affinity by the adsorbent for the adsorbate. Hence, it was concluded that Fenton
treatment and HMDI cross-linking modification did increase the adsorptive
capabilities of the pine cone biomass. The treatments also influenced the

equilibrium isotherm parameters.

7.2 RECOMMENDATIONS

The adsorption capacity of the hydrophobic biomaterial composite (Fenton
treated-HMDI pine) towards phenol and other phenolic derivatives (mono-, di-,
tri-, chloro- and nitro-substituted) needs to be explored as this will show: (1) the
effect of pollutant molecular size, (2) the effect of different and number of
substituent groups on the pollutant on the overall biosorption process and (3)
determine selectivity of the biosorbent towards the phenols in a multi-component

pollutant systems.
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