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In this research, the adsorptive capacities of kenaf in the forms of
chopped whole stalk, chopped core, and bast materials were evaluated
for the removal of lead, zinc, and toluene from contaminated synthetic
waste streams using traditional adsorption isotherm techniques. The
effect of surface oxidation using ozone was observed with respect to the
adsorption of metals. Hydraulic conductivity experiments were
conducted to evaluate the head loss associated with packing a column
with kenaf fibers and to determine the suitability of its use in dynamic
packed column systems. B.E.T. surface areas were determined as well.
Under increasingly stringent regulatory requirements, even low level
organic and inorganic contamination (under 100 ppm) in surface and
ground waters must be treated. This study is part of an ongoing multi-

year research effort aiming to develop a kenaf-based biosorptive process
to improve treatment of contaminated aqueous streams at reduced costs
and technical complexity.
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CHAPTER I
INTRODUCTION
Water, the universal solvent, is required to sustain biological and
botanical life. It is broadly used in virtually every aspect of human
existence and every single industrial process (McKay, 1995). Household
and commercial water usage produces effluents containing a variety of
organic, inorganic, metallic, hydrocarbon, and biological species (McKay,
1995), many of which require treatment. Even 20 years ago some 700
types of pollutants in the municipal water in the United States had been
identified (Weber & Smith, 1986). Water quality management requires
not only safe and palatable drinking waters, but also that spent waters
and wastewater effluents are made suitable for follow-on uses or are not
hazardous to receiving bodies of water (Fair, Geyer, & Okun, 1968).
Even though significant advances have been made, wastewater treatment
technology lags the pace of changes in the complexity of effluents
(McKay, 1995). As waterborne waste becomes an ever more potent
hazard to natural water systems, the European Union, the United
Kingdom, the United States, Japan, and other developed nations are
adopting ever more stringent wastewater treatment standards (McKay,
-1-

-21995). Therefore, industry faces increasing technical and economic
challenges in water treatment requirements (Acar & Zappi, 1995).
Adsorption is one of the most utilized waste water treatment
processes. Treatment methods used to remove heavy metal ions from
waste effluents include precipitation, ion exchange, evaporation, freeze
purification, reverse osmosis, electrolysis, cementation, flotation,
adsorption, and electro dialysis. These methods are often expensive and
cannot consistently accommodate the strict water quality standards now
being imposed by public authorities (Kumar & Dara, 1982). Natural
adsorbents may provide effective and economical water treatment
alternatives.
The gold standard in adsorptive capacity is activated carbon, due
to its immense surface area per gram. Most carbonaceous materials are
porous and have a natural internal surface area of around 10 m2/g. The
activation process expands the internal surface structure and yields
carbons with an internal surface area of approximately 1000 m2/g.
Granular activated carbon (GAC) is the most commonly used adsorbent
for removal of toxic organic compounds from wastewater streams and is
frequently used for removal of inorganic pollutants, as well. Carbon
activation consists of two phases. The first is the carbonization phase,
which involves heating the carbon source to a temperature of 600oC in
the absence of air. The second phase activates the carbonized char by

-3steam at 1000oC or by chemical treatments with acid or acid salts. The
surface area is increased and porosity is developed by the activation
process (McKay, 1995).
Although broadly and effectively used across the full spectrum of
adsorption system applications, GAC usage does have drawbacks, which
include:
a. The cost of activated carbon is approximately $0.50-$3.00 per
pound.
b. Activated carbon is loaded into and out of containment vessels
using water-carbon slurries, increasing system complexity and
cost (Smith, Pettit, & Schofield, 1996).
c. Activated carbon is easily crushed into useless fines under high
impact and overburden stresses (Zappi, Graves, Aycock,
Subramani, & Tavai, 2000).
d. The spent activated carbon must be removed and transported for
regeneration or disposal, increasing operating costs (Smith et al.,
1996).
e. Activated carbon may require disinfection given the propensity
for microbiology to inhabit granular activated carbon, potentially
providing a haven for pathogens (Smith et al., 1996).
There has been over the last few decades a great deal of interest in
alternative or unconventional adsorbent materials. Many agricultural

-4by-products have little or no economic value and are readily available
(Smith et al., 1996). Forestry and food processing industries also yield
valueless biomass by-products, which must be disposed of if no
beneficial uses may be found. Wastewater treatment systems based on
locally available, inexpensive natural adsorbent materials can potentially
yield significant economic dividends compared to more complex and
costly systems based on materials requiring long distance transportation
(Kumar & Dara, 1981). Using natural adsorbents for the removal of
heavy metals from waste water stream could be most promising if
economical disposal and/or regeneration methods can be found (Roy,
Greenlaw, & Shane, 1993). The same is true in the application of
natural adsorbents for the removal of toxic organic compounds from
waste waters. Earlier studies have shown that organic compounds, such
as 2-4 DCP and TNT, adsorbed onto kenaf fiber may be fully biodegraded
by composting (Subramani, 2002). In the case of heavy metals
adsorption onto natural media, the spent adsorbent material may be
regenerated via desorption of the metals by adjusting the pH (Roy,
Greenlaw, & Shane, 1993).
Since natural adsorbents are a renewable resource cheaply
cultivated in the Southeastern United States, biomass adsorbent-based
biosorptive processes are expected to be more economical than activated
carbon (Zappi et al., 2000; Brown, Gill, & Allen, 2000). Adsorbent kenaf

-5fibers are easily prepared by established processing techniques that
economically wash, crush, and segregate its fractions, are conveniently
stored, and are extremely stable under high impact and overburden
stresses (Zappi et al., 2000). The candidate adsorbents evaluated in this
study were kenaf core, kenaf bast, and kenaf whole chopped stalk.

CHAPTER II
RESEARCH HYPOTHESIS AND GOALS
In this research the employment of kenaf, a natural adsorbent, is
proposed in place of granular activated carbon for the adsorption of
inorganic and organic species in aqueous solution. In the case of some
toxic organic compounds, it has been established that composting the
spent adsorbent kenaf will not only degrade the adsorbent medium, but
also the adsorbates (Zappi et al.., 2000; Subramani, 2002). In the case
of adsorbed inorganic species, the compost pile could be used to reduce
adsorbent volume prior to land filling or a recovery/regeneration step
may be developed. Sorbed metal ions may be stripped from the
adsorbent substrate using dilute nitric acid. Once in solution again, the
pH may be changed to precipitate from solution the metals that were
concentrated on the adsorbent material (Kumar & Dara, 1981).
The specific purpose of this research was to evaluate the
adsorptive capacity of candidate adsorbents, kenaf core, kenaf bast, and
kenaf stalk, with respect to the removal of lead, zinc, and toluene in
aqueous solution, as well as to evaluate the hydraulic conductivity of

-6-

-7each type kenaf fiber. This research is part of extensive ongoing research
at Mississippi State University developing kenaf for commercial uses.
Advantages of using kenaf as an adsorbent for treating
contaminated wastewaters include:
1. The natural adsorbent-based biosorptive process is expected to be
considerably less expensive than activated carbon in that
adsorbent kenaf fiber is a renewable resource that is economically
cultured in the southeastern part of the United States (Zappi et al.,
2000; Brown et al.., 2000). the average cost was based on price
quotes for the three kenaf types given by Brent Brasher for Kengro
Corporation of Charleston, MS by phone.
2. Kenaf is easily prepared for use as an adsorbent, using processing
techniques that economically wash, crush, and segregate the
various fractions (Zappi et al., 2000).
3. Kenaf is easily stored and is extremely stable under high impact
and overburden stresses (Zappi et al., 2000)
The specific objectives of the studies were to:
1. Evaluate the loading capacities of candidate natural adsorbents for
removal of test adsorbates, lead, zinc, and toluene from aqueous
solutions.
2. Observe the impact of washing or adsorbent surface modification
techniques such as oxidation using ozone.

-83. Develop adsorption isotherms and determine the empirical
adsorption isotherm constants.
4. Determine hydraulic conductivity of each candidate natural
adsorbent.
5. Correlate adsorption data with kenaf surface area or surface
functional groups.

CHAPTER III
CANDIDATE ADSORBENTS AND ADSORBATES
Kenaf Fibers
Kenaf (Hibiscus cannabinus L.) is a member of the Malvaceae
family. This family includes cotton and okra (Sellers & Reichert, 1999).
Kenaf, cotton, and okra are successfully cultivated in the southeastern
states. King Cotton has made way in Mississippi for its cousin kenaf,
which is grown in the state as an alternative fiber crop. Kenaf is widely
thought to have originated in Africa and to have been domesticated in
western Sudan as early as 4000 B.C., primarily used for sacking, rope,
and cordage (Sellers & Reichert, 1999). There are many common names
for the kenaf plant, including ambari, deccan hemp, mesta, and rama.
Kenaf is an herbaceous annual plant that can grow to 12 feet or more in
a growing season, producing 6-10 air-dry tons per acre (Sellers &
Reichert, 1999). The kenaf plant has a single, straight stem which
consists of an outer fibrous bark (bast) and an inner woody core. Dry
kenaf bast has a fiber length of 2.52 mm, while the woody core has a
fiber length of 0.51 mm. Bast fiber makes up 30% to 40% of whole kenaf
stalk’s dry weight, with core fiber comprising the balance of the dry
-9-
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Kenaf bast is composed of 44-57% cellulose, 15-19% lignin, and 2223% pentosan, while the composition of kenaf core is 37-49% cellulose,
15-21% lignin, and 18-24% pentosan. Found with cellulose in many
woody plants, pentosan is any of a group of polysaccharides that produce
pentoses on hydrolysis. Major sugars present are D-glucose and Dxylose. (Han, 1998) Major elements in the chemical composition of kenaf
are nitrogen, phosphorus, potassium, sodium, calcium, magnesium, and
sulphur. Minor elements in kenaf manganese, copper, zinc, and boron.
(K.E.F.I., S.p.A, 2006)
Today, kenaf can be grown in high yields for delivery on a year round
basis. It is efficiently separated into high purity fractions of bast and
core, which are processed into a multitude of environmentally friendly
products and applications, ranging from tea bags and quality writing
papers to oil spill sorption systems (Sellers & Reichert, 1999).
Inorganic Adsorbates
Lead is a bluish-white metal that is very soft, malleable, and ductile.
It is a poor conductor of electricity, a very effective sound and vibration
absorber, and is used as a radiation shield around X-ray equipment and
nuclear reactors. Since lead is a cumulative poison, environmental
concerns have led to the elimination or curtailment of its use in gasoline,
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source of lead in these adsorption experiments was lead nitrate,
Pb(NO3)2, from which synthetic lead contaminated waste waters were
created. Lead nitrate has an atomic weight of 331.21 and its solubility in
water ranges from 37.65 grams per 100 cm3 at 0o C to 127 grams per 100
cm3 at 100o C (Lide, 1993). Lead’s ionic radius is 1.19 Å. The
electronegativity, a measure of the ability of an atom in a molecule to
draw bonding electrons to itself, of lead is 2.33. This is in part
determined by the number of electron vacancies available in the
element’s filling orbital. The electron configuration for lead is 1s2 2s2p6
3s2p6d10 4s2p6d10f14 5s2p6d10 6s2p2. The filling orbital is 6p2, which is the
orbital of an element that is only partially filled with electrons when an
atom is electrically at a neutral state. Heat of fusion is 4.799 kJ/mol
and the heat of vaporization is 177.7 kJ/mol. Lead poisoning affects the
nervous system and can cause mental retardation or other nervous
disorders (Barbalace, K., 1995-2006). Lead was chosen as a test
adsorbate because of its toxicity and because it is the most prevalent
heavy metal contaminant in water. Therefore the removal of lead
contamination in aqueous streams is of great importance.
Zinc is a bluish-white lustrous metal, brittle at normal
temperatures and malleable at 100o C to 150o C. It is a fair conductor of
electricity and burns in air at high red heat. Zinc is used to form
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widely used to galvanize other metals to prevent corrosion. Zinc is an
important and essential element in human and animal growth and is not
considered toxic at low dietary levels. Zinc has an atomic weight of
65.38. The source of zinc in these adsorption experiments was zinc
nitrate hexahydrate, Zn(NO3)2•6H2O, from which synthetic zinc
contaminated waste waters were created. Zinc nitrate hexahydrate has a
molecular weight of 297.48 and its solubility in water ranges from 184.3
grams per 100 cm3 at 20o C to infinitely soluble in hot water (Lide, 1993).
Zinc’s ionic radius is 0.74 Å. The electronegativity of zinc is 1.65. The
electron configuration for zinc is 1s2 2s2p6 3s2p6d10 4s2. The filling
orbital is 6d10. Zinc’s heat of fusion is 7.322 kJ/mol and the heat of
vaporization is 115.3 kJ/mol. Zinc is so broadly used in commercial
applications and consumer products that excessive ingestion, inhalation,
or contact with skin and eyes can lead to health problems with the eyes,
gingival tissue, blood, gastrointestinal tract, central nervous system, and
kidneys (Barbalace, 1995-2006). Because of its broad spectrum of
usage, zinc contamination levels are rising and requiring greater
attention in water treatment. Zinc, as an increasing contaminant hazard
to the water supply, was chose as a test adsorbate in this study.
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Diesel fuel has become a matter of concern with respect to
hydrocarbon contamination of soils and groundwater. Hydrocarbon
contamination of soils and groundwater due to underground storage
tanks (USTs) and leaking underground fuel tanks (LUFTs) have been of
particular interest since the late 1980s, when in 1988 the U.S. Resource
Conservation and Recovery Act was amended to regulate the
construction, installation, use, and documentation of USTs. As of 1995
there were 1.8 million such tanks nationwide, 450,000 of which were
leaking. The best representation of diesel is the n-alkanes in the range of
C10-C23 (Luo, Hsia, Xie, & Zhange, 1995). Brief contact with diesel fuel
can cause red, sore, itchy and peeling skin. The inhalation of diesel fuel
vapors can damage the kidneys, raise blood pressure and impair the
ability of blood to clot. Due to subsequent flooding, fuel spills that
occurred during hurricanes Katrina and Rita spread diesel fuel
contamination around many parts of New Orleans. Diesel contamination
of the water supply and especially in sediments deposited by receding
flood waters remain high in the New Orleans area posing potentially
serious health problems for returning residents (Solomon & RotkinEllman, 2006). Approximately 25% of diesel range organics are aromatic
hydrocarbons. Toluene is among the most soluble components of diesel
fuel and was chosen as a proxy for petroleum hydrocarbons in isotherm

- 14 experiments in this study, since petroleum hydrocarbons are the most
common pollutants in the world.

CHAPTER IV
ADSORPTION THEORY
The simplest definition of adsorption is the attraction of molecules
to a surface. Physical adsorption takes places when weak intermolecular
forces provide the attraction, whereas chemisorption utilizes chemical
bonding forces to bind a species to a surface (Ebbing, 1996). A soluble
chemical species, the adsorbate, is removed from a fluid by contacting a
solid surface, the adsorbent. The forces of interaction between adsorbent
surface atoms and adsorbate molecules are comparable to Van der Waals
forces between adjacent molecules (LaGrega, Buckingham, & Evans,
1994). Both attractive forces and repulsive forces act between molecules.
The net force of attraction and repulsion depends on the distance
between the surface of the adsorbent and the adsorbate molecule
(Cooney, 1999). The combined attractive and repulsive effects may be
modeled by the Lennard-Jones “6-12” Potential Function (Atkins, 2001),
as follows,
Φ=4∈[(σ/r)12 - (σ/r)6]

(4.1)

where,
Φ

=

potential function
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- 16 σ = collision diameter, the distance of separation for which the force
of interaction is zero
∈

=

depth of the potential well

r

=

distance of separation.

Chemisorption, or chemical adsorption, is not generally relevant to
liquid-solid adsorption at normal temperatures. It is more important in
gas-phase catalysis (Cooney, 1999). Chemical adsorption takes place at
high temperatures, has significant activation energy, involves strong
bonds, and is typically irreversible.
Physical adsorption involves weak forces, takes place at low
temperatures, and is reversible. Physical adsorption is exothermic
(Conney, 1999). Physical adsorption is primarily affected by the surface
area of the adsorbent, adsorbent pore structure, adsorbent surface
chemistry, nature of the adsorbate, pH of the solution, and the presence
of competing adsorbates. These major factors make physical adsorption
a complex phenomenon (LaGrega et al., 1994; Cooney, 1999).
The surface area of the adsorbent, like the surface area of a
catalyst, is comprised of an external surface area and the internal
surface area of the pore walls (Folger, 1999). The external surface of the
adsorbent contributes to the external superficial surface area, while the
pores of the adsorbent contribute mostly to the internal surface area.
Because surface area so strongly affects adsorption capacity, the greater
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physical adsorption (Cooney, 1999). Adsorbent surfaces are typically
made up of various surface functional groups. Adsorption of organic
adsorbates is particularly dependent on the quantity and nature of
surface oxide groups. Carbon/oxygen surface functional groups may
occur naturally or may be created by oxidation that occurs if an
adsorbent undergoes an activation process. In the case of activated
carbon, the activation process involves heating in the absence of air
followed by steam or chemical treatment to increase surface area and
develop porosity.
Adsorbent surface groups and structures may be modified by
surface modification techniques, such as oxidation, reduction, and
sonication. These techniques may create or alter surface functional
groups (carbon/oxygen groups), create positive or negative charge
distributions, and/or clear surface debris and unblock pores or
adsorption sites. The pH of a solution is a major adsorption-determining
factor, with acidic species generally adsorbing better at low pH, and basic
species better at higher pH.
Competition for available adsorption sites on the adsorbent
increases when myriad adsorbates are present in solution. In general,
competing adsorbates will reduce the adsorption capacity of all
adsorbates onto the adsorbent (Cooney, 1999). Adsorption takes place
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adsorbate and adsorption sites on the adsorbent are filled. When all
adsorption sites are filled, equilibrium occurs. At equilibrium the rate of
adsorption equals the rate of desorption (Cooney, 1999).
The relationship between the amount of adsorbate adsorbed onto
the adsorbent surface and the equilibrium concentration of the adsorbate
in the solvent at a constant temperature may be estimated by adsorption
isotherm models. The most broadly used isotherm model in wastewater
treatment is the Freundlich Isotherm Model (Freundlich, 1907). The
equation works best at low adsorbate concentrations. Data for the
adsorption of adsorbates within a liquid phase are best fitted using the
Freundlich model (Cooney, 1999). The Two-Parameter Freundlich model
relates the sorbed phase concentration to an equilibrium concentration
of the adsorbate at a constant temperature according to the equation:
X = KCf 1/n
M
where,
X

=

Mass of solute (adsorbate) adsorbed (mg)

M

=

Mass of adsorbent (g)

Cf

=

Final aqueous phase concentration (mg/L)

K, n =

Empirical constants

(4.2)
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phase equilibrium concentration of 1 mg/L, that is, Cf = 1, when the
equation becomes “X/M = K.” Therefore, K (adsorptive capacity) has the
units of L/g. 1/n is unitless and represents adsorption intensity.
The Freundlich model indicates that the energy distribution of the
adsorption sites is exponential in nature (Cooney, 1999). The rates of
adsorption and desorption vary with the adsorption energy of the sites.
There is also the possibility for more than one monomolecular layer of
adsorptive coverage as Cf gets larger, although the Freundlich model
does not require that the surface coverage must approach a constant
value corresponding to one complete monolayer. The equation fails to fit
experimental data at high concentrations (Cooney, 1999).
While the Freundlich model is a better model for the adsorption of
adsorbates in liquid solutions, the Langmuir model is generally a better
model for the adsorption of gases onto solids (Cooney, 1999). The
Langmuir Isotherm Model is a two-parameter model of the form,
X= b qm Cf
M 1 + b Cf
where,
X

=

Mass of solute adsorbed (mg)

M

=

Mass of adsorbent (g)

Cf

=

Final aqueous phase concentration (mg/L).

(4.3)
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maximum value that X/M can achieve as Cf becomes larger. It is the
actual physical concentration of the adsorbate on the surface when one
complete monomolecular layer of coverage is attained. The parameter b
(L/mg) is the Langmuir isotherm constant corresponding to adsorptive
capacity (Langmuir, 1918).
A three-parameter isotherm model, the Langmuir-Freundlich
Isotherm Model, is given by:
X = b qm Cf1/n
M 1 + b Cf1/n

(4.4)

where,
X

=

Mass of solute absorbed (mg)

M

=

Mass of adsorbent (g)

Cf

=

Final aqueous phase concentration (mg/L).

The three constants are qm (mg/g), b (L/mg), and n, as defined
above. The Langmuir-Freundlich model has been mainly used for
granular activated carbon adsorption of aqueous benzene and toluene
(Hindarso, Ismadji, Wicaksana, Mudjijati, & Indraswati, 2001).
There are many isotherm models available for use. The most
widely used are the Freundlich and Langmuir models, with the
Freundlich model most widely used to model the adsorption of
contaminants from waste water streams.

CHAPTER V
LITERATURE REVIEW
Use of Natural Adsorbents
The use of natural adsorbents such as agricultural by-products or
waste products, biomass, minerals, and earths is not a new concept.
Certainly the self-healing, self-cleansing biosphere in which we live
demonstrates the efficacy of naturally occurring processes of adsorption,
filtration, purification, biodegradation, and recycling. Due to the costly
nature of highly processed adsorbents in commercial and municipal use,
a great deal of research work has been done over the past several
decades to find inexpensive, more easily disposed or regenerated biobased materials to replace such proven effective materials as activated
carbons, engineered zeolites, and ion-exchange resins. Natural materials
such as bagasse, flour waste, paddy husk and straw, onion skin, garlic
skin (Kumar & Dara, 1981; Kumar & Dara, 1982); green algae and rice
hulls (Roy, Greenlaw, & Shane, 1993), chicken feathers (Al-Ahsen,
Banat, & Al-Rousan, 2003), cypress, hardwood, and pine bark mulches
(Jang, Seo, & Bishop, 2004); activated phosphate (Mouflih, Akil, & Sebti,
2005); banana and orange peels (Annaduri, Juan, & Lee, 2003; Sivaraj,
- 21 -
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2001), wheat bran (Farajzadeh & Monjii, 2004), peat (Brown, Gill, &
Allen, 2000), peanut hulls (Johnson, Watson, Brown, & Jefcoat, 2002);
lysine fermentation wastes (Choi & Yun, 2004), pine bark (Brás, Lemos,
Alves, & Pereira, 2004; Vásquez, Antorrena, Gonzalez, & Doval, 1994;
Randall, 1977); chitosan (Ahamd, Sumathi, & Hammeed, 2005); and
many others have been evaluated for use as adsorbents.
Agricultural By-Products
Researchers in India have investigated the use of inexpensive
agricultural by-products such as bagasse, flour waste, paddy husk,
paddy straw, onion skin and garlic skin for binding metal ions such as
Cu2+, Pb2+, Cd2+, and Zn2+. The agricultural by-products were collected
from readily available local sources, dried and powdered. Equilibrium
and columnar adsorption experiments were conducted to evaluate the
capacity of these natural adsorbents. The powdered bagasse was
pretreated with an 8% NaOH solution. The powdered onion skin was
treated with formaldehyde and sulfuric acid (NH2SO4) to eliminate color
leaching into solution and improve physical characteristics. Onion skin
showed great efficiency in scavenging heavy metal ions from wastewater,
while the other agricultural by-products appeared to have an appreciable
capacity, as well, for binding heavy metal ions from solution. Onion skin
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and 98.8% of cadmium ion from an initial 80ppm solution. Onion skin
adsorption capacities determined from column experiments were 1.35
mg/g, 1.55 mg/g and 1.22 mg/g for lead, cadmium, and zinc removal,
respectively. An observed decrease in pH during the sorption of metal
ions indicates that the possible mechanism of adsorption is
predominantly ion exchange. The sorbed metal ions can be easily
stripped from the substrate with dilute nitric acid and washing with
water, after which the adsorbent substrate may be reused (Kumar &
Dara, 1981).
Green Algae and Ground Rice Hulls
The adsorption of heavy metals by green algae and ground rice
hulls has been studied at Louisiana State University, demonstrating the
applicability of inexpensive, readily abundant alternate adsorbents to
bind and recover toxic heavy metals from aqueous solutions. The two
adsorbing biomass media, algae and rice hulls, were considered because
their cellular structure is similar in terms of functional group availability
and both are available and abundant worldwide. Characterization of the
cellular structure and identification of available functional groups were
not given. The study demonstrated that dried Chlorella minutissima cells
and ground rice hulls are excellent heavy metal adsorbers. Metal
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Sr, Cd, Pb, Zn, Co, Cr, As and removal of Ni approached 80%.
Adsorption of heavy metals by algae appeared to be noncompetitive.
Adsorption capacity for the ground rice hulls was comparable to that for
the algal biomass. Adsorption equilibrium occurred rapidly, within
minutes. In contrast to many previous investigations which have
focused on divalent cation adsorption, heavy metals such as As and Cr in
anionic forms were also evaluated in this study. Algal biomass adsorbed
almost 98% of chromium and arsenic, while similar experiments with
rice hull biomass resulted in nearly 99% adsorption of Cr and As (Roy,
Greenlaw, & Shane, 1993).
Chicken Feathers
Chicken feathers make a good candidate as a low cost adsorbent.
Feathers comprise four to six percent of the weight of mature chickens.
Chicken feathers are generated in vast quantities as a waste by-product
at commercial poultry processing facilities. The candidate adsorbent
chicken feathers were evaluated in three forms: inactivated, chemically
activated by treatment with alkaline solutions of NaOH and Na2S, and
chemically activated by treatment with the anionic surfactant dodecyl
sulfate. Batch sorption experiments were conducted in copper solutions
in the range of 10-50 ppm and zinc solutions in the range of 20-100
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sulfate heptahydrate (ZnSO4•7H2O), respectively. Results showed that
most of the metal removal occurred during the first 20 minutes of the
sorption process, with minor changes in uptake thereafter, indicating
that most of the adsorption occurs on the surface. The order of sorption
capacity toward both metal ions was: alkaline-treated chicken feather >
anionic surfactant treated chicken feathers > untreated chicken feathers
(Al-Ahseh, Banat, & Al-Rousan, 2003).
Mulches
The ability of mulches to remove heavy metal ions typically found
in urban runoff waters has also been assessed. Urban storm water
runoff is the second most common source of water pollution for lakes
and estuaries and the third most common source for rivers in the United
States (USEPA, 1995). Raw mulches of various particle sizes were
prepared by multiple washings with deionized water to remove leachable
materials and fines and then dried in an oven. Natural material mulches
of cypress bark, hardwood bark, and pine bark nugget, common byproducts of the paper and lumber industries in the United Sates, were
tested for their potential as effective sorbents for the removal of dissolved
metals from urban runoff. Sorption equilibrium was relatively fast, since
approximately 90% of the adsorption occurred within 30 minutes. For
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ions were removed within the first 10 minutes of contact. It was
concluded that mulches, especially the hardwood bark mulch, are
effective for removing heavy metals such as copper, lead, and zinc, both
in single and mixed metal ion solutions. In both instances the order of
preference of the hardwood bark mulch was Pb(II) > Cu(II) > Zn(II), in
order of decreasing ionic radius. The equilibrium adsorption data
followed the Langmuir isotherm model.

Adsorption capacities ranged

from approximately 23 to 37 mg/g for lead(II) and 0.84 to 2.41 mg/g for
zinc(II) in experiments using mixed metal ion solutions. Because
mulches are abundant, readily available, and inexpensive, their use as a
simple, economical, and effective method of urban runoff treatment
should gain acceptance. Mulch generally costs approximately 2.4 cents
per kilogram (about 1.1 cents per lb.), considerably less expensive than
activated carbons and ion-exchange resins which range in cost from
$2.00-$4.00 per kilogram (about 91 cents to $1.82 per lb.) (Jang, Seo, &
Bishop, 2004).
Activated Phosphate
Morocco possesses three quarters of the world reserves of
phosphate resources. Phosphate rock from extracted ore in the region
has been investigated for its potential to remove lead from aqueous
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and activated phosphate. Both were water washed, particle sized, and
dried in an oven at 105oC. In the case of the latter, activation was
achieved by adding phosphate to a 1M nitric acid solution and stirring
for two hours before filtering, washing with water, and drying. In the
experiments, adsorption equilibrium was reach in 1 hour for the natural
phosphate and in three hours for the activated phosphate, with
maximum removal of lead occurring between pH 2 and 3 for natural
phosphate and between pH 3 and 4 for activated phosphate. The
maximum adsorption capacity at 25oC was 155.04 mg/g for activated
phosphate versus 115.34 mg/g using natural phosphate. The
adsorption of lead on phosphate is endothermic and therefore more
effective at higher temperatures. Results indicate that activated
phosphate is a good adsorbent for heavy metals from aqueous solution
and has potential to be employed as a purifier for water or wastewater
streams (Mouflih, Aklil, & Sebti, 2005).
Banana and Orange Peels
Banana and orange peels also have great potential to adsorb harmful
contaminants from wastewater streams. The residues of banana and
orange peels can be converted to adsorbents due to their large surface
areas, high swelling capacities, excellent mechanical strengths, and
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pieces, dried, crushed, and washed with double distilled water, following
by oven drying at 100o C. Batch studies were performed to develop
adsorption isotherm to evaluate adsorption capacity of copper, cobalt,
nickel, zinc, and lead ions in solution. The synthetic solutions were
created from the sulfate form of all but lead, where the nitrate form was
used. Metal adsorption by orange and banana peels typically increases
with pH, with maximum adsorption occurring at pH 6-8. The adsorption
capacity for both peels decreases in the order Pb2+ > Ni2+ > Zn2+ > Cu2+ >
Co2+. At the equilibrium pH of 5.4-5.8 for banana peels, the amount
adsorbed corresponding to complete coverage ranged from 2.55 mg/g
(Co2+) to 7.97 mg/g (Pb2+). At the equilibrium pH of 4.8-5.0 for orange
peels, also corresponding to the Langmuir adsorption model, the amount
adsorbed ranged from 1.82 mg/g (Co2+) to 7.75 mg/g (Pb2+). These
adsorption capacities compare favorably with an estimated adsorption
capacity of activated carbon of 5 mg/g and of commercial ion exchange
resins of 75 mg/g with respect to metal species in general. Banana and
orange peels, among the more inexpensive natural waste by-products,
appear to be useful in the removal of trace metals from aqueous
solutions (Annadurai, Juan, & Lee, 2003).
Orange peel has also been demonstrated to be effective as an
adsorbent for the removal of Acid Violet 17, an acid dye, from waste
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material from fruit stalls, have established the use of waste orange peel
as an adsorbent for the removal of such acid dyes as Acid violet 17 and
others which are widely used in textile processing industries across India
(Sivaraj, Namasivayam, & Kadirvelu, 2000).
Corncobs
Corncobs have been modified and tested for their ability to remove
metal ions from aqueous solution. The corncobs were ground and
modified with either citric acid or phosphoric acid to improve their
natural adsorption capacity. Five metal ions (cadmium, copper, lead,
nickel, and zinc) were tested individually and in mixed solutions using
combinations of washed and modification treated corncobs. The order of
adsorption was base washed corncob > water washed corncob >
unwashed corncob, regardless of subsequent modification treatments.
The washings were done to remove water-soluble surface debris. In the
case of base washings, base soluble material on the corncob surface is
removed and is at least partially successful at exposing surface groups
that can react with the metals ions. The metal ion adsorption capacity of
the modified corncobs in this study was found to be competitive with
several commercial cation exchange resins and may be less expensive to
produce and market (Vaughan, Seo, & Marshall, 2001).
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Wheat bran, the shell of the wheat seed, is well known to be a
nutritionally beneficial food. It is rich in complex carbohydrates, fiber,
iron, B vitamins, chromium, and many other nutrients vital in a healthy
diet. Wheat bran has more recently been investigated for its anti-cancer
properties, particularly in preventing colon cancer (Farajzadeh & Monjii,
2004). The late John R. Potter, M.D., of New Orleans was already
proclaiming the amazing adsorptive properties of wheat bran for
removing toxins from the colon and preventing colon cancer more than
25 years ago, when the idea of natural cures and palliatives were not well
accepted in the medical community. Metals are today an important
emerging class of human carcinogens. In one study in Iran, wheat bran
was employed for the elimination of the heavy metals Cu(II), Ni(II), Cd(II),
Pb(II), Fe(III), Hg(II), and Cr(III) from water and wastewater samples.
Wheat bran was found to be an excellent adsorbent for the evaluated
cations and to have some preference over synthetic ion exchangers. The
adsorption rates for all cations were very fast and equilibriums were
established in about 10 minutes. A pH of 5 was selected to avoid
precipitation of cations. At low concentrations, all cations were
completely adsorbed by the bran. At high concentrations around 2000
mg/L cation adsorption capacity is severely decreased due to saturation
of the wheat bran. Exchange speeds were rapid. 45-98% of the cations
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immediate adsorption by a commercial ion exchanger. Bran selectivity
towards the studied ions was excellent and common alkali ions do not
appear to interfere in the adsorption process. The use of wheat bran to
remove contaminant cations at low concentrations from industrial waste
effluents provides yet another cheap and practical treatment process for
polluted water streams (Farajzadeh & Monjii, 2004).
Peat
Extensive research has been conducted using peat to remove
metals from wastewater. Metals removal was found to be most efficient
at low contaminant concentrations. While natural peat has poor
mechanical strength, a high affinity for water, low chemical stability, and
a tendency to shrink or swell, current technology allows for the
production of a more robust peat-based media by means of thermal and
chemical pretreatment, pelleting, and the development of immobilized
biomass beads. The mechanism of metal ion binding to peat may
include ion-exchange, surface adsorption, chemisorption, and
complexation or combinations thereof, due to the heterogeneity of peat
from different source locations and varying degrees of decomposition
(Brown, Gill, & Allen, 2000).
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The evaluation of peanut hulls has been conducted cooperatively
by University of Alabama and Mississippi State University as a single use
sorbent for the capture of cupric ions from wastewater. Peanut hulls are
a cheap and ready available agricultural by-product in much of the
South, making them an excellent candidate adsorbent product for
incorporation into wastewater treatment systems. The peanut hull was
tested for adsorption capacity in an unmodified and a pelletized form.
The minimum equilibrium time was approximately 40 minutes in this
study and optimum copper(II) sorption occurred between pH 6.5 and 7.5
(Johnson et al., 2002).
Biological Sludge
Also included among the growing list of recognized biosorbents are
fermentation by-products along with their biological sludge. Such
biosorbents are among the cheapest and most abundant ones. The huge
amount of biological solid waste generated by lysine fermentation
industries is comprised mainly of the biomass of Corynebacterium
glutamicum. This waste has typically been dumped at sea.
Corynebacterium glutamicum has been evaluated as a biologically based
adsorbent for treating lead contaminated wastewater streams. Lead
stock solutions were made using lead nitrate, Pb(NO3)2 and isotherm
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contacted to acid-washed and water-washed biomass. Protonated
biomass showed a higher uptake of Pb2+ than the raw. The protons
attached to the surface of the biomass were exchanged for Pb2+ ions.
While this indicates an ion-exchange mechanism occurring, the leadproton exchange ratio is not constant, so other mechanisms may be
taking place as well. A contact time of two hours was adequate to
establish equilibrium (Choi & Yun, 2004).
Kudzu
Even the despised, prolific kudzu may be used as a low-cost
adsorbent. Kudzu (pueraria lobata ohwi) has been investigated for its
potential to capture metals and found to be an effective medium for
adsorption of heavy metals in dilute aqueous waste streams. The
harvested, dried kudzu sorbent was contacted and shaken for 24 hours
in single-component stock solutions of Cu2+, Cd2+, and Zn2+. Following
equilibrium, samples were filtered, preserved with nitric acid, and
refrigerated until samples could be analyzed. The concentration of each
metal on the adsorbent was calculated by simple mass balance and
adsorption isotherms were generated. The capture of cadmium and
copper were best represented by the Langmuir theory, while adsorption
of zinc was well-fitted to Freundlich model. Kudzu has a zinc adsorption
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is an effective adsorbent medium for the removal of heavy metal ions
from water. It is not as effective as commercial grade ion-exchange
resins, but should be considered as an economical alternative treatment
for urban and agricultural runoff (Brown, 2000).
Pine Bark
Pine bark, a by-product of the timber industry, is often used as a
solid fuel. Its utility as an adsorbent of Pb2+, Cu2+, and Zn2+ in aqueous
solution at low concentration has been investigated. The waste pine bark
is air dried and ground in a crusher mill to produce an adsorbent media.
Tannins make up about 35% of its dry weight and behave as acidic ionexchangers. A decrease of the pH of the metal-ion solution lowers the
adsorption capacity of the bark. Initial pH ranged from that of each
metal-ion solution to just below the pH where it precipitates. Peak Pb2+
adsorption was between 6.2 and 6.8. Zn2+ adsorption appeared to be
independent of pH, with a slight peak around pH 6.5. The proper
working range pH for all three ions tested is between pH 6.5 and 7.0, as
seen for other substrates. Pine bark was shown to be an effective
adsorbent for these metal ions in spite of its acidity. Adsorption of 8595% for Pb2+ and 51-57% for Zn2+ are similar to the adsorption of these
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1977).
Pine bark has also been applied as a sorbent for the organic
pollutant pentachlorophenol (PCP) in effluents. The physical and
chemical properties of pine bark were assessed for adsorptive capacity of
PCP. Isotherm studies were performed requiring an equilibrium contact
time of 24 hours. In the study, an average 98% of PCP was removed.
The PCP is strongly bonded to the pine bark surface and its sorption can
be described by a linear isotherm, indicating sorption irreversibility (Brás
et al., 2004).
Chitosan
Malaysian researchers have considered the use of the natural
adsorbent chitosan as an alternative to commercial activated carbon and
bentonite for the removal of residual oil and suspended solids from palm
oil mill effluent. Chitosan, a natural, modified carbohydrate biopolymer,
is a partially deacetylated derivate obtained by alkaline treatment of
chitin. Chitosan has excellent properties, such biodegradability,
biocompatibility, adsorption properties, ability to flocculate, and its
possibilities of regeneration and reuse in many applications. Palm oil
mill effluent is a colloidal suspension containing 95-96% water, 0.6-0.7%
oil and grease, and 4-5% total solids. This thick brownish liquid is acidic
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ability of chitosan declines and at pH 2.0 chitosan is unstable. At pH
6.0-7.0 chitosan, bentonite, and activated carbon remove residual oil
very poorly, because at this pH level chitosan loses its cationic nature
and activated carbon and bentonite become very unstable. Applying
chitosan in a coagulation treatment system caused a greater than 99%
reduction of residual oil in the supernatant and suspended solids of
palm oil mill effluent (Ahmad, Sumathi, & Hameed, 2005).
Natural Adsorbent Kenaf
The adsorbent medium of interest in this research is kenaf fiber.
Therefore, some information on its background and versatility is
appropriate here. From the stem, kenaf, or Hibiscus cannabinus L.,
yields a soft fiber similar to jute. It is believed that kenaf originated in
Africa. In Africa, kenaf has been grown, its fibers used for handicrafts,
and its leaves used for food for several thousand years. Kenaf fibers have
long been used for making ropes and twines, fishing nets, specialty
papers, fine papers, as well as structural boards and blends with wood
pulps (Berger, 1969). Other ancient uses include canvas and sacking
(Nishino, Birao, Kotera, Nakamae, & Inagaki, 2003). The long standing
utilization of kenaf has been based upon the long bast fibers in its bark.
Bast has been traditionally used to make cordage products like burlap
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distinct fibers, the jute-like bast fibers and the balsawood-like core fibers
(Taylor, 1993).
Kenaf Background
Kenaf was not really cultivated commercially until after World War
II. In the early forties jute supplies declined and kenaf was seen as a
substitute fiber due to its adaptability and ease of handling. Kenaf fiber
is a bit coarser than jute, but has greater tensile strength, has a lighter
color, and is more resistant to moisture. Kenaf is an annual, herbaceous
plant belonging the Malvaceae family and the genus Hibiscus (Dempsey,
1975)
Current Usage of Kenaf
Kenaf is a fast growing and deep rooted relative of cotton and okra.
It has been found to be effective in cleaning up selenium contaminated
soil and water. In addition to such bioremediation applications, kenaf
makes a bright, high-quality paper that is resistant to yellowing, and the
process does not use the toxic chemicals required for turning wood pulp
into paper. Other environmental uses include bedding for horses, mats
for erosion control and grass seeding, and pads for cleaning up oil and
chemical spills (Wood, 2000). It is a viable raw material alternative to
wood throughout most of the pulp and paper industries. Other modern
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fiberboard, and as reinforcement fibers for the matrix resin poly-L-lactic
acid (PLLA) to produce an environmentally friendly, high performance
biodegradable polymer composite (Nishino et al., 2003).
Adsorption Usage of Kenaf
Kenaf core, kenaf stalk, peat moss, raw peanut hulls, and crushed
peanut hulls have been evaluated for their adsorption capacity of organic
contaminants TNT and 2,4-DCP at low concentration in aqueous
solution. Adsorption equilibrium time was determine to be between 60
and 180 minutes for 2,4-DCP and between 60 and 120 minutes for TNT.
For all adsorbents tested 80% of the final adsorption takes place during
the first 30 minutes of contact, indicating that the adsorption process is
fairly rapid. The adsorption capacity ordering for TNT at equilibrium
concentrations is crushed peanut hulls > peat moss > kenaf stalk >
kenaf core > raw peanut hulls. The adsorption capacity ordering for 2, 4DCP at equilibrium concentrations is raw peanut hulls > peat moss >
kenaf core > kenaf stalk > crushed peanut hulls. Hay demonstrated no
adsorption capacity towards the adsorbates tested. The adsorption
capacity of the candidate adsorbents was much lower than granular
activated carbon (GAC) because of the high surface are of GAC. The
surface areas of GAC and kenaf core reported in this study are in the

- 39 ranges of 800-1500 m2/g and 2.0- 3.0 m2/g, respectively (Subramani,
2002).
Carbonization of Kenaf
Kenaf as an absorbent of petroleum hydrocarbons is widely known
and accepted, supported by extensive research at Mississippi State
University (MSU), Mississippi State Chemical Laboratory at MSU,
Louisiana State University, Millsaps College, federal agencies, and a host
of other domestic and international research institutions. Kenaf
absorbent products are generally usable for oil spills on water, on land,
and on hard surfaces as a floor sweep. The Millsaps Sorbent and
Environmental Laboratory in Jackson, Mississippi tested the adsorption
capacity of kenaf milled core, kenaf milled fines, peat moss, kitty litter,
and polypropylene materials towards T-201 Heavy Crude oil, #2 Diesel,
and T-102 Light Crude oil. Kenaf milled core consisted of particles from
1/8 to 1/4 inch in size. Particle sizes less than 1/8 inch made up the
kenaf milled fines. The absorbency ratios in grams of oil absorbed per
gram of absorbent were 2.90 for heavy crude, 4.39 for diesel, and 5.87
for light crude with respect to the kenaf milled core. Using kenaf milled
fines the ratios were 1.64 for heavy crude, 5.54 for diesel, and 6.92 for
light crude. In each case kenaf absorbents outperformed kitty litter and
peat moss. Since the density of the kenaf milled core used was
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approximately 7 lb/ft3 and each absorbs up to six times its own weight, a
definite affinity can be seen for kenaf absorption of light crude oil and
diesel (NFESC, 1999).
Kenaf Future
In addition to using the raw untreated kenaf fibers in adsorption
applications, highly microporous carbons can be prepared by the
carbonization of kenaf. Researchers in Japan prepared activated carbon
from the inner core kenaf fibers through their carbonization in an inert
atmosphere. By controlling the heating rate to carbonization
temperature, they were able to obtain high B.E.T. surface area without
any subsequent activation process. Kenaf cores from three different
countries were carbonized at heating rates of 1, 5, and 11o C/min and in
each case the highest B.E.T. surface areas (m2/g) were obtained at a
heating rate of 11o C/min. A simple carbonization process at 1000o C in
argon can yield a surface area as high as 1400 m2/g without any
activation process. Elemental analysis on the ash showed that kenaf
plants contain fairly large amount of metals, particularly potassium.
Surface areas obtained at the highest heating rate were proportional to
the content of potassium. Potassium in the original cores apparently
functioned as an activation agent, the rapid gasification of potassium
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microporous carbons from kenaf. In tests carbonizing small amounts
(0.2g-1.0g) of kenaf chips under argon flow, a very high surface area of
3000 m2/g and large micropore volume of 1mL/g were achieved
(Inagaki, Nishikawa, Sakuratani, Katakura, Komo, & Morozumi, 2004).
Because kenaf is a hardy and low maintenance crop, inexpensive,
and useful across a wide range of applications, especially
environmentally friendly ones, “Everybody Loves Kenaf” (Wilson, 1998).
Kenaf and many other biologically based products, by-products, and
waste products, raw and treated, have a bright future in environmental
applications involving hazardous waste management and treatment,
many possessing economically favorable adsorption capacities.
Table 5.1

Summary of adsorption capacities of bioadsorbments
from literature cited in this study.

Natural Adsorbent
Algaal Biomass
Rice Hulls
Kudzu
Orange Peel
Banana Peel
Onion Skin
Garlic Skin
Unwashed Corncobs
Water Washed Corncobs
Pinus Pinaster Bark
Peanut Hulls
Activated Carbon

Adsorption Capacity
for Lead
9.74a
10.98a

35b
5.25c
5.8c
8.3d
4.85d
0.32e
0.2e
0.26f
9g
5

7.75c
7.97c
10.99d
7.4d
0.27e
0.49e
1.4f
30g
20

a Roy et al, 1993, b Brown, J., 2000, c Annadurai et al, 2003,
al, 2005, f Vaughan et al, 2001, and g Brown, P., 2001.

Adsorption Capacity
for Zinc
0.78a

d

Kumar & Dara, 1981, e Mouflih et

CHAPTER VI
MATERIALS AND METHODS
Adsorbate Solutions
The test adsorbates used in this research were lead nitrate, zinc
nitrate, and toluene. All chemicals were purchased from Fisher
Chemicals (New Jersey). Lead nitrate was acquired in solid form. Zinc
nitrate was obtained in the crystalline form of zinc nitrate hexahydrate.
Toluene used was Certified A.C.S. Test solutions of lead(II) and zinc(II)
were created by weighing calculated masses of lead nitrate and zinc
nitrate and dissolving into distilled water. These solutions were mixed
overnight by magnetic stirrer on a stir plate to allow maximum
dissolution of the compounds. Toluene is one of the most soluble
components of diesel and may be used as a proxy for diesel range
organics. The solubility of diesel directly in water is very low,
approximately 5 mg/L (ATSDR, 1995). The solubility of toluene in water
is approximately 5.3 g/L. Toluene test solutions were made by
measuring a volume of toluene and dissolving in distilled water. In the
case toluene solutions, the solutions were also mixed using
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performing isotherm experiments. In order to improve initial
concentration homogeneity across all test samplings, the test solution
was replaced on the stir plate after each aliquot of solution was added to
a vial containing the test adsorbent. Also, the test and control vials were
filled at random. Glass beads were added to each sample vial to aid in
mixing and to add volume to close headspace in order to minimize
volatilization during the contact time.
Controls
For each isotherm experimental run six vials were filled with the test
adsorbate solution, but no adsorbent material was added. The control
sample were processed exactly as the samples contacting masses of
kenaf adsorbent fibers. Upon analysis of the controls and contacted
samples, the average of the six final concentrations of the controls was
taken as the initial concentration for the experiment . The lead and zinc
adsorbate solutions were precisely mixed for 20 ppm and 10 ppm initial
concentrations. After processing, the control concentrations were
analyzed and generally found to be somewhat lower than expected. The
may be due to adsorption onto the walls of glass and plastic containers
during sample processing or adsorbate loss during filtration. The
toluene test solutions were created to be approximately 40 ppm, but were
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the kenaf contacted samples. The determined lower initial concentration
may be explained by losses during sample handling due to the high
volatility of toluene.
Candidate Adsorbents
Natural, or bio-based, adsorbents used in the study were kenaf
core, kenaf bast, and kenaf whole chopped stalk. Kenaf adsorbent
materials were supplied by Kengro Corporation. Bast and stalk were in
fibrous form. Isotherm experiments were conducted using each of the
three kenaf fiber types unwashed, washed, washed and ozonated, and
washed and air-sparged. One isotherm experiment each was also
conducted for adsorbates lead(II) and zinc(II) on lightly charred kenaf
core as the adsorbent. This core was inadvertently over dried in an oven,
resulting in light charring. Figure 6.1 pictures unwashed kenaf stalk,
core, and bast. Figure 6.2 contrasts washed bast and ozonated bast
during drying.
Kenaf Pre-Washing
All unwashed adsorbent fibers were taken and used directly from
the bag as processed and packaged by Kengro Corporation. Kenaf was
washed for some experiments by placing kenaf in a 2800 mL flask,
adding distilled water, and stirring periodically. As the wash water
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added to the kenaf. The process was repeated until the wash water
remained clear. The initial setup is shown in Figure 6.3. Kenaf prewashed in water was spread out in Pyrex dishes and dried by natural
convection in the draft of the laboratory fume hood. After pre-washing,
dried adsorbents were stored in Ziploc bags prior to initiation of isotherm
experiments. Particle size of kenaf core was used as processed by Kengro
Corporation. Kenaf bast and whole chopped stalk used in later
experiments were hand cut with scissors to attain smaller particles and
greater homogeneity of adsorbent particle size and surface area.
Ozone Treatment
Adsorbents were ozonated in an effort to create surface functional
groups (carbon/oxygen groups) by oxidation and to increase the surface
area of the adsorbent fibers, thereby improving the adsorption
characteristics of the adsorbent (Cooney, 1999). Ozone was employed
because it is an aggressive oxidizing agent. Ozonation of the adsorbents
was conducted in 2 liter Erlenmeyer flasks with the adsorbent kenaf
material being mixed with distilled water. A stirrer bar and Fisher
Scientific Thermix Model 120 S stir plate was used to achieve thorough
mixing. An ozonated stream of 5.1% by weight ozone concentration was
sparged into the flask at 2 ft3/hour at standard temperature and
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6.4. Ozone was generated by a laboratory ozone generator Model LC1234 made by Ozonology, Inc. of Evanston, Illinois. The ozone generator
is a corona discharge unit using four stainless steel electrodes inside
borosilicate glass dielectrics with copper jacketing. The four cells
generate ozone and are regulated by a single primary voltage
autotransformer. Ozone gas flow is controlled by a rotometer with a
range of 1-6 scfh. Off gas from the ozonation reactor was connected to a
bottle containing ozone destroying Carulite catalyst pellets. Carulite is
comprised of 60-75% manganese (IV) oxide (MnO2), 11-14% copper (II)
oxide (CuO), and 8-18% aluminum (III) oxide (Al2O3). The offgas from the
ozone contacting vessel is passed passes through a bed of manganese
dioxide which catalytically converts the ozone to oxygen gas. This ozone
destructive process is exothermic and the heat produced makes the
reaction go very fast (Carus MSDS, 2000; Slezak, 2006). Ozone
pretreatment of the candidate adsorbents was conducted at a contact
time of three hours. The ozone treated adsorbents were filtered, spread
out in a pyrex dish, and air dried in a hood. After ozone treatment,
adsorbents were stored in Ziploc bags until initiation of isotherm
experiments.
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Pre-washed kenaf adsorbents were sparged with air for three hours
using the ozonation setup without activating the corona discharge unit.
The resulting air stream is approximately 95% oxygen. Oxygen is an
oxidizing agent, although not as aggressive as ozone. The adsorbents
were air sparged to determine the effects of the less aggressive oxidation
treatment. There may be cleaning effects due to the agitation caused by
the bubble action on the adsorbent surface. The air-sparged adsorbents
were filtered, spread out in a Pyrex dish, and air dried under a fume
hood.
Autoclave Treatment
Pre-washed kenaf bast was autoclaved for 8 hours at 100o C in a
Steris® Amsco® Century™ SG-120 Scientific Gravity Sterilizer.
Chemically bound water in the kenaf is volatilized under increased
pressure. The autoclaving process was employed as a weak activation
process to increase the kenaf adsorbent surface area and porosity. The
autoclaved bast material was used in toluene adsorption isotherm
experiments.
Isotherm Experiments
Adsorption isotherms were constructed to assess the adsorptive
capacity of three kenaf adsorbents. Adsorption isotherm data were

- 48 generated for lead and zinc using standard 6 ounce glass medicine
bottles. Adsorbents were weighed and placed in separate glass bottles
with doses of 0.1, 0.3, 0.5, 0.7, and 0.9 gram doses of adsorbents in the
bottles (Figure 6.5). All samples were done in duplicate. The
experiments were conducted at room temperature (25oC) and at a pH of
approximately 5.0 (distilled water). 100 mL of the adsorbate solution was
added to each of the glass bottles (Figure 6.6). Five 5 mm glass beads
were added to each bottle to enhance mixing. The bottles were wrapped
in bubble wrap, packed into a tumbler, and the samples were tumbled
for 12 hours to ensure attainment of equilibrium (Figure 6.7).

For these

experimental runs the concentrations of lead and zinc were 10 mg/L or
20 mg/L. After the 12 hour contact time, the samples were vacuum
filtered using Type A/E 0.1 micron glass fiber filters to remove kenaf
fibers and glass beads (Figure 6.8). Filtered samples were placed in 125
ml HDPE bottles and the pH was adjusted to < 2.0 by adding 12N nitric
acid (approximately 5 drops for Pb experiments and 10 drops for Zn
experiments) before analysis by graphite furnace flame atomic absorption
(AA) spectrometry. This final step of sample preparation is shown in
Figure 6.9. Analysis was performed by the State Chemical Lab using
Standard Method 3111B, direct air-acetylene flame method (Standard
Methods, 1998.). Blank control samples containing only the adsorbate
solution were used with each run to determine the initial contaminant
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reduces the concentration of the contaminant. Experimental blanks with
distilled water and 1 gram of adsorbent were processed and analyzed
exactly as the regular samples in order to determine if lead or zinc
contamination was present in the kenaf fibers used in the experiments.
No adsorbate concentration was leached from the kenaf into the distilled
water.
Adsorption isotherms were generated for toluene using standard
60 ml I-CHEM glass vials. 0.1, 0.3, 0.5, 0.7, and 0.9 gram doses of a
candidate adsorbent were weighed and placed in separate glass vials. All
samples were done in duplicate. The experiments were conducted at
room temperature (25o C) and at a pH of approximately 5.0 (distilled
water). Sixty mL of the adsorbate solution was added to each of the glass
vials. Five 5mm glass beads were added to each vial to aid mixing. To
prevent or minimize any headspace loss of volatile organic species, there
was virtually no empty head space in the vials after the addition of the
adsorbate solution, glass beads, and adsorbent. The vials were wrapped
in bubble wrap, packed into a tumbler, and the samples were tumbled
for 12 hours to ensure equilibrium. For these experimental runs the
concentration of toluene was mixed to be approximately 40 ppm. Due to
volatility, initial concentration was determined to be 15 ppm. After 12
hours the samples were filtered using a glass microanalysis holder
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samples were placed in fresh, clean glass vials and the pH was adjusted
to < 2.0 by adding approximately five drops of sulfuric acid before GC
FID analysis. Extraction and analysis of these samples was performed.
Continuous liquid/liquid extraction was performed overnight using
methylene chloride, following EPA Method 3520 as guidance. The
samples were concentrated for analysis using K-D, Kuderna-Danish
Evaporative Concentrator, technique. Analysis was done by gas
chromatography multi-component technique using capillary column and
flame ionization detection. GC used was an HP-6890.
All glassware used for experiments was cleaned with Alconox in tap
water and triple rinsed with distilled water and air dried before being
employed for experiments. Disposable, cotton plugged, glass Pasteur
pipettes were used for adding acids to samples prior to analysis and acid
additions were performed under a fume hood for safety.
Freundlich Isotherm Data
Traditional Freundlich isotherm techniques were used to
determine the adsorptive capacity of each kenaf fiber candidate
adsorbent. As an example of data handling, the case of ozonated core
contacted with 16.33 mg/L lead(II) serves to illustrate the evaluation of
adsorption capacity using the Freundlich isotherm model (4.2). In
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and 0.9) of kenaf core was contacted in duplicate samples with a volume
(V) of 100 mL of the lead(II) solution, six 100 mL samples of the
adsorbate solution were drawn to which no kenaf was added. These
controls were processed exactly as the samples containing the candidate
adsorbent and analyzed to determine final concentration. The average of
the analyzed concentrations of the six control samples is taken as the
initial adsorbate concentration (Ci) in aqueous solution. The final
concentration (Cf) of lead in each pair of duplicate samples is averaged.
It is this duplicate average Cf upon which all further calculations are
based. The amount of adsorbate adsorbed from solution (X) in mg is
calculated by simple mass balance as follows:
(Ci-Cf)V = X

(6.1)

For each mass of adsorbate tested a value of X is determined. By
dividing each X by its corresponding mass of adsorbent the value X/M in
mg/g is found. X/M is sometimes represented by a lower case q. A
spreadsheet is used to record experimental data in an organized manner
and to perform calculations and graphical analysis. The final two
columns in the spreadsheet are values of log Cf and log X/M. Log base
10 or the natural log may be used. The base 10 log was used in each
experiment presented in this research. The log of the Freundlich
Equation (4.2) is taken, which becomes
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(6.2)

Linear regression is performed graphically by plotting log X/M versus log
Cf on a rectangular plot. The linear equation from the linear regression
allows the Freundlich isotherm constants, K and 1/n, to be determined,
where K represents the adsorption capacity in milligrams adsorbate
adsorbed per gram of adsorbent (mg/g) and the unitless 1/n represents
adsorption intensity. From the form of the linear equation y = mx + b
obtained from the plot, 1/n is the slope (m) and log K is the y-intercept.
Therefore,
K = 10b

(6.3)

Figure 6.10 is the spreadsheet used in this example to organize the
experimental data, perform calculations, and create the desired graphical
representations. Figure 7.3 presents the linear regression used to
determine the Freundlich constants. From the same spreadsheet shown
in Figure 6.11, a power plot of X/M versus Cf may be created on a
logarithmic scale (log/log plot). The equation of the line from this plot
will be in the form of the Freundlich isotherm equation. This plot given
in Figure 6.12 yields the equation:

X/M = KCf1/n

(4.2)
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Hydraulic Conductivity tests were conducted to evaluate the head
loss associated with packing a column with kenaf fibers, since kenaf is
subject to significant densification under overburden stress. Pilot scale
columns were constructed using Echelon tubes (a clear PVC material)
and brass Swagelok brand tube fittings. Column dimensions were an
internal diameter of two inches and a length four feet. The columns were
loaded using eight approximately three inch lifts, with each lift
compacted using a falling hammer technique until a compacted fill of one
foot of fiber was obtained. Visual inspection was used to ensure a good
compaction effort was achieved, leaving no visible void space diameter
greater than 0.25 inches. The columns, run in duplicate using each fiber
type as packing, were then exposed to a constant water head and the
flow rate through the columns was measured over time. This setup
design is shown in Figure 6.10. Darcy’s law was used to calculate the
hydraulic conductivity of each packed fiber (core, bast, and stalk). Henry
Darcy conducted experiments to better understand the flow of liquids
through porous media. He experimented by allowing water to flow
through sand columns and observed that the flow rate was proportional
to the hydraulic head differential and the cross-sectional area of flow. He
also recognized that the flow rate was inversely proportional to the length
of column of sand. From these observations he developed Darcy’s Law:
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q = kiA
where,
q

=

flow rate in cm3/s

k

=

hydraulic conductivity in cm/s

i

=

hydraulic gradient in cm/cm

A

=

cross sectional area of flow measure perpendicular to
the flow in cm2.
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Figure 6.1

From upper left clockwise, kenaf whole chopped stalk, core,
and bast
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Figure 6.2

Drying kenaf, ozonated bast atop bed of untreated washed
bast
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Figure 6.3

Initial kenaf washing setup
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Ozone
Generator

Magnetic Stirrer

Figure 6.4

Ozone treatment. Ozone is sparged through a slurry of
distilled water and kenaf
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Figure 6.5

Desired adsorbent masses are placed in the sample bottles
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Figure 6.6

100 mL synthetic contaminated waste water solution is
contacted with adsorbent kenaf fibers

- 61 -

Figure 6.7

Bubble wrapped and padded sample bottles in
compartments of the tumbler
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Figure 6.8

Vacuum filtration set-up for filtering samples following
contact time
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Figure 6.9

Nitric acid is added in the fume hood to preserve samples
prior to analysis
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Figure 6.10 Isotherm data spreadsheet for lead adsorption on ozonated
kenaf core
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Figure 6.11 Linear regression plot used to determine Freundlich
isotherm constants, K and 1/n from linear equation,
log X/M = 0.9218(log Cf) + 0.155
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X/M, mg Lead Adsorbed/g Ozonated Core
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1
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Residual Concentration (Cf), mg/L

Figure 6.12 Logarithmic scale power plot of X/M vs. Cf yields equation
in the form of the Freundlich Equation, X/M = 1.429Cf0.9218
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Figure 6.13 Hydraulic Conductivity testing apparatus. Arrows indicate
direction of water flow

CHAPTER VII
RESULTS AND DISCUSSION
Hydraulic Conductivity Evaluation
Kenaf undergoes significant densification under overburden stress.
Hydraulic conductivity was tested to evaluate the head loss associated
with a column packed with kenaf. After a final compacted fill of 1 foot of
kenaf fiber was achieved, the column was exposed to a constant water
head of 3 feet and the resulting flow rate through the packed columns
was measured over time. Trials were done using each fiber type as
packing material. Hydraulic conductivity values were calculated using
Darcy’s Law.
Table 7.1 contains the experimental results obtained from
hydraulic conductivity tests. These tests resulted in hydraulic
conductivity (k) values of 1.3 x 10-2 cm/sec, 4.1 x 10-3 cm/sec, and 9.2 x
10-3 cm/sec for packed bast, core and whole chopped kenaf, respectively.
Figure 7.1 compares the hydraulic conductivities of the three kenaf
materials and well sorted sand or sand and gravel. These data indicate
that kenaf bast has the largest hydraulic conductivity of the three fibers
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hydraulic conductivity values correlate positively with the porosity and
particle size of the fibers tested, that is bast>stalk>core. These results
agree with the theory of flow through packed beds, which holds that
reducing particle size has an adverse impact on flow. The measured
hydraulic conductivities indicate a good packing characteristic with
regard to low head loss flow. Stability and good hydraulic conductivity
are base characteristics ensuring that kenaf is an appropriate material
for use in a packed column.
Adsorption Capacity Evaluation
The adsorptive capacity of various kenaf fibers to adsorb toluene,
zinc, and lead was evaluated using kenaf fibers manufactured via several
processing techniques, chopped whole stalk, chopped core, and bast
material. Each of the three fibers was tested in the unwashed, “straight
from the bag,” form; in the water washed form; in the water washed and
ozonated form; and in the water washed and air-sparged form. Core,
which had been inadvertently subjected excessively to dry heat and
charred, was also evaluated.
B.E.T. Surface Area
B.E.T. is an adsorption theory for the physical adsorption of gas
molecules on a solid surface. B.E.T. consists of the first initials of the
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who proposed their theory in 1938. It extends the Langmuir theory of
monolayer molecular adsorption to multilayer adsorption by assuming
that physical adsorption of gas molecules on a solid occurs in layers
infinitely and that there is no interaction between adsorption layers
(Brunauer, Emmett, & Taylor, 1938). The B.E.T. method is used to
calculate surface areas of solids by physical adsorption of gas molecules.
Table 7.2 gives the surface area data in tabular form. Samples of
unwashed, washed, and ozonated kenaf core, bast, and stalk were
analyzed by Micromeritics Analytical Services in Atlanta to determine
B.E.T. surface area. The Micromeritics Gemini 2360 Analyzer performs a
fully automatic surface area analysis determined by a multipoint surface
area method using nitrogen gas. Unwashed core, washed core, and
ozonated core had surface areas of 1.1243 m2/g, 1.1521 m2/g, and
0.9141 m2/g, respectively. Unwashed bast, washed bast, and ozonated
bast had surface areas of 0.7493 m2/g, 0.5388 m2/g, and 0.5819 m2/g,
respectively. Unwashed stalk, washed stalk, and ozonated stalk had
surface areas of 0.8899 m2/g, 1.0880 m2/g and 0.8949 m2/g,
respectively. The surface area ordering for unwashed, washed, and
ozonated kenaf fibers was consistently bast<stalk<core. The surface area
ordering for kenaf core was ozonated < unwashed < washed. The surface
area ordering for kenaf bast was washed < ozonated < unwashed. The
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washed. Surface treatments did not affect surface area consistently
within each fiber type grouping.
Lead Isotherms
For ease of comparison, Table 7.3 presents the Freundlich
parameters for all kenaf types with lead as the adsorbate. All
experimental adsorption isotherm data from this study are presented in
Appendix A and each corresponding Freundlich isotherm plot is shown
in Appendix B.
Results were obtained with respect to the adsorption of lead in
aqueous solution by kenaf indicating adsorption capacities ranging from
0.43 to 10.72 mg lead per g kenaf. All lead loadings are given at 1 ppm
residual concentration. The lead loadings were 1.96 mg/g unwashed
bast, 5.03 mg/g unwashed core, and 5.61 mg/g unwashed stalk. 1/n
values were 0.64, 0.46, and 0.36, respectively, within the range of 0 and
1, indicating stable adsorption intensity. The purpose of washing the
biomass adsorbents with water was to remove water soluble surface
debris that might interfere with adsorptive properties (Vaughn, Seo, &
Marshall, 2001). However, experimental results often did not show
improvements in adsorption capacity. This may be due to the washing
away of fine kenaf particles which were part of the total surface area
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affinity for the adsorbate. Lead loadings were 1.89 mg/g washed bast
and 10.72 mg/g washed core at an initial lead concentration of 7.95
ppm, and 2.95 mg/g washed core and 0.43 mg/g washed stalk at an
initial lead concentration of 17.6 ppm. The adsorption capacity of the
core was observed to be higher when contacted in a more dilute lead
solution, which may indicate that its surface is quickly saturated as the
solution concentration increases. In this event, the adsorption capacity
is greatest in dilute solutions, which suggests that its surface is nearly
saturated as the solution concentration increases. It seems that the
kenaf surface is non-ideal. For this type of surface heat of sorption
decreases with coverage causing a decrease in sorption capacity
compared to energetically homogeneous surface sites (White, 1989).
Among the washed kenaf fibers, bast had the lowest adsorption
capacity. In the case of bast this may be due to the reduced B.E.T.
surface area after water washing, 0.5388 m2/g compared to 0.7493 m2/g
unwashed bast. Surface areas for core increased approximately 0.03
m2/g and for stalk approximately 0.2 m2/g after water washing.
Activated carbon surface areas may range to 3000 m2/g or more.
Comparatively, the B.E.T. surface areas measured for kenaf used in this
research are extremely small, around 1.15 m2/g or less.
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concentrations of 7.95 ppm and 17.6 ppm. The comparison of
adsorption capacity of washed core at two different low concentrations
also illustrated an increased adsorptive capacity in more dilute solutions
in these experiments .At the lower initial concentration the lead loading
was 10.72 mg/g washed core, which compares favorably with a lead
loading of 20 mg/g activated carbon. Lead loading of 20 mg/g activated
carbon is estimated from a range of lead adsorption capacities published
for several special source activated carbons and commercial activated
carbons (Bansal & Goyal, 2005). The equilibrium capacity of commercial
resin for lead in a single-component system is greater than 200 mg/g
(Brown, Jefcoat, Parrish, Gill, & Graham, 2000). Lead(II) ion adsorption
on commercial resins Amberlite IRC-718 and Amberlite 200 is
approximately 114 mg/g and 269 mg/g, respectively (Vaughan et al.,
2001). Subsequent comparisons are made using 20 mg/g and 200 mg/g
as estimated lead loadings for activated carbons and commercial resins,
respectively. Loading ratios may be estimated by dividing the resin or
activated carbon loading values by those of kenaf as determined in this
research. Loading ratios for air-sparged core or stalk over activated
carbon are approximately 2.75 and present a potentially attractive
alternative to activated carbon use. Compared to commercial resins the
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chapter.
Activated carbon has ion exchange properties because of surface
heteroatoms such as oxygen, nitrogen, halogens, and sulfur bonded to
the activated carbon surface. The carbon-oxygen surface groups are the
most important and their amounts may be enhanced by surface
oxidation of the carbons. Unsaturated C=C bonds can add oxygen upon
oxidation, forming carbon-oxygen surface groups. Oxidative treatments
form acidic carbon-oxygen surface groups, as well as neutral ones.
Acidic surface groups are polar and enhance ion exchange properties on
carbons. Hydrogen ions (H+) are produced when an activated carbon is
put in water (Bansal & Goyal, 2005).
These surface properties and oxidative enhancements may apply to
kenaf on a scale commensurate with a much smaller surface area and
non-activated state. Figure 7.2 compares the lead adsorption capacities
by mean of showing the isotherms of air-sparged core, washed core, and
ozonated bast in one plot. Ozone treatment produced an adsorption
capacity enhancement toward lead specific to bast. The adsorption
capacity of kenaf bast increased by a factor of more than two compared
to non-oxidized unwashed bast. Bast has the smallest surface area
compared to core and whole chopped stalk, and ozonation resulted in an
even smaller surface compared to unwashed bast. Lead adsorption by
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coefficient of correlation (R2) values were improved for the Freundlich
adsorption model following surface oxidation, greater than 0.94 for bast
and greater than 0.99 for core and stalk, indicating that oxidation
homogenizes the active sites on the kenaf surface. Ozone as an oxidizing
agent increases the positive charge density on the surface of the kenaf,
possibly increasing repulsion of the lead divalent cation or enhancing ion
exchange as H+ ions move into solution, freeing negatively charged
adsorption sites. In the case of activated carbons, surface modifying
techniques that increase the positive charge density on its surface may
enhance the attraction of anions in solution, which in turn increases
negative surface charge density and enhances adsorption of the cations
from solution (Bansal & Goyal, 2005). This could be a factor in the
adsorption of lead nitrate used in this study if NO3- is adsorbed first.
However, the limiting factor seems to be kenaf’s small surface area and
low porosity. It has been reported that lead ions cover a very small part
of activated carbon’s B.E.T. surface area, because many of the
micropores are too small for larger hydrated lead(II) ions (Bansal &
Goyal, 2005). With small surface area and undeveloped porosity,
adsorption of lead onto kenaf seems to occur primarily on its superficial
surface. Kenaf adsorbents were also treated by sparging with air for
three hours, in the same manner as the ozone treatment. Air-sparged
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and 7.36 mg/g, respectively (see Figure 7.2). The action of the air
bubbles apparently is effective in removing surface debris and exposing
groups that can react with the lead cations. However, the correlation
coefficients of 0.86 for core and 0.65 for stalk indicate a nonhomogenous effect of this treatment over the surface areas. The nonaggressive oxidative nature of oxygen in the air bubbles compared to
ozone may have resulted in non-homogeneous adsorption sites.
Isotherm data from experiments with air-sparged bast were poorly
correlated, indicating unidentified experimental error. Since sparging
kenaf whole chopped stalk with air was effective, and it is made up of
core and bast materials, reexamination of the adsorption capacity of airsparged bast for lead predictably may yield similarly good results.
A single isotherm experiment was conducted using washed core
that was dried overnight at approximately 200o C. The core material
appeared darker in color, or lightly charred. This process may have
driven off chemically bound water, thereby developing porosity. The
adsorption capacity of the overly dried core was 2.37 mg Pb/g. This is
comparable to the capacity of washed core, 2.95 mg/g, in similar
solution concentrations. Of the 14 lead adsorption isotherms produced 5
resulted in modestly lower while 8 had higher capacities than the
charred core, some two and three times its 2.35 mg/g capacity (Table
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to out-gassing of chemically bound water or other compounds, thus
developing porosity leading to greater internal surface area. B.E.T.
surface areas were not determined for air-sparged kenaf types and overly
dried kenaf core.
Lead loadings of kenaf compare well to values seen using other biobased adsorbent materials. University of Alabama researchers obtained
approximate lead loadings of 30 mg/g for peanut hulls and peanut hull
pellets (Brown et al.., 2000). Lead adsorption capacity of Pinus Pinaster
bark is reported at 1.40 mg/g (Vásques et al., 1994) and of onion skin at
10.99 mg/g (Kumar & Dara, 1981).
The adsorptive capacity of kenaf core toward lead adsorption was
ordered ozonated < lightly charred < unwashed < air-sparged < washed.
Kenaf core showed the greatest overall capacity for lead adsorption
compared to bast and stalk. The adsorptive capacity of kenaf stalk
toward lead adsorption was ordered washed < ozonated < unwashed <
air-sparged. The adsorptive capacity of kenaf bast toward lead
adsorption was washed < unwashed < ozonated.
Zinc Isotherms
In this study lead was found to have far greater affinity to kenaf
compared to zinc. Compared to the lead isotherms, however, zinc
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generally greater than 0.93, which may suggest general homogeneity of
active sites for zinc adsorption across the surface of all kenaf fibers
(Faraday Society, 1950). Values of 1/n for zinc adsorption isotherms
were generally greater than those for lead, indicating less adsorption
stability with respect to intensity. The steeper the slope of the isotherm
the more dramatically the adsorption capacity increases for ever smaller
reduction in final concentration levels. Greater masses of adsorbent are
required for the removal of smaller amounts of contaminant. For ease of
comparison, Table 7.4 presents the Freundlich parameters for all kenaf
types with zinc as the adsorbate. Full isotherm data and plots are
presented in Appendices A and B, respectively. All zinc loadings are
given at 1 ppm residual concentration. Washed bast, core, and stalk had
adsorption capacities of 0.35, 0.11, and 0.35 mg/g, respectively, from an
initial concentration of 19.5 ppm, and 0.29, 0.19, and 0.14 mg/g,
respectively, from a lower initial concentration of 9.37 ppm. From an
initial zinc concentration of 19 ppm, unwashed bast, core, and stalk had
adsorption capacities of 0.39, 0.31, and 0.26 mg/g, respectively, and
from a more dilute initial zinc concentration of 9.6 ppm, 0.25, 0.20, and
0.31 mg/g capacities, respectively. These results indicate that the three
kenaf fibers have similar sorptive sites for zinc adsorption. Washing does
not appear to provide significant benefits.
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ozonated coare, and unwashed core, stalk, and bast. Ozonation of the
kenaf surface resulted in a significant adsorption enhancement specific
to core. Ozonated core had a zinc adsorption capacity of 1.53 mg/g with
a 1/n value of 0.95 indicating stable adsorption over the range of final
concentrations. The correlation coefficient for this isotherm was greater
than 0.99. With respect to kenaf core, this surface oxidation technique
seems to effectively homogenize the active sites for zinc adsorption on the
kenaf surface. Air-sparging stalk produced similar results with high
correlation. The adsorption capacity of air sparged stalk was 1.57 mg/g
with an R2 value of 0.98. Surface oxidation using ozone significantly
reduced zinc adsorption on bast to 0.10 mg/g and virtually eliminated
adsorption on stalk, 0.0012 mg/g. Zinc adsorption on over dried core
was minimal at 0.01 mg/g.
Zinc has a lower affinity than lead to kenaf. Lead’s greater
electronegativity, 2.33 versus 1.65, more strongly attracts bonding
electrons and may result in stronger attractive forces between the lead
and the kenaf surface. Also, in these studies the zinc source was zinc
nitrate hexahydrate, while the lead source was lead nitrate. While lead
nitrate’s solubility in aqueous solution ranges from 37.65 to 127 g per
100 cm3 water from 0-100o C, the solubility of zinc nitrate hexahydrate is
greater at 20o C at 184.3 g per 100 cm3 water and becomes infinitely
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suggest a stronger attraction to remain in solution than toward
adsorption or precipitation on a solid surface. The atomic weight of lead
at 207.2 is more than three times that of zinc at 65.38. Larger molecules
or larger atoms tend to be more easily adsorbed than smaller ones
(LaGrega et al., 2001). This trend is illustrated In other research using
natural adsorbents for the removal of lead and zinc from aqueous
solution For example, peanut hulls had an adsorption capacity of 30
mg/g for lead and 9-10 mg/g for zinc (Brown, P. et al., 2000).
In summary, well correlated isotherm data was obtained in the
studies of kenaf adsorption of zinc. Freundlich parameters are reported
for each unwashed and washed variety at aqueous zinc concentrations of
approximately 10 and 20 mg/L. The adsorptive capacity of kenaf bast
toward zinc adsorption was ordered ozonated < air-sparged < washed <
unwashed, indicating that the washing techniques used were not
beneficial. The adsorptive capacity of kenaf core toward zinc adsorption
was ordered washed < unwashed < air-sparged < ozonated. Air-sparging
alone increased the adsorption capacity approximately 2.5 times
compared to unwashed core. Ozone treatment produced a fivefold
increase at similar initial zinc concentrations. The adsorptive capacity of
kenaf stalk toward zinc adsorption was ordered ozonated < unwashed <
washed < air-sparged.
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adsorption on commercial resins Amberlite IRC-718 and Amberlite 200 is
approximately 25 mg/g and 31 mg/g, respectively (Vaughan et al., 2001).
For comparison purposes estimated zinc loadings for activated carbons
and commercial resins are 5 mg/g and 75 mg/g, respectively. Loading
ratios may be estimated by dividing the resin or activated carbon loading
values by those of kenaf. The average adsorption capacity for all types of
washed and unwashed kenaf is approximately 0.27 mg/g which
correspond to loading ratios of 18.5 and 278 over activated carbon and
resin, respectively. The loading ratio of ozonated core to activated carbon
is about 3.25 and to commercial resin about 49.
Toluene Isotherms
Isotherm experiments were conducted to determine the adsorptive
capacity of kenaf bast toward toluene. Isotherm experiments were not
conducted using kenaf whole chopped stalk or core fibers. Table 7.5
gives the Freundlich parameters for kenaf with toluene as the adsorbate.
Isotherm data and Freundlich isotherm plots for toluene are presented in
Appendices A and B.
Freundlich parameters, K and 1/n, for the adsorption of toluene
onto activated carbon are 86 mg/g and 0.44, respectively (LaGrega et al.,
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most soluble components in diesel. The high volatility of toluene
presents potential difficulties in obtaining consistent results. The
toluene spiked solution used was created to be approximately 40 ppm,
but analysis determined the initial concentration to be 15 ppm. Toluene
has a solubility in water of 5.3 g/L (Wikipedia, 2006). The 86 mg/g
loading of toluene on activated carbon at a residual concentration of 1
ppm is considerably greater compared to the experimental values
obtained for kenaf with respect to toluene adsorption. From an initial
toluene concentration of 15 ppm, unwashed bast, autoclaved bast, and
washed bast stirred at high rpm by metal auger had adsorption
capacities of 0.85 mg/g, 0.18 mg/g, and 0.82 mg/g, respectively. The
ozonated bast isotherm data had the highest correlation coefficient, 0.45,
due to its more homogenous surface adsorption sites. As stated earlier,
oxidation of the kenaf surface may give rise to carbon-oxygen surface
groups that are polar and acidic, such as occurs when activated carbons
are oxidized. Since hydrocarbon compounds are polar, this may explain
the improved adsorption capacity for toluene following ozone treatment of
the kenaf bast adsorbent over untreated bast. The toluene loading was
0.1897 mg/g for ozone treated bast. At best the load ratio of kenaf to
activated carbon is about 425 to 1. There seems to be little potential for
the use of kenaf products to adsorb toluene from aqueous solution.

- 82 Other researchers have shown that kenaf, particularly the core,
has a very high affinity for free petroleum products in their liquid phase
(Hernandez & Zappi, 2005). This quality is currently being exploited.
Kenaf based absorbent products are marketed to and used by the
petroleum industry for oil spills on soil, water, or paved surfaces.
Petroexx claims that 25 pounds of its Kenaf2000® at approximately
$1.43/lb. can absorb one barrel of oil, while 600 pounds of granulated
clay at a cost of about $0.11/lb. are required for the task. It is more
expensive to use clay, which is typically land filled, than the Kenaf2000®
product, which once saturated with oil may be incinerated for fuel or
composted (The Carbohydrate Economy, 1998).
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Hydraulic Conductivity, k (cm/s), from Darcy’s Law
Experiments
Kenaf Type
Bast
Core
Stalk

Table 7.2

Hydraulic Conductivity, k (cm/s)
0.013375
0.004088
0.009237

B.E.T. Surface Area

Kenaf Fiber
Type
Core
Core
Core
Bast
Bast
Bast
Stalk
Stalk
Stalk

Surface Treatment
Unwashed
Washed
Washed and Ozonated
Unwashed
Washed
Washed and Ozonated
Unwashed
Washed
Washed and Ozonated

B.E.T. Surface Area
(m2/g)
1.1243 ± 0.0050
1.1521 ± 0.0044
0.9141 ± 0.0058
0.7493 ± 0.0037
0.5388 ± 0.0023
0.5819 ± 0.0040
0.8899 ± 0.0042
1.0880 ± 0.0052
0.8949 ± 0.0048

Table 7.3
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± one standard deviation.

Kenaf Type,
Lead Concentration
Unwashed Bast, 18 ppm
Washed Bast, 7.95 ppm
Ozone Treated Bast, 16.33 ppm
Air-Sparged Bast, 16.33 ppm
Unwashed Core, 18 ppm
Washed Core, 17.6 ppm
Washed Core, 7.95 ppm
Ozone Treated Core, 16.33 ppm
Air-Sparged Core, 16.33 ppm
Lightly Charred Core, 15.67 ppm
Unwashed Stalk, 18 ppm
Washed Stalk, 17.6 ppm
Ozone Treated Stalk, 15.67 ppm
Air-Sparged Stalk, 16.33 ppm

Kf

1/n

R2

1.96 ± 0.07
1.89 ± 0.76
4.34 ± 0.04
3.56 ± 0.59
5.03 ± 1.43
2.95 ± 0.25
10.72 ± 3.12
1.44 ± 0.03
7.32 ± 0.20
2.37 ± 0.07
5.61 ± 1.57
0.43 ± 0.12
1.39 ± 0.55
7.86 ± 1.96

0.64 ± 0.02
3.17 ± 0.90
0.72 ± 0.06
-0.11 ± 0.14
0.46 ± 0.18
1.42 ± 0.41
3.24 ± 0.43
0.92 ± 0.07
0.49 ± 0.05
0.94 ± 0.01
0.36 ± 0.06
3.21 ± 0.57
1.21 ± -0.35
0.79 ± 0.31

0.86
0.53
0.94
0.04
0.70
0.94
0.95
0.99
0.86
0.97
0.92
0.90
0.99
0.64

Table 7.4
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Kenaf Type,
Zinc Concentration
Unwashed Bast, 19 ppm
Unwashed Bast, 9.6 ppm
Washed Bast, 19.5 ppm
Washed Bast, 9.37 ppm
Ozone Treated Bast, 17.5 ppm
Air-Sparged Bast, 20.5 ppm
Unwashed Core, 19 ppm
Unwashed Core, 9.6 ppm
Washed Core, 19.5 ppm
Washed Core, 9.37 ppm
Ozone Treated Core, 17.5 ppm
Air-Sparged Core, 20.5 ppm
Lightly Charred Core, 20.33 ppm
Unwashed Stalk, 19 ppm
Unwashed Stalk, 9.6 ppm
Washed Stalk, 19.5 ppm
Washed Stalk, 9.37 ppm
Ozone Treated Stalk, 20.33 ppm
Air-Sparged Stalk, 20.5 ppm
Table 7.5

Kf

1/n

R2

0.39 ± 0.03
0.89 ± 0.04
0.94
0.25 ± 0.06
1.59 ± 0.12
0.86
0.35 ± 0.10
1.19 ± 0.30
0.92
0.29 ± 0.09
1.63 ± 0.47
0.96
0.10 ± 0.06
1.47 ± 0.30
0.97
0.29 ± 0.15
1.03 ± 0.28
0.85
0.31 ± 0.15
0.93 ± 0.27
0.66
0.20 ± 0.06
1.53 ± 0.28
0.91
0.11 ± 0.06
1.53 ± 0.39
0.92
0.19 ± 0.03
3.12 ± 0.18
0.93
1.53 ± 0.04
0.95 ± 0.07 0.995
0.81 ± 0.13
0.63± 0.06
0.97
0.01 ± 0.00
2.12 ± 0.002 0.98
0.26 ± 0.24
1.12 ± 0.59
0.96
0.31 ± 0.27
1.41 ± 0.68
0.98
0.35 ± 0.23
0.95 ± 0.39
0.65
0.14 ± 0.01
1.57 ± 0.10
0.98
0.001 ± 0.001 2.83 ± 0.59
0.92
1.57 ± 0.007
0.58 ± 0.02
0.99

Freundlich parameters for Kenaf Bast with Toluene as the
adsorbate

Kenaf Type,
Toluene Concentration
Unwashed Bast, 15 ppm
Autoclaved Bast, 15 ppm
Washed Bast, Auger stirred,
15 ppm
Ozonated Bast, 15 ppm

Kf

1/n

R2

0.8498
0.1789
0.8243

1.4628
1.9463
0.6387

0.4345
0.3819
0.1998

0.1897

1.1098

0.4508
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CHAPTER VIII
ENGINEERING SIGNIFICANCE
The studies done in this research serve to confirm the feasibility of
using biomass adsorbents such as kenaf to treat waste waters
contaminated with lead, zinc, and toluene. As with most natural
adsorbents, kenaf possesses lower adsorption capacities when compared
to granular activated carbon. Therefore, the adsorbent requirements will
be much greater and may require larger adsorbent bed volumes to treat a
given contaminant concentration. Although candidate adsorbents can be
densified significantly, larger contact vessels may be necessary for their
optimal use.
In order to estimate adsorbent requirements for comparison with
activated carbon, an arbitrary volume of 10,000 gallons of contaminated
water was chosen. An initial concentration of 50 mg/L was assumed for
each of the metals and for toluene. An X/M value was calculated for a
system using a specific kenaf adsorbent for a desired final concentration
(Cf) of 1 ppm, using the Freundlich parameters obtained experimentally.
The resulting X/M value has units of mg/g and is converted to g/g by
multiplying by 10-3. This X/M is equivalent for any weight/weight units.
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- 90 The gallons per day to be treated are multiplied by the difference in
the initial concentration and the desired final concentration (Ci-Cf) times
the conversion factors of 10-6 L/mg and 8.34 lb/gal to obtain the number
of pounds of adsorbate to be adsorbed per day. Dividing by the
calculated X/M in pounds adsorbate per pound adsorbent yields the
adsorbent requirement in pounds per day.
[(104 gal/day)*((Ci-Cf)mg/L)*(10-6 L/mg)*(8.34 lb/gal)]
Kf*10-3 lb/lb

(8.1)

The following examples represent the best calculated adsorption
performances for the assumed criteria.
Table 8.1 shows the calculated adsorbent requirements for the
treatment of 10,000 gallons per day starting at an initial concentration of
50 ppm lead and treating to a final concentration of 1 ppm. Comparison
is made to activated carbon and to commercial resin. For the adsorption
of lead from a wastewater stream with an initial concentration of 50 ppm
washed kenaf core would be the best kenaf fiber choice. Approximately
381 pounds per day of washed core would be required to treat 10,000
gallons of contaminated effluent and achieve a final concentration of 1
ppm. Using activated carbon, 200 lb/day, is required for the same task,
while only 20 lb/day commercial resin is needed. Clearly kenaf’s ability
to adsorb lead from aqueous solution offers a competitive alternative to
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kenaf core at approximately $1.08 cents per pound cost around $412,
while 200 pounds of activated carbon may cost $300 to $600 dollars.
Twenty pounds of commercial resin at an estimated cost of $20/lb would
run about $400. The use of kenaf under these circumstances illustrates
that it may offer a cost effective alternative. The estimated bulk density
of kenaf in a packed column is 9 lb/ft3 for core, 6 lb/ft3 for stalk, and 1.5
lb/ft3 for bast. Kenaf bed volume requirements to treat lead in this
scenario are depicted in Figure 8.1. While in some cases direct cost of
the required kenaf may be less expensive than activated carbon,
significantly greater bed volume requirements compared to activated
carbon will results in increased capital costs for the design and
construction of larger contactors.
Calculated adsorbent requirements are presented in Table 8.2 for
the treatment of 10,000 gallons per day starting at an initial
concentration of 50 ppm zinc and treating to a final concentration of 1
ppm. Comparison is made to activated carbon and to commercial resin.
Ozonated core had the lowest adsorbent requirement for the adsorption
of zinc from contaminated water. Treating 10,000 gallons per day of zinc
contaminated water would require around 2,669 lb ozonated core/day or
2608 lb air-sparged stalk. About 817 pounds of activated carbon or 54
pounds of ion-exchange resin would be needed for the job. Adding 10%

- 92 to the cost of the core for ozone treatment results in a cost of about
$1.20 per pound. Adding 10% to the cost of the stalk for air-sparging
results in a cost of about $0.17 per pound. Therefore the costs would be
approximately $3,203 for ozonated core, $443 for air-sparged stalk,
$1,225-$2,451 for activated carbon, and $1,080 for resin. Only airsparged kenaf stalk offers a cost competitive alternative to commercially
established technologies for treating zinc contaminated waters. Figure
8.2 displays the kenaf bed volume requirements to remove zinc from the
water in this example.
Table 8.3 shows the calculated adsorbent requirements for the
treatment of 10,000 gallons of water per day from an initial
concentration of 50 ppm toluene to 1 ppm. In this case, the results are
only compared to activated carbon since resins are not applied for
treating waters contaminated with organic compounds. Among the
washing techniques, ozonated bast provides the best performance with
respect to the removal of toluene. Around 4,809 pounds of the untreated
bast would be needed compared to 48 pounds of activated carbon. At
approximately $0.30 per pound, the kenaf cost is $1,443. The cost for
activated carbon is $72-$144 per day. Approximately 100 times more
kenaf than activated carbon is required for the removal of toluene from
water. Kenaf bed volume requirements for toluene treatment are shown
in Figure 8.3.
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Also significant is the consideration of adsorption per unit surface
area of kenaf compared to granular activated carbon. While the kenaf
fibers evaluated in this study have a very small surface, approximately
1/1000th that of activated carbon, adsorption capacity per unit of surface
area (see Figure 8.4) encourages research on techniques to increase
kenaf’s surface area and adsorption capacity for water contaminants.
Figure 8.5 shows mg of zinc adsorbed per m2 surface area. When
compared to activated carbon, the adsorption capacity per m2 of surface
area for kenaf with significantly greater. With respect to lead adsorption,
ozonated bast and washed core produced the greatest adsorption
capacities of 7.453 mg/m2 and 9.309 mg/m2 respectively compare to
0.020 mg/m2 for activated carbon. With respect to zinc adsorption
ozonated core had the highest adsorption capacity of 1.675 mg/m2
versus 0.005 mg/m2 for activated carbon.
Actual adsorption capacity and adsorbent requirements will vary
based on actual plant conditions. In this research pH studies were not
conducted and the importance of pH on adsorption is based upon
literature review (Chapter V). Adsorption experiments in this study were
carried out at room temperature and for single candidate adsorbates.
Competitive adsorption was not considered. Variations in influent
stream pH, influent and operational temperatures, and the likelihood of

- 94 competitive adsorption by a variety of inorganic and organic species in an
actual influent wastewater stream should be considered in process and
plant design. Pilot scale experiments should be completed under the
same operating conditions intended and with the same wastewater
stream to be treated prior to design scale up. It is also recommended
that optimization experiments be done to determine the optimal pH and
temperature to maximize adsorption. Data from adsorption experiments
carried out at different temperatures would enable the calculation of
thermodynamic properties such as enthalpies of adsorption and
desorption which may be useful in better characterizing the adsorption
process and aid in optimal design and operation.

- 95 Table 8.1

Adsorbent requirement to treat 10,000 gallons of lead
contaminated water per day. Ci = 50 ppm, Cf = 1 ppm. Lead
removed is 4.0866 lb/day

Adsorbent
Unwashed Bast
Ozonated Bast
Unwashed Core
Washed Core
Ozonated Core
Air-sparged Core
Lightly Charred Core
Unwashed Stalk
Ozonated Stalk
Air-sparged Stalk
Activated Carbon
Commercial Resin
Table 8.2

X/M
(lb/lb)
0.001965
0.004337
0.005032
0.010724
0.001437
0.007324
0.002367
0.005611
0.001393
0.007859
0.020000
0.200000

Adsorbent Required
(lb/day)
2080
942
812
381
2844
558
1727
728
2934
520
204
20

Adsorbent requirement to treat 10,000 gallons of zinc
contaminated water per day. Ci = 50 ppm, Cf = 1 ppm. Zinc
removed is 4.0866 lb/day

Adsorbent
Unwashed Bast
Washed Bast
Ozonated Bast
Unwashed Core
Washed Core
Ozonated Core
Air-sparged Core
Lightly charred Core
Unwashed Stalk
Washed Stalk
Ozonated Stalk
Air-sparged Stalk
Activated Carbon
Commercial Resin

X/M
(lb/lb)
0.000386
0.000350
0.000101
0.000314
0.000192
0.001531
0.000809
0.000011
0.000309
0.000350
0.0000001
0.001567
0.005000
0.075000

Adsorbent Required
(lb/day)
10,593
11,666
40,501
13,015
21,284
2,669
5,054
358,474
13,217
11,686
3,405,500
2608
817
54

Table 8.3

- 96 Adsorbent requirement to treat 10,000 gallons of toluene
contaminated water per day. Ci = 50 ppm, Cf = 1 ppm.
Toluene removed is 4.0866 lb/day.
X/M
(lb/lb)
0.000850
0.000179
0.000824
0.000190
0.086

Adsorbent
Unwashed Bast
Autoclaved Bast
Washed Bast
Ozonated Bast
Activated Carbon

Adsorbent Required
(lb/day)
4,809
22,843
4,958
21,542
48
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Kenaf bed volume requirement to treat 10,000 gallons of
toluene contaminated water per day. Ci = 50 ppm, Cf = 1
ppm. Toluene removed is 4.0866 lb/day

- 99 10.000
9.309
9.000

8.000

7.453

6.305
6.000

2

mg Pb Adsorbe/m Surface

7.000

5.000

4.475

4.000

3.000

3.516
2.622

2.000

1.572

1.556

1.000

0.396
0.020

0.000
Unwashed
Bast

Figure 8.4

Washed
Bast

Ozonated
Bast

Unwashed
Core

Washed
Core

Ozonated
Core

Unwashed
Stalk

Washed
Stalk

Ozonated
Stalk

GAC

Capacity for lead adsorption per unit surface area, mg/m2

- 100 1.800
1.675
1.600

2

mg Zn Adsorbed/m Surface

1.400

1.200

1.000

0.800
0.650
0.600

0.515

0.400

0.347
0.279
0.173

0.200

0.321

0.167

0.000
Unwashed
Bast

Figure 8.5

Washed
Bast

Ozonated
Bast

Unwashed
Core

Washed
Core

Ozonated
Core

Unwashed
Stalk

Washed
Stalk

0.001

0.005

Ozonated
Stalk

GAC

Capacity for zinc adsorption per unit surface area, mg/m2

CHAPTER IX
CONCLUSIONS
In this research, the capability of a natural adsorbent, kenaf, was
investigated. Adsorption isotherm data were generated experimentally
for lead(II), zinc(II), and toluene onto kenaf based natural adsorbent
media. Concentrations of the lead(II) and zinc(II) adsorbates of
approximately 10 and 20 ppm were used to determine the Freundlich
empirical constants (Kf and 1/n). Surface modifying techniques such as
washing with distilled water, ozonation, air-sparging, and light charring
were tried and effects on the adsorption of lead (II) and zinc (II) observed.
Hydraulic conductivity studies were conducted to establish the feasibility
of kenaf use in a packed column. B.E.T. surface areas were analyzed for
the kenaf fiber type media used in the experiments.
Conclusions made from this research are:
-

Hydraulic conductivities of kenaf are relatively high, indicating
good packing characteristic with respect to low head loss flow.
Kenaf bast will provide the least resistance to flow.

- 101 -

-

- 102 B.E.T. surfaces areas are low when compared to activated
carbon. Surface areas ranged from 0.5388 m2/g to 1.1521
m2/g representing washed bast and washed core respectively.
Activated carbon surface areas may range form 800-1500 m2/g
or greater.

-

All candidate kenaf adsorbents have the ability to adsorb
lead(II), zinc(II), and toluene, with or without surface treatment.

-

Based upon data generated for the candidate adsorbates in this
research, kenaf adsorbents have the greatest affinity for the
adsorption of lead from aqueous solution, while its adsorption
capacity for zinc is smaller. Kenaf’s capacity for the adsorption
of toluene is 1/100th that of activated carbon..

-

Washed core at lower lead concentration had the highest
adsorption capacity among the candidate adsorbent for lead
adsorption. Ozone treated bast, unwashed core, air-sparged
core, unwashed stalk, and air-sparged stalk all exhibited
significant ability to adsorb lead in aqueous solution compared
to bioadsorbents presented in the literature and activated
carbon.

-

Ozone treated core and air-sparged stalk possess the greatest
capacities for the adsorption of zinc from water streams. Zinc
isotherms consistently had high correlation coefficients.

-

- 103 Ozonated bast adsorbed toluene better than other bast media.
The lack of homogeneity of the test adsorbate solution across all
samples, due to low solubility of toluene in water and volatility,
may explain low adsorption capacities.

-

The adsorption capacities of kenaf are significantly lower than
the capacity of granular activated carbon for all tested
adsorbates.

-

Ozone treatment improved the adsorption capacity of bast, but
not of core or stalk with respect to lead adsorption.

-

Ozone treatment improved the adsorption capacity of core, but
not of bast or stalk with respect to zinc adsorption.

-

Correlation coefficients were very high for isotherm data
generated using ozone treated kenaf suggesting homogenization
of the kenaf surface.

-

Except for the case of kenaf stalk with respect to zinc
adsorption, washing with distilled water did not improve
adsorption capacity toward lead or zinc.

-

The bubble action of air-sparging kenaf core and stalk produced
the highest adsorption capacities for stalk toward lead and for
core and stalk toward zinc. Air-sparged core possessed the
second highest adsorption capacity toward lead.

-

- 104 Greater volumes of kenaf will be necessary in any continuous
operation due to higher adsorbent requirements, when
compared to granular activated carbon or commercial resins.

-

The adsorption capacity of kenaf fibers per unit surface area,
mg/m2, was found to be greater than that of activated carbon.

-

While the direct adsorbent costs of kenaf may at times be less
expensive than activated carbon, the larger bed volume
requirements will result in greater capital costs for construction
of a larger treatment system.
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APPENDIX A
ADSORPTION ISOTHERM DATA
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Table A.1

- 112 Adsorption isotherm data for lead on unwashed kenaf bast.
Initial lead concentration (Ci) = 18 ppm

Mass of
Residual
Kenaf
Concentration
Bast
(Cf), mg/L
(M), g
0.3
4.110
0.5
1.598
0.7
1.475
0.9
1.095
Blank
18
Volume (V) = 0.1 L
Table A.2

X/M,
mg/g

1.389
1.640
1.653
1.691

4.630
3.281
2.361
1.878

Adsorption isotherm data for lead on unwashed kenaf core.
Initial lead concentration (Ci) = 18 ppm

Mass of Kenaf
Residual
Core
Concentration
(M), g
(Cf), mg/L
0.1
6.00
0.3
0.49
0.5
0.38
0.7
0.72
0.9
0.25
Blank
18
Volume (V) = 0.1 L
Table A.3

Mass of Lead
Adsorbed
(X), mg

Mass of Lead
Adsorbed
(X), mg
1.200
1.751
1.762
1.728
1.775

X/M,
mg/g
12.000
5.837
3.524
2.469
1.972

Adsorption isotherm data for lead on unwashed kenaf stalk.
Initial lead concentration (Ci) = 18 ppm

Mass of Kenaf
Residual
Stalk
Concentration
(M), g
(Cf), mg/L
0.1
6.20
0.3
0.20
0.5
0.25
0.7
0.28
0.9
0.50
Blank
18
Volume (V) = 0.1 L

Mass of Lead
Adsorbed
(X), mg
1.180
1.780
1.775
1.772
1.750

X/M,
mg/g
11.800
5.933
3.550
2.531
1.944

Table A.4

- 113 Adsorption isotherm data for lead on washed kenaf bast.
Initial lead concentration (Ci) = 7.95 ppm

Mass of Kenaf
Residual
Bast
Concentration
(M), g
(Cf), mg/L
0.1
1.450
0.3
0.960
0.5
1.050
0.7
1.085
0.9
1.035
Blank
7.95
Volume (V) = 0.1L
Table A.5

X/M,
mg/g
6.500
2.330
1.380
0.981
0.768

Adsorption isotherm data for lead on washed kenaf core.
Initial lead concentration (Ci) = 17.6 ppm

Mass of Kenaf
Residual
Core
Concentration
(M), g
(Cf), mg/L
0.1
3.400
0.3
1.350
0.5
0.995
0.7
0.905
0.9
0.865
Blank
17.6
Volume (V) = 0.1 L
Table A.6

Mass of Lead
Adsorbed
(X), mg
0.650
0.699
0.690
0.687
0.692

Mass of Lead
Adsorbed
(X), mg
1.420
1.625
1.661
1.667
1.674

X/M,
mg/g
14.200
5.412
3.321
2.385
1.859

Adsorption isotherm data for lead on washed kenaf core.
Initial lead concentration (Ci) = 7.95 ppm

Mass of Kenaf
Residual
Core
Concentration
(M), g
(Cf), mg/L
0.1
0.875
0.3
0.635
0.5
0.510
0.7
0.500
0.9
0.500
Blank
7.95
Volume (V) = 0.1 L

Mass of Lead
Adsorbed
(X), mg
0.708
0.732
0.744
0.745
0.745

X/M,
mg/g
7.080
2.438
1.488
1.064
0.828

Table A.7

- 114 Adsorption isotherm data for lead on washed kenaf stalk.
Initial lead concentration (Ci) = 17.6 ppm

Mass of Kenaf
Residual
Core
Concentration
(M), g
(Cf), mg/L
0.1
2.75
0.3
2.40
0.5
1.85
0.7
1.75
Blank
17.6
Volume (V) = 0.1 L
Table A.8

X/M,
mg/g
14.850
5.067
3.150
2.264

Adsorption isotherm data for lead on ozone treated
kenaf bast. Initial lead concentration (Ci) = 16.33 ppm

Mass of Kenaf
Residual
Bast
Concentration
(M), g
(Cf), mg/L
0.1
4.500
0.3
0.980
0.5
0.540
0.7
0.395
0.9
0.410
Blank
16.33
Volume (V) = 0.1 L
Table A.9

Mass of Lead
Adsorbed
(X), mg
1.485
1.520
1.575
1.585

Mass of Lead
Adsorbed
(X), mg
1.183
1.535
1.579
1.594
1.592

X/M,
mg/g
11.830
5.117
3.158
2.276
1.769

Adsorption isotherm data for lead on ozone treated kenaf
core. Initial lead concentration (Ci) = 16.33 ppm

Mass of Kenaf
Residual
Core
Concentration
(M), g
(Cf), mg/L
0.1
7.35
0.3
3.30
0.5
2.05
0.7
1.65
0.9
1.15
Blank
16.33
Volume (V) = 0.1 L

Mass of Lead
Adsorbed
(X), mg
0.898
1.303
1.428
1.468
1.518

X/M,
mg/g
8.980
4.343
2.856
2.097
1.687

- 115 Table A.10 Adsorption isotherm data for lead on ozone treated kenaf
stalk. Initial lead concentration (Ci) = 15.67 ppm
Mass of Kenaf
Core (M), g
0.1
0.3
0.5
0.7
0.9
Blank
Volume (V) = 0.1 L

Residual
Concentration
(Cf), mg/L
5.10
2.75
1.80
1.40
1.25
15.67

Mass of Lead
Adsorbed
(X), mg
1.057
1.292
1.387
1.427
1.442

X/M,
mg/g
10.570
4.307
2.774
2.039
1.602

Table A.11 Adsorption isotherm data for lead on air-sparged kenaf bast.
Initial lead concentration (Ci) = 16.33 ppm
Mass of Kenaf
Residual
Bast
Concentration
(M), g
(Cf), mg/L
0.1
0.370
0.3
0.155
0.5
0.460
0.7
0.390
0.9
0.360
Blank
16.33
Volume (V) = 0.1 L

Mass of Lead
Adsorbed
(X), mg
1.596
1.618
1.587
1.594
1.597

X/M,
mg/g
15.960
5.392
3.174
2.277
1.774

Table A.12 Adsorption isotherm data for lead on washed kenaf core.
Initial lead concentration (Ci) = 16.33 ppm
Mass of Kenaf Residual Concentration
Core (M), g
(Cf), mg/L
0.1
3.650
0.3
0.250
0.5
0.140
0.7
0.145
0.9
0.095
Blank
16.33
Volume (V) = 0.1 L

Mass of Lead
Adsorbed (X), mg
1.268
1.608
1.619
1.619
1.624

X/M,
mg/g
12.680
5.360
3.238
2.312
1.804

- 116 Table A.13 Adsorption isotherm data for lead on air-sparged kenaf stalk.
Initial lead concentration (Ci) = 16.33 ppm
Mass of Kenaf
Stalk
(M), g
0.1
0.3
0.5
0.7
0.9
Blank
Volume (V) = 0.1 L

Residual
Concentration
(Cf), mg/L
2.100
0.260
0.325
0.250
0.365
16.33

Mass of Lead
Adsorbed
(X), mg
1.423
1.607
1.601
1.608
1.597

X/M,
mg/g
14.230
5.357
3.201
2.297
1.774

Table A.14 Adsorption isotherm data for lead on lightly charred kenaf
core. Initial lead concentration (Ci) = 15.67 ppm
Mass of Kenaf
Core
(M), g
0.1
0.3
0.5
0.7
0.9
Blank
Volume (V) = 0.1 L

Residual
Concentration
(Cf), mg/L
5.20
1.75
1.15
0.90
0.80
15.67

Mass of Lead
Adsorbed
(X), mg
1.047
1.392
1.452
1.477
1.487

X/M,
mg/g
10.470
4.640
2.904
2.110
1.652

Table A.15 Adsorption isotherm data for zinc on unwashed kenaf bast.
Initial zinc concentration (Ci) = 19 ppm
Mass of Kenaf Residual Concentration
Core (M), g
(Cf), mg/L
0.1
15.00
0.3
9.75
0.5
7.00
0.7
5.80
0.9
5.40
Blank
19
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed (X), mg
0.400
0.925
1.200
1.320
1.360

X/M,
mg/g
4.000
3.083
2.400
1.886
1.511

- 117 Table A.16 Adsorption isotherm data for zinc on unwashed kenaf core.
Initial zinc concentration (Ci) = 19 ppm
Mass of Kenaf
Residual
Core
Concentration
(M), g
(Cf), mg/L
0.1
15.50
0.3
10.50
0.5
7.90
0.7
6.65
0.9
6.30
Blank
19
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed
(X), mg
0.350
0.850
1.110
1.235
1.270

X/M,
mg/g
3.500
2.833
2.220
1.764
1.411

Table A.17 Adsorption isotherm data for zinc on unwashed kenaf stalk.
Initial zinc concentration (Ci) = 19 ppm
Mass of Kenaf
Residual
Stalk
Concentration
(M), g
(Cf), mg/L
0.1
15.00
0.3
10.75
0.5
7.80
0.7
7.10
0.9
6.20
Blank
19
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed
(X), mg
0.400
0.825
1.120
1.190
1.280

X/M,
mg/g
4.000
2.750
2.240
1.700
1.422

Table A.18 Adsorption isotherm data for zinc on unwashed kenaf bast.
Initial zinc concentration (Ci) = 9.6 ppm
Mass of Kenaf Residual Concentration
Bast (M), g
(Cf), mg/L
0.1
5.80
0.3
3.25
0.5
2.60
0.7
2.50
0.9
2.50
Blank
9.6
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed (X), mg
0.380
0.635
0.700
0.710
0.710

X/M,
mg/g
3.800
2.117
1.400
1.014
0.789

- 118 Table A.19 Adsorption isotherm data for zinc on unwashed kenaf core.
Initial zinc concentration (Ci) = 9.6 ppm
Mass of Kenaf
Residual
Core
Concentration
(M), g
(Cf), mg/L
0.1
6.50
0.3
3.80
0.5
3.35
0.7
2.80
0.9
2.75
Blank
9.6
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed
(X), mg
0.310
0.580
0.625
0.680
0.685

X/M,
mg/g
3.100
1.933
1.250
0.971
0.761

Table A.20 Adsorption isotherm data for zinc on unwashed kenaf stalk.
Initial zinc concentration (Ci) = 9.6 ppm
Mass of Kenaf
Residual
Stalk
Concentration
(M), g
(Cf), mg/L
0.1
6.20
0.3
4.35
0.5
3.05
0.7
2.65
0.9
2.35
Blank
9.6
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed
(X), mg
0.340
0.525
0.655
0.695
0.725

X/M,
mg/g
3.400
1.750
1.310
0.993
0.806

Table A.21 Adsorption isotherm data for zinc on washed kenaf bast.
Initial zinc concentration (Ci) = 19.5 ppm
Mass of Kenaf Residual Concentration
Bast (M), g
(Cf), mg/L
0.15
10.55
0.35
7.70
0.55
4.80
0.75
4.65
0.95
4.15
Blank
19.5
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed (X), mg
0.895
1.180
1.470
1.485
1.535

X/M,
mg/g
5.967
3.371
2.672
1.980
1.616

- 119 Table A.22 Adsorption isotherm data for zinc on washed kenaf core.
Initial zinc concentration (Ci) = 19.5 ppm
Mass of Kenaf
Residual
Core
Concentration
(M), g
(Cf), mg/L
0.15
12.40
0.35
7.60
0.55
8.60
0.75
7.25
0.95
6.65
Blank
19.5
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed
(X), mg
0.710
1.190
1.090
1.225
1.285

X/M,
mg/g
4.733
3.400
1.982
1.633
1.353

Table A.23 Adsorption isotherm data for zinc on washed kenaf stalk.
Initial zinc concentration (Ci) = 19.5 ppm
Mass of Kenaf
Residual
Stalk
Concentration
(M), g
(Cf), mg/L
0.15
13.95
0.35
8.70
0.55
6.45
0.75
7.10
0.95
6.45
Blank
19.5
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed
(X), mg
0.555
1.080
1.305
1.240
1.305

X/M,
mg/g
3.700
3.086
2.373
1.653
1.374

Table A.24 Adsorption isotherm data for zinc on washed kenaf bast.
Initial zinc concentration (Ci) = 9.37 ppm
Mass of Kenaf Residual Concentration
Bast (M), g
(Cf), mg/L
0.05
6.55
0.25
3.25
0.45
2.75
0.65
2.35
0.85
2.15
Blank
9.37
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed (X), mg
0.282
0.612
0.662
0.702
0.722

X/M,
mg/g
5.640
2.448
1.471
1.080
0.849

- 120 Table A.25 Adsorption isotherm data for zinc on washed kenaf core.
Initial zinc concentration (Ci) = 9.37 ppm
Mass of Kenaf
Residual
Core
Concentration
(M), g
(Cf), mg/L
0.05
7.40
0.25
3.95
0.45
3.35
0.65
3.00
0.85
2.75
Blank
9.37
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed
(X), mg
0.197
0.542
0.602
0.637
0.662

X/M,
mg/g
3.940
2.168
1.338
0.980
0.779

Table A.26 Adsorption isotherm data for zinc on washed kenaf stalk.
Initial zinc concentration (Ci) = 9.37 ppm
Mass of Kenaf
Residual
Stalk
Concentration
(M), g
(Cf), mg/L
0.05
7.70
0.25
4.80
0.65
3.25
0.85
3.10
Blank
9.37
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed
(X), mg
0.167
0.457
0.612
0.627

X/M,
mg/g
3.340
1.828
0.942
0.738

Table A.27 Adsorption isotherm data for zinc on ozone treated kenaf
bast. Initial zinc concentration (Ci) = 17.5 ppm
Mass of Kenaf Residual Concentration
Bast (M), g
(Cf), mg/L
0.1
13.50
0.3
9.25
0.5
7.75
0.7
6.90
0.9
6.20
Blank
17.5
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed (X), mg
0.400
0.825
0.975
1.060
1.130

X/M,
mg/g
4.000
2.750
1.950
1.514
1.256

- 121 Table A.28 Adsorption isotherm data for zinc on ozone treated kenaf
core. Initial zinc concentration (Ci) = 17.5 ppm
Mass of Kenaf
Residual
Core
Concentration
(M), g
(Cf), mg/L
0.1
7.35
0.3
3.30
0.5
2.05
0.7
1.65
0.9
1.15
Blank
17.5
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed
(X), mg
1.015
1.420
1.545
1.585
1.635

X/M,
mg/g
10.150
4.733
3.090
2.264
1.817

Table A.29 Adsorption isotherm data for zinc on ozone treated kenaf
stalk. Initial zinc concentration (Ci) = 20.33 ppm
Mass of Kenaf
Residual
Stalk
Concentration
(M), g
(Cf), mg/L
0.1
17.5
0.3
15.5
0.5
14.0
0.7
13.5
0.9
12.0
Blank
20.33
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed
(X), mg
0.283
0.483
0.633
0.683
0.833

X/M,
mg/g
2.830
1.610
1.266
0.976
0.926

Table A.30 Adsorption isotherm data for zinc on air-sparged kenaf bast.
Initial zinc concentration (Ci) = 20.5 ppm
Mass of Kenaf Residual Concentration
Bast (M), g
(Cf), mg/L
0.1
15.00
0.3
11.50
0.5
9.65
0.7
6.65
0.9
5.50
Blank
20.5
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed (X), mg
0.550
0.900
1.085
1.385
1.500

X/M,
mg/g
5.500
3.000
2.170
1.979
1.667

- 122 Table A.31 Adsorption isotherm data for zinc on air-sparged kenaf core.
Initial zinc concentration (Ci) = 20.5 ppm
Mass of Kenaf
Residual
Core
Concentration
(M), g
(Cf), mg/L
0.1
15.50
0.3
10.50
0.5
7.20
0.7
4.70
0.9
3.85
Blank
20.5
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed
(X), mg
0.500
1.000
1.330
1.580
1.665

X/M,
mg/g
5.000
3.333
2.660
2.257
1.850

Table A.32 Adsorption isotherm data for zinc on air-sparged kenaf stalk.
Initial zinc concentration (Ci) = 20.5 ppm
Mass of Kenaf
Residual
Stalk
Concentration
(M), g
(Cf), mg/L
0.1
13.00
0.3
7.00
0.5
3.85
0.7
2.25
0.9
1.65
Blank
20.5
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed
(X), mg
0.750
1.350
1.665
1.825
1.885

X/M,
mg/g
7.500
4.500
3.330
2.607
2.094

Table A.33 Adsorption isotherm data for zinc on lightly charred kenaf
core. Initial zinc concentration (Ci) = 20.33 ppm
Mass of Kenaf Residual Concentration
Core (M), g
(Cf), mg/L
0.1
16.00
0.3
13.00
0.5
11.00
0.7
9.65
0.9
9.25
Blank
20.33
Volume (V) = 0.1 L

Mass of Zinc
Adsorbed (X), mg
0.433
0.733
0.933
1.068
1.108

X/M,
mg/g
4.330
2.443
1.866
1.526
1.231

- 123 Table A.34 Adsorption isotherm data for Toluene on unwashed kenaf
bast. Initial toluene concentration (Ci) = 15 ppm
Mass of Kenaf
Bast
(M), g

Residual
Concentration
(Cf), mg/L

0.1
0.3
0.5
0.9
Blank
Volume (V) = 0.1 L

3.54
2.9
2.66
2.43
15

Mass of
Toluene
Adsorbed
(X), mg
1.146
1.21
1.234
1.257

X/M,
mg/g
11.46
4.033
2.468
1.397

Table A.35 Adsorption isotherm data for Toluene on washed kenaf core.
Initial toluene concentration (Ci) = 15 ppm
Mass of Kenaf
Bast
(M), g

Residual
Concentration
(Cf), mg/L

0.1
7.01
0.7
3.04
0.9
2.76
Blank
15
Volume (V) = 0.1 L

Mass of
Toluene
Adsorbed
(X), mg
0.799
1.198
1.224

X/M,
mg/g
7.99
1.711
1.36

Table A.36 Adsorption isotherm data for Toluene on autoclaved kenaf
bast. Initial toluene concentration (Ci) = 15 ppm
Mass of Kenaf
Bast
(M), g

Residual
Concentration
(Cf), mg/L

0.1
0.3
0.5
0.9
Blank
Volume (V) = 0.1 L

4.94
4.89
3.96
2.7
15

Mass of
Toluene
Adsorbed
(X), mg
1.006
1.011
1.104
1.23

X/M,
mg/g
10.06
3.37
2.208
1.367

- 124 Table A.37 Adsorption isotherm data for Toluene on ozonated kenaf
bast. Initial toluene concentration (Ci) = 15 ppm
Mass of Kenaf
Bast
(M), g

Residual
Concentration
(Cf), mg/L

0.1
0.3
0.5
0.7
0.9
Blank
Volume (V) = 0.1 L

11.09
9.55
5.96
5.15
6.84
15

Mass of
Toluene
Adsorbed
(X), mg
0.391
0.545
0.904
0.985
0.816

X/M,
mg/g
3.91
1.817
1.808
1.407
0.907

APPENDIX B
FREUNDLICH ADSORPTION ISOTHERM PLOTS
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Figure B.1 Adsorption isotherm for Pb on unwashed kenaf bast.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC)
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Figure B.2 Adsorption isotherm for Pb on unwashed kenaf core.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.3 Adsorption isotherm for Pb on unwashed kenaf stalk.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.4 Adsorption isotherm for Pb on washed kenaf bast.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.5 Adsoprtion isotherm for Pb on washed kenaf core.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.6 Adsorption isotherm for Pb on washed core.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.7 Adsorption isotherm for Pb on washed stalk.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.8 Adsorption isotherm for Pb on ozone treated bast.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.9 Adsorption isotherm for Pb on ozone treated core.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.10 Adsorption isotherm for Pb on ozone treated stalk.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).

- 136 -

X/M, mg Pb Adsorbed/g Air-sparged Bast

100

10

1
0.1

1
Residual Concentration (Cf), mg/L

Figure B.11 Adsorption isotherm for Pb on air-sparged kenaf bast.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.12 Adsorption isotherm for Pb on air-sparged kenaf core.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.13 Adsorption isotherm for Pb on air-sparged kenaf stalk.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.14 Adsorption isotherm for Pb on toasted kenaf core.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.15 Adsorption isotherm for Zn on unwashed kenaf bast.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.16 Adsorption isotherm for Zn on unwashed kenaf core.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.17 Adsorption isotherm for Zn on unwashed kenaf stalk.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.18 Adsorption isotherm for Zn on unwashed kenaf bast.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).).
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Figure B.19 Adsorption isotherm for Zn on unwashed kenaf core.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.20 Adsorption isotherm for Zn on unwashed kenaf stalk.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.21 Adsorption isotherm for Zn on washed kenaf bast.
X The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.22 Adsorption isotherm for Zn on washed kenaf core.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.23 Adsorption isotherm for Zn on washed kenaf stalk.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.24 Adsorption isotherm for Zn on washed kenaf bast.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.25 Adsorption isotherm for Zn on washed kenaf core.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.26 Adsorption isotherm for Zn on washed kenaf stalk.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.27 Adsorption isotherm for Zn on ozone treated kenaf bast.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.28 Adsorption isotherm for Zn on ozone treated kenaf core.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.29 Adsorption isotherm for Zn on ozone treated kenaf stalk.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.30 Adsorption isotherm for Zn on air-sparged kenaf bast.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.31 Adsorption isotherm for Zn on air-sparged kenaf core.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.32 Adsorption isotherm for Zn on air-sparged kenaf stalk.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.33 Adsorption isotherm for Zn on toasted kenaf core.
The error bars indicate averages ± one standard deviation
(n=2). (Temperature = 25oC).
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Figure B.34 Adsorption isotherm for Toluene on unwashed kenaf bast,
(Temperature = 25oC).

- 160 -

mg Toluene Adsorbed/g Washed Bast

10

1
1

10
Residual Concentration (Cf), mg/L

Figure B.35 Adsorption isotherm for Toluene on washed kenaf bast,
(Temperature = 25oC).
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Figure B.36 Adsorption isotherm for Toluene on autoclaved kenaf bast,
(Temperature = 25oC).
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Figure B.37 Adsorption isotherm for Toluene on ozonated kenaf bast,
(Temperature = 25oC).
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