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Abstract

Banana pith was used as precursor material to prepare carbon with and without porogens. Characterization of the carbons showed higher
BET surface area (1285 m? /g) for ZnCl,-treated carbon, comparatively. Adsorption experiments were conducted to study the removal of
2.,4-dichlorophenol (DCP) from aqueous solutions using the carbons under varying experimental conditions. Decrease in pH increased the per-
centage removal. All the carbons studied showed greater percentage of DCP removal with decrease in the initial concentration of DCP. Kinetic
studies showed that the adsorption of DCP on the carbons was a rapid process. Nonlinear forms of pseudo-first-order and pseudo-second-order
models were used to fit the experimental data. Among these the pseudo-first-order model described the data with high correlation coefficients
and low percentage error values. Four nonlinear isotherm models including the Langmuir, Freundlich, Toth, and Sips were used to analyze the
experimental DCP isotherms under different pH (2—4) conditions. Adsorption capacities (Qmax) from the Langmuir model were found to be
129.4, 67.7, and 49.9 mg/g for ZnCl,-treated, KOH-treated, and porogen-free carbon, respectively, at pH 2. From desorption studies it seemed
that chemisorption played a major role in the adsorption process. The results indicated that ZnCl,-treated carbon could effectively remove phenols
from wastewater.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction conversion industries and hence are present in the effluents.
General weakness, fatigue, ataxia, headache, anorexia, sweat-
ing, hyperpyrexia, nausea, vomiting, tachycardia, abdominal
pain, terminal spasms, and death characterize acute poison-
ing by dichlorophenol [1]. Removal of phenolic compounds
from wastewater is therefore of utmost importance for pre-
venting pollution of water in the receiving watercourse. It is
recommended that their concentration should be decreased up
to 0.1 mg/L in wastewaters, if complete removal is not possi-
ble before their discharge into water streams as they are toxic
even at low concentrations [2]. Many industrial wastes con-
tain organics which are difficult, or impossible, to remove by
* Corresponding author. conventional biological treatment processes [3]. The removal
E-mail address: sathishkumar77 @gmail.com (M. Sathishkumar). of organic refractory pollutants by catalytic wet peroxide ox-

Organic pollutants have been a major factor of environ-
mental problems for a number of years. Among these or-
ganic pollutants, chlorophenols are most common and have
been highlighted as priority pollutants. In drinking water, phe-
nols form chlorophenols in the presence of chlorine, impart-
ing a medicinal taste that is quite pronounced and objection-
able [1]. Chlorophenols are used in petrochemical refinery,
plastic, pesticide, herbicide, fiberglass manufacturing, and coal
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idation [4], photocatalytic degradation using TiO, [5], and
sonophotochemical [6] and ultrasonic degradation [7] has been
investigated. However, in water treatment the most widely used
method is adsorption onto the surface of activated carbon. The
adsorption of phenol from aqueous solution onto carbons has
received a great deal of attention and an exhaustive review has
been published by Radovic et al. [8]. But its high running cost
inhibits its application on large scale. Due to these problems,
investigation of some new, indigenous, and cheaper sorbents
especially from agricultural wastes for the removal of these
contaminants is a focus of intense research these days. Palm
pith carbon [1], palm seed coat carbon [9], olive stones [10],
fruit seed hulls [11], wood pulp [12], coconut coir pith car-
bon [13], and rice husk [14] are some adsorbents that have been
studied for the removal of chlorophenols. But most of these ad-
sorbents are industrially unsuitable due to their low adsorption
capacity. Efficiency of sorbent is mainly dependent on surface
area and binding forces present within the particles of sorbents,
as well as chemical characteristics of sorbate. The surface area
of any carbon can be increased by increasing its porosity. Poros-
ity in carbonaceous materials can be generated with the use of
several chemical activation agents such as Nay,CO3, K,COs3,
NaOH, KOH, H3PO4, AICl3, MgCl,, LiCl, and ZnCl,.

The objective of this work was to increase the surface area
of carbon prepared from an agricultural waste, banana pith, us-
ing chemical porogens like KOH and ZnCl, for activation and
to study their adsorption characteristics for the removal of 2,4-
dichlorophenol (DCP) from aqueous solutions.

2. Materials and methods
2.1. Preparation and characterization of adsorbent

High-quality banana pith fibers were obtained from agricul-
tural fields in Kerala, India. Sheets of the herbaceous stems
were dried in the sun and fibers were mechanically drawn from
them. The fibers were then soaked in water, washed, and dried.
The brownish white dry fibers were then treated with concen-
trated solutions of ZnCl, or KOH for 5 days at 110°C at a
fiber:porogen ratio of 1:5 by weight, and dried. Pyrolysis was
carried out by heating under flowing nitrogen at 800 °C at a
heating ramp of 10 °C/min for a hold period of 1 h [15]. Py-
rolytic carbons were also obtained without treatment with the
porogen, in which case the fibers were simply heat-treated un-
der the above conditions. Elemental analysis was done by a
Perkin—Elmer CHN 2000 elemental analyzer. Powder X-ray
diffraction patterns were recorded between 10° and 80° on
a Jeol X-ray diffractometer (Model D/Max 2500) fitted with
a nickel-filtered CuK « radiation source [15]. The morpholo-
gies of the pyrolytic carbons were examined by a scanning
electron microscope (FESEM S-4700, Hitachi). BET surface
area measurements were carried out on a surface area analyzer
(Micromeritics ASAP2010). FTIR spectra were recorded on a
Perkin—-Elmer Paragon 500 FTIR.

From here on for simplicity, porogen-free carbon will be re-
ferred as PFC, KOH-treated carbon as KTC, and ZnCl,-treated
carbon as ZTC.

2.2. Biosorption experiments

Adsorption isotherm experiments were carried out by ag-
itating 100 mg of carbon with 50 ml of 0-300 mg/L DCP
solution under various pHs (2-4) at 200 rpm, 35 °C in a ther-
mostated rotary shaker (ORBITEK). DCP concentration was
estimated spectrophotometrically by monitoring the absorbance
at 284 nm using a UV-vis spectrophotometer (Hitachi U-
3210). The solution pH was measured using a pH meter (Elico
LI-107). The DCP solutions were separated from the adsor-
bent by centrifugation at 20,000 rpm for 20 min and its ab-
sorbance was measured. Kinetic experiments were conducted
by fixing initial DCP concentration at 100 mg/L and pH at
2 with adsorbent dosage fixed at 2 g/L. The samples were
collected at different time intervals and the remaining esti-
mation procedure was the same as that of isotherm experi-
ments.

2.3. Adsorption isotherm modeling

The Langmuir, Freundlich, Toth, and Sips models were used
to describe the nonlinear equilibrium relationship between the
solute sorbed onto the sorbent (Q) and that left in solution (Ct).
The model equations can be represented as

Langmuir model,

Qmabef
Q 14 bCt W
Freundlich model,

1

0 = KeCl'"; )
Toth model,
0= Omaxb1Cr . 3)

[1+ (bpCp)l/nr]rr”
Sips model,

1 +asCPs’

where Qmax is the maximum DCP uptake (mg/g), b is the
Langmuir equilibrium constant (L/mg), K is the Freundlich
constant (L/g), n is the Freundlich constant, bt is the Toth
model constant, nt is the Toth model exponent, Kg is the
Sips model isotherm constant (L/g), as is the Sips model con-
stant (L /mg), and s is the Sips model exponent. All isotherm
and kinetic model parameters were evaluated using nonlin-
ear regression employing the Sigma Plot (version 4.0, SPSS,
USA) software [16]. The average percentage error between
the experimental and the predicted values was calculated us-
ing

Z,N=1(Qexp,i - Qcal,i/Qexp,i)

N X
where Qexp and Oy represent the experimental and calculated
uptake values, respectively, and N is the number of measure-
ments.

(%) =

100, (5)
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Table 1
The atomic hydrogen to carbon ratio (H/C), average pore diameter, and BET
surface area of the pyrolytic carbons

Sample H/C ratio Pore diameter (A) BET surface area (m? /2)
PFC 30 19 37
KTC 24 24 751
ZTC 26 57 1285

2.4. Desorption experiments

Desorption studies were conducted using the DCP-loaded
adsorbent, which was previously exposed to 300 mg/L of DCP
solution at pH 2. The DCP-loaded adsorbent was filtered using
Whatman filter paper and washed gently with distilled water to
remove any unadsorbed DCP. Several such samples were pre-
pared. Then the spent adsorbent was agitated for 120 min with
50 ml of distilled water, adjusted to different pH values. The
desorbed DCP was estimated as noted earlier. Similarly desorp-
tion experiments were also carried out in 50 ml of 1 N NaOH
solution.

All experiments were duplicated and the reported values
were the average of two data sets.

3. Results and discussion
3.1. H/C ratio and surface area

Table 1 gives values of H/C ratio, average pore diameter, and
BET surface area of the pyrolytic carbons. It can be seen that the
H/C ratio of the porogen-treated fiber carbons is less than that of
the untreated one. The heat generated during the decomposition
of the porogen or any chemical reaction of the products formed
during decomposition of the porogen in the fibers might have
altered the chemical composition of the carbonaceous products.
Despite a large volume of literature on chemical activation, the
mechanisms of the processes are yet to be fully elucidated. It
is, however, generally believed that ZnCl, acts as a dehydrating
agent [17—-19] and on carbonization leads to charring and arom-
atization of the carbon skeleton and creation of pore structure
[17,19]. ZnCl, at high concentrations is known to give Bron-
sted acidity to the activation solution, and to dissolve cellulosic
constituents of biomass [20]. In the case of KOH, the oxygen
in the alkali removes the cross-linking and stabilizes the car-
bon atoms in crystallites [21]. Metallic potassium obtained at
the pyrolysis temperature may intercalate and force apart the
lamellae of the crystallites [21]. Removal of metallic potassium
by washing creates microporosity in the new structure [21,22].
Furthermore, the surface area and pore diameter of the prod-
ucts are greatly varied due to the action of the porogens. For
example, the pore diameter increased from 19 A for the un-
treated fiber carbon to 24 and 57 A for the products obtained
by treatment with KOH and ZnCl,, respectively. The atten-
dant increase in the BET surface area was from 37 to 751 and
1285 m? /g for the ones after treatment with KOH and ZnCl,,
respectively. Thus, the pore size was increased up to threefold,
and the surface area increased 35 times because of the action of
the porogens. The microstructural evolutions can significantly

influence the adsorption behavior of the carbons. Wu et al. [23]
reported that the BET surface area of carbons prepared from
KOH-treated fir wood ranged between 891 and 2794 m?/g.

3.2. FTIR analysis

FTIR spectra for the carbons obtained with and without
porogen treatment were studied. The characteristic peak around
1650 cm~! is ascribed to vC=0 (asymmetric stretching), the
peak around 1400 cm~! to 8CH>, and those around 1300 and
1000-1200 cm~! to vC=0 (symmetric stretching) and vC=0,
respectively. The oxygen in the carbons is present in func-
tional groups such as carboxyls, carboxyl anhydrides, phenols,
carbonyls, lactones, quinines, quinine-like structures, etc. [24].
These functional groups appear at edge carbon atoms, and are
formed during the pyrolysis process. Similar observations have
been reported by Naoi et al. [25].

3.3. SEM examination

Fig. 1 depicts the SEM micrographs of banana pith carbons
obtained with and without porogen treatment. The PFC shows
a tube-like structure (Fig. 1a). On the other hand, the carbon
from fiber treated with ZnCl, has large aligned fibrous stacks,
parts of which seem to have been blown off by the emanating
gases [15]. More interestingly, the KOH-treated fiber carbons
have a loose, disjointed structure with no particular shape.

3.4. XRD analysis

Figs. 2a—2c show the XRD patterns of the carbon samples.
They are typical of disordered carbons, although the character-
istic (0 0 2) and (1 0 0) peaks of graphite are still discernible.
The (1 0 0) reflections around 43° honeycomb structures are
formed by sp? hybridized carbons, while the broad (0 0 2)
reflections between 20° and 30° indicate small domains of co-
herent and parallel stacking of the grapheme sheets. According
to Liu et al. [26] the empirical parameter, R, defined as the ratio
of the height of the (0 0 2) Bragg reflection to that of back-
ground is a measure of the quantity of single layered carbon
sheets in disordered carbons prepared by low-temperature py-
rolysis. Low values of the R factor for the samples (PFC, 2.31;
KTC, 2.02; ZTC, 2.27) suggest large concentrations of nonpar-
allel single layers of carbon. The increase in the R value on
treatment with the porogens suggests a breakdown of aligned
structural domains in the carbon matrix.

3.5. Adsorption kinetic experiments

In the first stage to elucidate the performances of different
forms of carbon samples on the removal of DCP, adsorption
kinetic experiments were conducted. Sorption kinetics in waste-
water treatment is significant as it provides valuable insights
into the reaction pathways and into the mechanism of sorption
reactions [27]. Also, the kinetics describes the solute uptake
which in turn controls the residence time of sorbate uptake
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Fig. 1. SEM micrographs of pyrolytic carbons derived from: (a) PFC, (b) KTC,
and (c) ZTC.

at the solid—solution interface. It was observed that DCP up-
take was rapid for the initial 30 min and then it proceeded at a
slower rate and finally attained saturation (Fig. 3). The higher
sorption rate at the initial period (30 min) may be due to an
increased number of vacant sites available at the initial stage,
which results in an increased concentration gradient between
sorbate in the solution and sorbate in the adsorbent surface [1].
As time increases, this concentration gradient is reduced due

Intensity

10 20 30 40 50 60 70 80
2 Theta

Intensity

10 20 30 40 50 60 70 80
2 Theta

Intensity

T T T T T T T T T T T T 1

10 20 30 40 50 60 70 80
2 Theta

Fig. 2. XRD patterns of pyrolytic carbons derived from: (a) PFC, (b) KTC, and
(c) ZTC.

to the sorption of DCP onto vacant sites, leading to a decrease
in sorption rate at later stages. On comparison, ZTC performed
well in DCP adsorption.

The experimental adsorption kinetic data were modeled us-
ing pseudo-first- and pseudo-second-order kinetics. The nonlin-
ear form of pseudo-first- and pseudo-second-order models are
shown below as Egs. (2) and (3), respectively [28],

01 = Qe (1 — exp(—kin)), (6)
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Fig. 3. DCP adsorption kinetics onto different forms of carbon (initial DCP concentration = 100 mg/L and pH 2). Lines were predicted by a pseudo-first-order

model.

Table 2

Pseudo-first- and pseudo-second-order model kinetic parameters obtained during DCP adsorption onto different forms of carbon

Carbon type Experimental Q¢ K Predicted Qe R? e K> Predicted Qe R? e

(mg/g) (1/min) (mg/g) (%) (g/mgmin) (mg/g) (%)

ZTC 47.5 0.062 46.9 0.998 0.31 0.0013 54.9 0.988 1.68

KTC 34.8 0.061 339 0.995 0.94 0.0018 40.0 0.985 2.33

PFC 274 0.054 26.9 0.994 1.48 0.0018 323 0.984 2.99

QZ%kt . i,

0, = e 7) is less, the overall surface charge of carbon became positive and

1+ Qckt this led to the interactions between the aromatic rings of DCP

where Q. is the amount of DCP sorbed at equilibrium (mg/g),
Q; is the amount of DCP sorbed at time ¢ (mg/g), k1 is the first-
order equilibrium rate constant (1/min), and k3 is the second-
order equilibrium rate constant (g/mg min). The rate constants
predicted equilibrium uptakes and corresponding correlation
coefficients for all forms of carbon tested have been calculated
and summarized in Table 2.

On comparisons based on correlation coefficients and per-
centage error values, the pseudo-first-order model was found
to describe the kinetic data more accurately than the pseudo-
second-order model. Also, the pseudo-first-order model suc-
cessfully simulated the kinetic curves (Fig. 3) and predicted the
equilibrium uptake values (Table 2).

3.6. Adsorption isotherms and modeling

Next, experiments were conducted to examine the full satu-
ration potential of the adsorbents. For this purpose, isotherm
experiments were conducted under different pH conditions
(pH 2-4) by varying initial DCP concentrations from 0 to
300 mg/L. Of the examined conditions, pH 2 was found to be
suitable for the removal of DCP in the case of all three car-
bons. When pH is less than the pK, (DCP: pK, = 7.89), DCP
primarily exists in its molecular form [29], and the amount of
adsorption remains relatively constant. When the pH value is
higher than the pKj,, the dissociation of chlorophenols to anions
increases and the amount of adsorption decreases. When the pH

activated by the OH™ and C1™ and the groups of the carbon sur-
face. At very low pH values, the surface of sorbent would also
be surrounded by the hydronium ions which enhance the chlo-
rinated phenols interaction with binding sites of the adsorbent
by greater attraction forces [30]. Also, the isotherms at pH 2 ex-
hibited the steepest initial isotherm slope, which is the measure
of the sorbent—solute affinity, with the eventual highest uptake
values of 117, 59.4, and 45.3 mg/g for ZTC, KTC, and PFC, re-
spectively. Comparing the three forms of carbon, the isotherm
of ZTC was the steepest and indicated the highest affinity of
DCP toward binding sites (Fig. 4).

Adsorption isotherms were modeled using the Langmuir,
Freundlich, Toth, and Sips models. The main reason for the
extended use of these isotherm models was that they incorpo-
rate easily interpretable constants. The model coefficients along
with correlation coefficients (R?) and average percentage er-
ror (¢) values obtained from the four isotherm models are listed
in Table 3.

The Langmuir sorption isotherm is a two-parameter isotherm
model, which has traditionally been used to quantify and con-
trast the performance of different sorbents. In its formulation,
binding to the surface was primarily by physical forces and
implicit in its deviation was the assumption that all sites pos-
sess equal affinity for the sorbate [16]. Its use was extended to
empirically describe the equilibrium relationships between the
bulk liquid and the solid phases [31]. In this study, the Langmuir
model produced reasonably good agreement with the sorption
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Table 3

Isotherm model parameters under different pH conditions for different forms of carbon

pH Carbon Langmuir model Freundlich model Toth model Sips model

type Omax b R? & K | n R? e Omax br . nr R? e Ks | as . Bs R? e

(mg/g) (L/mg) (%) (1/g)'/n (%) (mg/2) (L/mg)yf %) (L/g" L/megy (%)

2 ZTC 129.4  0.13 0.999 0.33 29.9 2.88 0.955 11.26 1304 0.13 1.02 0.999 0.15 17.8 0.14 0.99 0.999 0.09

3 ZTC 114.8  0.08 0.992 3.57 22.1 2.89 0.921 12.79 101.1  0.06 0.60 0.999 0.13 9.3 0.08 0.97 0.991 3.99

4 ZTC 94.1 0.07 0.986 5.26 18.9 3.12 0910 12.34 823 0.05 0.52 0.998 1.24 6.9 0.07 0.96 0.984 5.73

2 KTC 67.7 0.04 0.993 2.15 10.3 2.88 0.951 6.59 60.9 0.03 0.68 0.996 0.57 3.1 0.04 0.93 0.991 2.70

3 KTC 619 0.03 0.993 294 74 2.63 0950 6.78 52.4 0.02 0.56 0.999 0.76 2.1 0.03 0.92 0.990 3.56

4 KTC 51.8  0.02 0982 397 5.8 2.61 0931 7.42 41.1 0.02 0.36 0.998 0.38 1.5 0.03 091 0.976 4.67

2 PFC 499 0.04 0.996 0.90 9.2 3.23 0965 4.17 49.7 0.04 0.99 0.996 0.86 1.9 0.04 1.03 0.995 0.73

3  PFC 46.6 0.04 0.993 2.09 8.5 327 0947 520 422 0.03 0.66 0.997 0.90 2.4 0.05 0.90 0.990 2.60

4 PFC 404 0.03 0996 0.53 5.5 2.85 0.986 2.10 49.7 0.04 1.53 0.998 0.36 1.5 0.03 0.89 0.997 0.07

isotherm data (Table 3). The Langmuir model served to estimate
the maximum uptake values where they could not be reached
in the experiments. The coefficient b represents the affinity be-
tween the sorbent and the sorbate. Both Qnax and b increase
with decreasing pH from 4 to 2. High b values indicate that the
sorbent can remove DCP even at trace levels and high Qax val-
ues show a desirable high capacity of DCP binding [31]. From
Table 3, it can be inferred that ZTC exhibited the highest Qmax
and b values compared to other forms of carbon examined.

The DCP adsorption capacity observed in this study was su-
perior when compared to the results of other agricultural wastes
published in the literature. Coir pith carbon [13] exhibited
19.12 mg DCP/g and Palm pith carbon [1] adsorbed 19.16 mg
DCP/g compared to 129.4 mg DCP/g by ZTC in this study.

The Freundlich isotherm, again a two-parameter isotherm
model was originally empirical in nature, but later became in-
terpreted as sorption to heterogeneous surfaces or surfaces sup-
porting sites with varied affinities [16]. The Freundlich coeffi-
cient Kr of ZTC reached its corresponding maximum value at
pH 2, implying that the binding capacity had reached its highest
value compared to the other conditions investigated (Table 3).

To improve the fitness of sorption isotherm data, two three-
parameter isotherm models, Sips and Toth, were also used. The
Sips or Langmuir-Freundlich isotherm was employed in the
present study. At low sorbate concentrations this model effec-
tively reduces to the Freundlich isotherm and thus does not
obey Henry’s law. At high sorbate concentrations, it predicts
a monolayer sorption capacity characteristic of the Langmuir
isotherm [16,32]. The results indicated that ZTC outperformed
all other forms of carbon with maximum Kg, as, and Bs values
at pH 2 (Table 3). The exponent Bs values were close to unity.
It means that DCP sorption data obtained in this study are more
of a Langmuir rather than a Freundlich form, which was also
confirmed in Table 3.

The Toth isotherm, derived from potential theory, has proven
useful in describing sorption in heterogeneous systems such as
phenolic compounds on carbon. It assumes an asymmetrical
quasi-Gaussian energy distribution with a widened left-hand
side; i.e., most sites have sorption energy less than the mean
value [16,32]. All three Toth model constants were found max-
imum in the case of DCP adsorption by ZTC (Table 3). The
fitness of adsorption isotherm data was improved, in all cases,

when the Toth model was applied (Fig. 4). The isotherm data
described by the Toth model indicate that the surface of the
adsorbent is heterogeneous and contains different functional
groups.

3.7. Desorption

The attractiveness of the adsorption process is enhanced
when a possibility of recovery of the adsorbed solute exists.
Desorption was initially attempted by varying the pH from 2
to 11 and the results suggested that elution efficiency was not
even 35% (Fig. 5). This indicates that chemisorption has played
a major role in the adsorption process [33]. Hence desorption
was attempted in 1 M NaOH solution. NaOH reagent results
in the formation of sodium salt of phenol which may facilitate
desorption of phenol from carbon surfaces [9]. Very encourag-
ing results were obtained with 1 M NaOH which was able to
elute 98.1% of DCP from the DCP-loaded ZTC.

The regeneration experiments were aimed to explore the
adsorption potential of ZTC for DCP over three sorption—
desorption cycles. The adsorbent approximately retained their
first cycle DCP uptake (95 mg/g) throughout the three cycles
examined, which consistently reached high elution efficiencies
around 98% by 1 M NaOH. Most importantly, the weight loss
was insignificant (<6%) at the end of three consecutive cycles.

4. Conclusions

From the present study on the adsorption of DCP from aque-
ous solution, using chemically treated banana pith carbon, the
following conclusions are suggested:

e Among the chemical agents used, ZnCl, used as porogen
increased the adsorbent surface area from 37 to 1285 m?/g.

e SEM micrograph confirmed the formation of porous struc-
tures on the carbon probably due to emanating gases.

e Lower pH proved to be efficient for DCP adsorption onto
all forms of banana pith carbon.

e Kinetic studies revealed that DCP uptake was rapid for
the initial 30 min and thereafter it proceeded at a slower
rate and finally attained saturation. The nonlinear form of
pseudo-first-order kinetic model described and simulated
the kinetic data well.
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Fig. 5. Elution of DCP under different pH conditions (sorbent = 95 mg/g loaded ZTC).

e Adsorption isotherms were modeled using the Langmuir,
Freundlich, Sips, and Toth models. ZTC exhibited a DCP
uptake of 129.4 mg/g compared to the KTC and PTC up-
takes of 67.7 and 49.9 mg/g, respectively, according to the
Langmuir model. Based on the correlation coefficients and
percentage error values, the Toth model better simulated the
DCP adsorption isotherms under all examined conditions.

e Desorption was possible with 1 M NaOH with elution
efficiency of 98%. The adsorption potential of ZTC re-
mained effective for the three sorption—desorption cycles
with <6% weight loss.

Thus it could be concluded that ZTC can be used as a po-
tential adsorbent for removal of 2,4-DCP. Since the precursor
material, banana pith, is inexpensive, indigenous and easily
available in plenty as waste, its use as adsorbent would sig-
nificantly lower treatment costs and can be viewed as a waste
management strategy.
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