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ARTICLE INFO ABSTRACT
Article history: The present study investigates the adsorption potential of Punica granatum (pomegranate) peel as an
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adsorbent for the removal of 2,4-dichlorophenol (2,4-DCP) from aqueous solutions. The adsorption was
studied as a function of contact time, initial concentration and temperature by batch method. The adsorp-
tion capacity of pomegranate peel adsorbent for 2,4-DCP was found to be 65.7 mgg~'. The equilibrium
adsorption data was well described by the Langmuir model. Kinetic studies suggest that the present
system of phenol adsorption on pomegranate peel adsorbent could be described more favorably by
pseudo-first-order kinetic model. Column studies were also undertaken in order to test the practical
utility of prepared adsorbent and found promising. After the adsorption studies, the phenol-laden adsor-
bent was stabilized in cement for its ultimate disposal. The results of the present study clearly reveal that
prepared adsorbent can be used beneficially in treating industrial effluents containing phenols and safely
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disposed of by stabilizing into cement.
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1. Introduction

Phenol and substituted phenols are one of the important cat-
egories of aquatic pollutants, which are toxic to human beings
and are considered as priority pollutants [1]. Phenols are being
discharged into natural water bodies through different industrial
activities, constituting one of the major causes of environmental
pollution. The presence of even small concentrations of phenols
in water is of great concern as this can impart objectionable taste
and odor. Phenol is a basic structural unit for a variety of synthetic
organic compounds and therefore, wastewater originating from
many chemical plants, pesticide and dye manufacturing indus-
tries contain phenols. Besides this, wastewater originating from
other industries like pulp and paper, resin manufacturing, gas and
coke manufacturing, tanning, textile, plastics, rubber, pharmaceu-
tical and petroleum also contain different types of phenols [2].
In addition to phenols generated as a result of industrial activity,
wastewaters also contain phenols formed as a result of decay of
vegetation.

The ubiquitous nature of phenols, their toxicity even in trace
amounts and the stricter environmental regulations make it nec-
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essary to develop processes for the removal of phenols from
wastewaters. Methods used for the removal of phenols include
biological methods [3], membrane filtration [4], ion exchange [5],
photocatalytic degradation [6], oxidation with ozone/hydrogen per-
oxide [7], reverse osmosis [8], electrochemical oxidation [9] and
adsorption [10-12]. Among the various available methods for phe-
nol removal, adsorption process is considered to be the best as it
has wider applicability and generally removes all types of phenols
and effluent treatment is convenient because of simple design and
easy operation of the process. The activated carbon is mainly used
as adsorbent in the adsorption processes currently in use. However,
its widespread applications in wastewater treatment are restricted
due to higher cost. In view of the importance of pollution control,
efforts have been directed toward developing low cost alternative
adsorbents.

The utilization of waste materials is increasingly becoming of
vital concern because these wastes represent unused resources
and, in many cases, cause serious disposal problems. Large amount
of solid wastes are produced in the agricultural sector in most
countries of the world. A major part of this waste is normally
used as domestic fuel. However, for better utilization of this
cheap and abundant agricultural wastes, it can be explored as
low cost alternative adsorbent owing to relatively high fixed car-
bon content and presence of porous structure as reported by
various researchers [13-16]. However, the prepared adsorbents
have not been found to be as promising as activated carbon in
water pollution control. Therefore, the search for efficient low-


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:amit_b10@yahoo.co.in
dx.doi.org/10.1016/j.jhazmat.2009.02.151

1112 A. Bhatnagar, A.K. Minocha / Journal of Hazardous Materials 168 (2009) 1111-1117

cost adsorbents is ongoing. Additionally, most adsorption studies
do not suggest any environmentally safe disposal methods for the
pollutants-laden adsorbent generated as a result of the adsorption
process.

The present study was undertaken with two main objectives:
(i) to utilize pomegranate (Punica granatum) peel as an adsor-
bent after proper treatment for the removal of phenols with a
model system of 2,4-dichlorophenol (2,4-DCP) from water and, (ii)
to dispose of this phenol-laden adsorbent in cement by solidifi-
cation/stabilization (S/S) technology, which is a widely accepted
technology to control the release of hazardous waste (especially
metal ions and radioactive wastes) directly into the environment.
Stabilization of metals in S/S processes consists mainly of con-
verting the heavy metals into insoluble precipitates. However,
binding mechanisms and leaching of organics in cement are largely
unknown till date.

2. Materials and methods
2.1. Materials

2,4-DCP was purchased from Merck. Some of the important
characteristics of 2,4-DCP are shown in Table 1. Stock solutions of
2,4-DCP were prepared by dissolving it in double-distilled water
and were diluted further to obtain the lower concentration solu-
tions. Commercial Ordinary Portland cement 43 grade was used
to immobilize phenol-laden adsorbent. All reagents used were of
analytical reagent grade.

2.2. Preparation of adsorbent using pomegranate peel waste

The pomegranate peels were collected from the local fruit mar-
ket. These were first washed with double-distilled water and dried
inanovenat 80 + 2 °Covernight. The dried pomegranate peels were
ground and this material was then thermally activated at 600 + 5 °C
in a muffle furnace for 1h in the presence of air. After activation,
the ash content was removed by washing it with distilled water and
dried in an oven at 110 + 5 °C overnight. Different mesh sizes (BSS
100-250) were obtained after sieving and kept in a desiccator for
further use. The particle size of BSS 150-200 mesh was used in the
present study.

2.3. Adsorption studies

The adsorption of 2,4-DCP on the prepared adsorbent was stud-
ied at room temperature (25+2°C) by batch experiments. Ten
millilitre of 2,4-DCP solution of varying initial concentrations in
50 mL capped tubes was shaken with 0.1 g of adsorbent for a spec-
ified period of contact time in a temperature controlled shaking
assembly. After equilibrium, samples were filtered using 0.45 pum
filters (Whatman) and the concentration of the 2,4-DCP was deter-
mined spectrophotometrically at Amax of 282 nm. Reproducibility
of the measurements was determined in triplicates and the average

Table 1

Some characteristics of 2,4-dichlorophenol.

CAS number 000120-83-2
Chemical formula CsHsCl,0

EW. 163.00

Melting point 45°C

Boiling point 210°C

Water solubility 4500 mg/L (20°C)
Log P (octanol-water) 3.06

pKa 7.89

4.29E—006 atm-m?>/mol (25 °C)
1.06E—012 cm?/molecule-s (25°C)

Henry’s law constant
Atmospheric OH rate constant

values are reported. Relative standard deviations were found to be
within +£5.0%.

The amount of 2,4-DCP adsorbed (q. in mg g~!) was determined
as follows:

(Co—Cr)V

e = T m @)
where Co and Cy are the initial and final concentrations of the 2,4-
DCP in solution (in molL~1), V is the volume of solution (in L) and
m is the mass of the adsorbent (in g). The pH of all solutions in
contact with adsorbent was found to be in the range 5.5-6.5. Kinetic
studies of adsorption were also carried out at two initial 2,4-DCP
concentrations, where the extent of adsorption was investigated as
a function of time.

2.4. Column studies

In the present study, a glass column (50cm x 1.05cm) was
fully loaded with adsorbent on a glass wool support. Double-
distilled water was used to rinse the adsorbent and to remove
any bubbles present. 2,4-DCP solution was poured over the col-
umn and the column effluent was allowed at a flow rate of
2.5mLmin~'. A definite amount of the column effluent (10 mL) was
taken and the concentration of 2,4-DCP determined from time to
time by UV-vis. This process has continued until the concentra-
tion in the column effluent started increasing and finally becomes
constant. The plots of concentration of the adsorbate in the col-
umn effluent and volume of the effluent provide breakthrough
curves.

2.5. Preparation and curing of cement pastes and mortars

A separate batch adsorption experiment similar to that
described previously (under similar conditions) but with a larger
volume (1 L) of adsorbate solution with a larger quantity of adsor-
bent (10 g) was conducted to produce the phenol-laden adsorbent
for preparation of the solidified specimens. After the equilibration
time, the solid was separated from the liquid. The phenol-laden
adsorbent was then dried in an oven at 110°C for 24h. After
drying, the phenol-laden adsorbent was added in different pro-
portions to cement and sand to produce a cementitious system.
Well-mixed mortar pastes were cast in 2.78in. cubic iron molds.
The cubes were demolded after 24 h and were kept dipped in water
for curing. These cubes were tested for compressive strength on
3, 7, 28, 60 and 90 days of curing. Three replicates were tested
for each time and the average value was compared with the
values obtained for the blank sample (without the addition of
phenol-laden adsorbent). All the cement pastes and mortars were
prepared by the methods described in the IS: 4031-1968 guidelines
[17].

2.6. Leaching studies

An appropriate way to examine the effectiveness of the immo-
bilization of contaminants after the solidification process is to
perform the leaching test. These tests are commonly used to deter-
mine the leachability under the selected leach testing conditions.
This study has been carried out by following the standard method
No. 1311 as recommended by United States Environmental Protec-
tion Agency (USEPA) [18]. Crushed solid material was placed in
hazardous waste filtration system with zero head space extractor.
A known volume of water was added and this assembly has been
agitated for 24 h continuously in the agitator. A filtered extract was
collected in a closed vessel and was analyzed for phenol concentra-
tion by using the UV-vis.
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Fig. 1. Effect of contact time and concentration on adsorption of 2,4-DCP on
pomegranate peel adsorbent [temperature=25°C, adsorbent dosage=10gL-!,
pH=5.5-6.5].

3. Results and discussion
3.1. Effect of contact time and initial phenol concentration

In order to establish the equilibration time for maximum uptake
of 2,4-DCP and to know the kinetics, adsorption of 2,4-DCP on pre-
pared adsorbent was studied as a function of contact time and
concentration and results are shown in Fig. 1. It is seen from the
figure that the rate of uptake of 2,4-DCP is rapid in the beginning
and 50% adsorption is completed in 2 h and become constant after
9 h, which indicates that equilibrium has been achieved. Thus, 10 h
equilibration time was selected in subsequent batch experiments.

The effect of concentration on equilibrium time was also investi-
gated at two different initial 2,4-DCP concentrations and results are
also shown in Fig. 1. It was found that adsorption capacity at equilib-
rium increases from 27.4mgg~! to 50.0 mgg~! with an increase in
the initial 2,4-DCP concentration from 3.5 x 1074 M t0 6.5 x 104 M.
This indicates that initial concentration plays an important role in
the adsorption of 2,4-DCP on prepared adsorbent.

3.2. Kinetic modeling

In the present study, we applied three important kinetic mod-
els viz. pseudo-first-order, pseudo-second-order and Weber and
Morris intraparticle diffusion model in order to investigate the
mechanism of adsorption of 2,4-DCP on pomegranate peel adsor-
bent.

3.2.1. Pseudo-first-order model

Various reports [19,20] exist where adsorption has been consid-
ered as pseudo-first-order. The Lagergren’s rate equation [21] is the
most widely used [22-24] for the sorption of a solute from a liquid
solution. Thus this first-order equation:

kf
log(ge — qr) = logqe — mt (2)

where ‘g’ and ‘g, are the amount of 2,4-DCP adsorbed (mgg~1) at
equilibrium and at time ¢, respectively, and kf is the pseudo-first-
order rate constant, was applied to the present study of 2,4-DCP
adsorption. Fig. 2(A) shows a plot of linear form of pseudo-first-
order model at two concentrations studied. The plots were found
linear with good correlation coefficients (R?) for the pseudo-first-
order kinetic model varying from 0.9923 to 0.9996 confirming that
present adsorption system follows pseudo-first-order kinetics. Fur-
ther, the theoretical o) values were also found in accordance
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Fig. 2. Kinetic modeling of 2,4-DCP adsorption on pomegranate peel adsorbent.
(A) Pseudo-first-order kinetic model plots; (B) pseudo-second-order kinetic model
plots; (C) Weber and Morris intraparticle diffusion model plots.

with the experimental uptake values g (exp) (Table 2). This suggests
that present adsorption system follows pseudo-first-order kinetics.

3.2.2. Pseudo-second-order model

The adsorption kinetics was also described as pseudo-second-
order process [25-27]:
t_ 1 1
qr  keq? Qe
where ks is the pseudo-second-order rate constant. The present
data was also tested in the light of pseudo-second-order kinetic
model. The plots between t/q; versus t were drawn and are
shown in Fig. 2(B). Although correlation coefficients (R2) for the
pseudo-second-order kinetic model were 0.9950 and 0.9979 at both
concentrations studied, but the theoretical g(cq;) values calculated
for the pseudo-second-order model did not give reasonable val-
ues with regard to the experimental uptake values, ge(eyp) (Table 2).
This suggests that the present adsorption system cannot be well
described by pseudo-second-order process.

It is well known that adsorption kinetics is generally controlled
by three consecutive mass transport steps associated with the

(3)
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Table 2

Comparison of calculated amount adsorbed, ge(cq) and experimental amount adsorbed, q(.xp) values for different initial 2,4-DCP concentrations for different models.

Phenol Co (M) Qe(exp) (Mgg™1) Pseudo-first-order Pseudo-second-order
Geca) (Mgg™") R? Geca) (Mgg™") R?
2.4-DCP 3.5%x104 27.4 27.7 0.9996 37.5 0.9950
! 6.5x 104 50.0 54.2 0.9923 66.3 0.9979

adsorption of solute from the solution by an adsorbent. These are (i)
film diffusion, (ii) intraparticle or pore diffusion, and (iii) sorption
into interior sites. The third step is very rapid and hence film and
pore transports are the major steps controlling the rate of adsorp-
tion. In order to understand the diffusion mechanism, intraparticle
diffusion model was tested for the present 2,4-DCP adsorption
study.

3.2.3. Weber and Morris model
Kinetic data (Fig. 1) was analyzed in the light of intraparticle
diffusion model proposed by Weber and Morris [28]:

qe = kipt'/2 +C (4)

where, C is the intercept and kj, is the intraparticle diffusion rate
constant. According to this equation, a plot of uptake (q;) versus the
square root of time, (t!/2) should be linear when adsorption mech-
anism follows the intraparticle diffusion process. Fig. 2(C) shows a
plot of linear form of intraparticle diffusion model. As can be seen
from Fig. 2(C), the intercept of the line do not pass through the
origin and the correlation coefficients (R?) are less also than 0.99
at two concentrations studied suggesting that the mechanism of
phenol (2,4-DCP) adsorption onto prepared adsorbent is not solely
governed by intraparticle diffusion process.

3.3. Adsorption isotherms

In order to determine the efficacy of prepared adsorbent, the
equilibrium adsorption studies were carried out with varying con-
centrations of the 2,4-DCP and adsorption isotherms are shown in
Fig. 3. It is clear from figure that initially isotherms rise sharply
indicating that plenty of readily accessible sites are available in the
beginning for adsorption. However, after achieving equilibration,
when adsorbent becomes saturated, a plateau is reached indicating
that no more sites are available for further adsorption. The adsorp-
tion capacity of pomegranate peel adsorbent for 2,4-DCP was found
65.7mgg-! at 25°C. The adsorption of phenol on prepared car-
bonaceous adsorbent is purely a surface phenomenon where van
der Waals forces operate to some extent. The adsorption of phe-
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Fig. 3. Adsorption isotherms of 2,4-DCP on pomegranate peel adsorbent at different
temperatures [adsorbent dosage=10gL~!, pH=5.5-6.5].

nol could also be occurring to some extent due to the interaction
through hydrogen bonding with hydrophilic sites or groups formed
on carbon surface at the time of activation. It has been reported
that in the adsorption of phenols on carbon surface, the role of
donor-acceptor complex mechanism involving carbonyl oxygen
groups of the carbon surface acting as electron donor and the aro-
matic ring of the adsorbate as acceptor is important [29]. Thus, it
is expected that electron withdrawing groups, which deactivate
the ring, would promote adsorption through complex formation
occurring via donor-acceptor mechanism. As a result of higher
deactivation of the ring in 2,4-DCP, there would be higher ten-
dency of adsorption through a donor-acceptor complex mechanism
resulting in maximum adsorption.

Besides this, the solubility and pK, of solute is also expected
to affect adsorption to a great extent. A decrease in both aqueous
solubility and pK; of the solute is associated with an increase in
adsorption capacity [30]. 2,4-DCP having lower solubility (4.5gL-1)
and lower pK; (7.9) is adsorbed to higher extent. Thus, all these
factors, i.e. the tendency to form more donor-acceptor complex at
carbon surface, lower pK, and lower aqueous solubility lead to same
order of adsorption and it is reasonable to believe that a combined
effect of these factors is observed.

3.4. Effect of temperature on phenol adsorption

In order to understand the effect of temperature on the adsorp-
tion of 2,4-DCP, experiments were also conducted at 45°C and
results are shown in Fig. 3. A comparison of adsorption isotherms
at 25°C and 45 °C shows that adsorption increases with increase in
temperature indicating that the process is endothermic in nature.
Similar results were also obtained by other workers [19,23]. It
seems that at higher temperatures, dissociation of phenol molecule
occurs. However, the effect of temperature can mainly be explained
on the basis of hydrogen bonding [31]. In aqueous solutions of phe-
nols, there exists extensive hydrogen bonding between the phenol
molecule and waterresulting in appreciable solubility. These hydro-
gen bonds get broken at higher temperatures and this would cause
phenols to be less soluble and therefore, exhibit higher tendency
to go to the adsorbent surface and get adsorbed rather remain-
ing in the solution. This would result in more adsorption at higher
temperature [31]. Few researchers [32] also described this phe-
nomenon (more adsorption at higher temperatures) on the basis
of “active surface centers” (presence of free hydroquinone and
quinone groups on the carbon surface which could constitute the
active surface centers for the adsorption of phenols by hydrogen
bonding). They suggested that number of active surface centers
available for sorption increase with increasing temperatures result-
ing higher adsorption of phenols.

The most widely used isotherm equation, Langmuir model was
used to describe the experimental data of adsorption isotherms and
for the equilibrium modeling. The linear Langmuir equation has the
following form:

1 1 1
e qm qmbCe
where ‘qe’ is the amount adsorbed at equilibrium concentration

‘Ce’, ‘qm’ is the Langmuir constant representing maximum mono-
layer capacity and ‘b’ is the Langmuir constant related to energy

(5)
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Fig. 4. Langmuir plots of 2,4-DCP adsorption on pomegranate peel adsorbent.

of adsorption. The plots between 1/qg. and 1/C, for the adsorption
of 2,4-DCP are drawn in Fig. 4. The values of monolayer capacity
(gm) and Langmuir constant (b) have been evaluated from the inter-
cept and slope of these plots and given in Table 3. A perusal of
Table 3 shows that monolayer capacity (qm) of the adsorbent for
the 2,4-DCP is comparable to the maximum adsorption obtained
from adsorption isotherms.

The effect of isotherm shape has been discussed [33] with a view
to predict whether an adsorption system is ‘favorable’ or ‘unfa-
vorable’. The essential feature of the Langmuir isotherm can be
expressed in terms of ‘R;’, a dimensionless constant referred to as
separation factor or equilibrium parameter. ‘R;’ is calculated using
the following equation:

1
T 14 bCy
The values of ‘R;’ calculated as per above equation are incorporated

in Table 3. As the ‘R;’ values lie between 0 and 1, the adsorption
isotherm is favorable.

(6)

Ry

3.5. Thermodynamic parameters

Thermodynamic parameters were calculated to confirm the
adsorption nature of the present study. The thermodynamic con-
stants, free energy change (AG), enthalpy change (AH) and entropy
change (AS) were calculated to evaluate the thermodynamic feasi-
bility of the process and to confirm the nature of the adsorption
process. Thermodynamic parameters were calculated using Egs.

(7)-(9):

where R is the universal gas constant (8.314] mol~1 K-1), T is the
temperature in Kelvin and K is the equilibrium constant, related to
the Langmuir constant ‘b’ via Eq. (10), where the value 55.5 corre-
sponds to the molar concentration of the solvent (in this case water)
with units of mol L1 [34-36].

K=bx555 (10)

The values of the above stated parameters are summarized in
Table 4. The AH values are positive due to the effect of temper-
ature on breaking of hydrogen bonds which resulted in increased
adsorption. Thus, the pre-adsorption step (breaking of hydrogen
bonds between phenol and water molecules at higher tempera-
tures) gives rise to positive AH. These positive AH values are only
apparent heat of adsorption. As a matter of fact, AH values reflect
the combined effect of endothermic hydrogen bond breaking pro-
cess and exothermic adsorption process. The endothermic process
predominates the exothermic adsorption process giving rise to pos-
itive AH. The negative AG values indicate the spontaneous nature
of the adsorption process. Additionally, the decrease in free energy
change with the rise in temperature shows an increase in feasibil-
ity of adsorption at higher temperatures [22,37]. Further positive
AS values indicate the affinity of the adsorbent for 2,4-DCP and
suggests an increased randomness at the solid-solution interface
during adsorption process.

3.6. Column studies

The column operations were carried out by passing 2,4-DCP
solution with a flow rate of 2.5mLmin~! through column (cross-
sectional area: 0.9 cm?; height: 3.1 cm; mass: 1.0g of adsorbent).
Particle size of 50-200 mesh were used for column operations. The
column did not get clogged due to mixing of particles of larger size
with smaller ones and influent flowed freely over a period of 6-8 h
involving a total outflow of ca. 700 mL of 2,4-DCP solution. Column
operation was continued till concentration of 2,4-DCP in the aliquot
of effluent collected reached nearly 90% of the influent concentra-
tion, i.e. C/Cy ~0.9. In a traditional S-shape breakthrough curve, the
concentration ratio (C/Cy) of a given species in the effluent was
plotted against the effluent volume of the target solution. The break-
through curve was obtained (Fig. 5) by plotting C/Cy against volume
of the effluent. Those points on the breakthrough curve have been
considered as breakpoints at which C/Cy attains a value of 0.02. The
breakthrough capacity, exhaustion capacity and degree of column
utilization have been evaluated from the figure (Fig. 5). The break-
through capacity was found lower than batch capacity which may
be dueto(i)lesser contact time/equilibration time of the solute with
adsorbent and (ii) larger size of particles (50-200 mesh), which

AG = —RTInK (7) require longer time for equilibration and thus, inhibiting the utiliza-
K AH /1 1 tion of column capacity. Similar results were also obtained by other
n2 =21 (— — —) (8) workers [19] for the removal of chlorophenols by bituminous shale.
Kq R 7 T, - . . .
The exhaustion capacity of column was observed relatively higher
AG=AH-TAS (9) than the batch capacity. This appears due to the establishment of
Table 3
Langmuir constants and separation factor for the adsorption of 2,4-DCP on pomegranate peel adsorbent at different temperatures.
Phenol Temperature (°C) qm (mgg!) b (Lmol-") R? Ry
25 75.8 6.8 x 10° 0.9920 1.3 x 10!
pr D 45 96.2 8.3 x 103 0.9932 1.1x 10!
Table 4
Thermodynamic parameters for adsorption of 2,4-DCP on pomegranate peel adsorbent at different temperatures.
Phenol Temperature (°C) K AG (kJmol~!) AS (Jmol 1K 1) AH (k] mol~1)
25 3.77 x 10° —31.8 133.6
24-DCP 45 462 x 10° 345 1335 )
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Fig. 5. Breakthrough curve of 2,4-DCP adsorption on pomegranate peel adsorbent.

continuously larger concentration gradient at the interface zone as
the influent passes through the column. The concentration gradient
generally remains maintained because of fresh inflow of influent,
whereas, in case of batch experiments, the concentration gradient
continuously decreases with time resulting in smaller adsorption
capacity. Thus, these results have shown that the columns of pre-
pared adsorbent can be used to remove 2,4-DCP from wastewaters.

3.7. Stabilization studies of phenol-laden adsorbent with cement

The phenol-laden adsorbent was added in different proportions
to cement and sand to produce a cementitious system as described
inSection 2.5 and the prepared cubes were tested further to monitor
the change in different properties of the cement.

Initial and final setting time (IST and FST) were determined
following the method described in Indian standard method IS:
8112-1989 [38]. Both of these parameters were determined for the
blank samples as well as after the addition of 1-5% phenol-laden
adsorbent in cement. All the experiments were carried out in trip-
licate to assure accuracy and reproducibility. It is evident from the
results (Fig. 6) that there was no significant change in the IST and
EST on the addition of 1-5% phenol-laden adsorbent in cement.

Further, preliminary results of the leaching study show that 2,4-
DCP did not significantly leach from the mortar samples with 1-5%
adsorbent composition. Leachates from the fixed phenol-laden
adsorbent exhibit phenol concentration lower than the drinking
water standards. These results are in consistent with the previ-
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E 300'
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Fig. 6. Effect of addition of 1-5% phenol-laden adsorbent on the initial (IST) and
final setting time (FST) of cement.

ous observation [39] where it has been reported that the use of
regenerated powdered activated carbon in the S/S process reduced
the leaching potential of phenol by ca. 600% compared to when no
reactivated carbon was used. Further research regarding the role of
several other factors influencing the leaching studies is in progress.
These studies might be useful in identifying and elucidating the
binding mechanism of phenol and other organic contaminants in
cement.

4. Conclusions

The results of present study reveal that the pomegranate peel
waste can be utilized as an effective adsorbent for the removal
of 2,4-DCP from aqueous solutions. The adsorption potential of
pomegranate peel adsorbent was found 65.7 mgg~! for 2,4-DCP at
25°C. The adsorption data conformed best to the Langmuir model.
The kinetic data were analyzed in the light of three simplified
kinetic models viz. pseudo-first-order, pseudo-second-order and
intraparticle diffusion models. It was found that theoretical ge(car)
values agreed well with the gexp) Ones in case of pseudo-first-
order kinetics suggesting that present study of 2,4-DCP adsorption
on pomegranate peel adsorbent can be defined more favorably
by pseudo-first-order kinetic model. Results of column operations
have shown that the column of prepared adsorbent can be fruit-
fully used to remove 2,4-DCP from wastewaters. The phenol-laden
adsorbent was then stabilized into the cement for ultimate dis-
posal. The proposed technology (utilization of industrial wastes for
effluent treatment and ultimate disposal of adsorbents laden with
pollutants in cementitious materials by stabilization) provides a
twofold benefit of wastewater treatment and solid waste manage-
ment.

Acknowledgments

The authors are thankful to Council of Scientific and Industrial
Research (CSIR), New Delhi, India for financial support and to the
Director, CBRI, Roorkee for his kind permission to conduct and pub-
lish this research work. One of the author (Amit Bhatnagar) is also
grateful to Brain Korea-21 (BK-21) research project for partial fund-
ing. We also sincerely thank all the three anonymous reviewers for
their valuable comments.

References

[1] EA. Banat, B. Al-Bashir, S. Al-Asheh, O. Hayajneh, Adsorption of phenol by ben-
tonite, Environ. Pollut. 107 (2000) 391-398.

[2] M. Sittig, Pollution Detection and Monitoring Handbook, Noyes Data Co., NJ,
USA, 1974.

[3] KJ.Kennedy,]. Lu, W.W. Mohn, Biosorption of chlorophenols to anaerobic gran-
ular sludge, Water Res. 26 (1992) 1085-1092.

[4] S.L. Klemeston, M.D. Scharbow, Removal of phenolic compounds in coal
gasification wastewaters using a dynamic membrane filtration process, in: Pro-
ceedings of the 32nd Ind. Waste Conf., Purdue University, 1977.

[5] S. Goto, M. Goto, S. Uchiyama, Adsorption equilibria of phenol on anion
exchange resins in aqueous solution, J. Chem. Eng. Jpn. 17 (1984) 204-205.

[6] R.M. Alberici, W.E. Jardin, Photocatalytic degradation of phenol and chlorinated
phenols using a Ag-TiO; in a slurry reactor, Water Res. 28 (1994) 1845-1849.

[7] O. Koyama, Y. Kamagat, K. Nakamura, Degradation of chlorinated aromatics
by fenton oxidation and methanogenic digester sludge, Water Res. 28 (1994)
895-899.

[8] V.V. Goncharuk, D.D. Kucheruk, V.M. Kochkodan, V.P. Badekha, Removal of
organic substances from aqueous solutions by reagent enhanced reverse osmo-
sis, Desalination 143 (2002) 45-51.

[9] A.M. Polcaro, S. Palmas, Electrochemical oxidation of chlorophenols, Ind. Eng.
Chem. Res. 36 (1997) 1791-1798.

[10] W.K. Backhaus, E. Klumpp, H. Narres, M.. Schwuger, Adsorption of
2,4-dichlorophenol on montmorillonite and silica: influence of nonionic sur-
factants, J. Colloids Interf. Sci. 242 (2001) 6-13.

[11] J.T. Paprowicz, Activated carbons for phenols removal from wastewaters, Envi-
ron. Technol. 11 (1990) 71-82.

[12] T.G. Danis, T.A. Albanis, D.E. Petrakis, P.J. Pomonis, Removal of chlorinated
phenols from aqueous solutions by adsorption on alumina pillared clays and
mesoporous alumina aluminum phosphates, Water Res. 32 (1998) 295-302.



A. Bhatnagar, A.K. Minocha / Journal of Hazardous Materials 168 (2009) 1111-1117 1117

[13] P. Galiatsatou, M. Metaxas, D. Arapoglou, V. Kasselouri-Rigopoulou, Treatment
of olive mill waste water with activated carbons from agricultural by-products,
Waste Manage. 22 (2002) 803-812.

[14] K. Kadirvelu, M. Kavipriya, C. Karthika, M. Radhika, N. Vennilamani, S. Pattabhi,
Utilization of various agricultural wastes for activated carbon preparation and
application for the removal of dyes and metal ions from aqueous solutions,
Bioresour. Technol. 87 (2003) 129-132.

[15] C.Namasivayam, D.Sangeetha, Removal of molybdate from water by adsorption
onto ZnCl, activated coir pith carbon, Bioresour. Technol. 97 (2006) 1194-1200.

[16] M. Sathishkumar, A.R. Binupriya, D. Kavitha, S.E. Yun, Kinetic and isothermal
studies on liquid-phase adsorption of 2,4-dichlorophenol by palm pith carbon,
Bioresour. Technol. 98 (2007) 866-873.

[17] Bureau of Indian Standards, Methods of Physical Tests for Hydrated Cement, IS
4031-1968, New Delhi, India, 1968.

[18] USEPA, Method 1311, Toxicity Characteristic Leaching Procedure, Test Methods
for Evaluating Solid Wastes Physical/Chemical Methods, United States Environ-
mental Protection Agency, 1994.

[19] E. Tutem, R. Apak, C.F. Unal, Adsorptive removal of chlorophenols from water
by bituminous shale, Water Res. 32 (1998) 2315-2324.

[20] Y.S. Ho, G. McKay, The sorption of lead (II) ions on peat, Water Res. 33 (1999)
578-584.

[21] S.Lagergren, About the theory of so-called adsorption of soluble substances, K.
Svenska Vetenskapsakad Handl. 24 (1898) 1-39.

[22] K K. Panday, G. Prasad, V.N. Singh, Copper (II) removal from aqueous solutions
by fly ash, Water Res. 19 (1985) 869-873.

[23] E. Haribabu, Y.D. Upadhya, S.N. Upadhyay, Removal of phenols from effluents
by fly ash, Int. J. Environ. Stud. 43 (1993) 169-176.

[24] K. Periasamy, C. Namasivayam, Process development for removal and recovery
of cadmium from wastewater by a low-cost adsorbent: adsorption rates and
equilibrium studies, Ind. Eng. Chem. Res. 33 (1994) 317-320.

[25] Y.S. Ho, G. McKay, Pseudo-second order model for sorption processes, Process
Biochem. 34 (1999) 451-465.

[26] Y.S.Ho, C.C. Chiang, Sorption studies of acid dye by mixed sorbents, Adsorption
7(2001) 139-147.

[27] Y.S. Ho, ].C.Y. Ng, G. McKay, Removal of lead (II) from effluents by sorption on
peat using second-order kinetics, Sep. Sci. Technol. 36 (2001) 241-261.

[28] W.J. Weber Jr., J.C. Morris, Kinetics of adsorption on carbon from solution, ].
Sanit. Eng. Div. ASCE 89 (1963) 31-59.

[29] ].S. Mattson, H.B. Mark Jr., M.D. Malbin, W.J. Weber ]r., J.C. Crittenden, Surface
chemistry of active carbon: specific adsorption of phenols, J. Colloids Interf. Sci.
31(1969) 116-130.

[30] A.A.M. Daifullah, B.S. Girgis, Removal of some substituted phenols by acti-
vated carbon obtained from agricultural waste, Water Res. 32 (1998) 1169-
1177.

[31] AK. Jain, Suhas, S. Jain, A. Bhatnagar, Removal of 2-fluoro and 2-iodophenol
from aqueous solutions using industrial wastes, Environ. Technol. 25 (2004)
15-22.

[32] B.K. Singh, N.S. Rawat, Comparative sorption equilibrium studies of toxic phe-
nols on fly ash and impregnated fly ash, J. Chem. Technol. Biotechnol. 61 (1994)
307-312.

[33] T.W. Weber, R.K. Chakravorti, Pore and solid diffusion models for fixed bed
adsorbers, J. Am. Inst. Chem. Eng. 20 (1974) 228-238.

[34] R.J. Hunter, Foundations of Colloid Science, Oxford Univ. Press, Oxford, 2001.

[35] L.T. Chiem, L. Huynbh, J. Ralston, D.A. Beattie, An in situ ATR-FTIR study of poly-
acrylamide adsorption at the talc surface, J. Colloids Interf. Sci. 297 (2006)
54-61.

[36] A.M. Vasilev, ]. Ralston, D.A. Beattie, Adsorption of modified dextrins on talc:
effect of surface coverage and hydration water on hydrophobicity reduction,
Langmuir 24 (2008) 6121-6127.

[37] H.S. Altundogan, S. Altundogan, F. Timen, M. Bildik, Arsenic removal from
aqueous solutions by adsorption on red mud, Waste Manage. 20 (2000) 761-
767.

[38] Indian Standard: 8112-1989, 43 Grade Ordinary Portland cement-Specification
(First Revision), Bureau of Indian Standards, New Delhi, 1989.

[39] V.M. Hebatpuria, H.A. Arafat, H.S. Rho, P.L. Bishop, N.G. Pinto, R.C. Buchanan,
Immobilization of phenol in cement-based solidified/stabilized hazardous
wastes using regenerated activated carbon: leaching studies, J. Hazard. Mater.
70(1999) 117-138.



	Adsorptive removal of 2,4-dichlorophenol from water utilizing Punica granatum peel waste and stabilization with cement
	Introduction
	Materials and methods
	Materials
	Preparation of adsorbent using pomegranate peel waste
	Adsorption studies
	Column studies
	Preparation and curing of cement pastes and mortars
	Leaching studies

	Results and discussion
	Effect of contact time and initial phenol concentration
	Kinetic modeling
	Pseudo-first-order model
	Pseudo-second-order model
	Weber and Morris model

	Adsorption isotherms
	Effect of temperature on phenol adsorption
	Thermodynamic parameters
	Column studies
	Stabilization studies of phenol-laden adsorbent with cement

	Conclusions
	Acknowledgments
	References


