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bstract

Adsorptive studies were carried out on Di-ethyl phthalate (DEP) removal from aqueous phase onto activated carbon. Batch sorption studies were
erformed and the results revealed that activated carbon demonstrated ability to adsorb DEP. Influence of varying experimental conditions such as

EP concentration, pH of aqueous solution, and dosage of adsorbent were investigated on the adsorption process. Sorption interaction of DEP onto

ctivated carbon obeyed the pseudo second order rate equation. Experimental data showed good fit with both the Langmuir and Freundlich adsorption
sotherm models. DEP sorption was found to be dependent on the aqueous phase pH and the uptake was observed to be greater at acidic pH.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Phthalates are mainly used as plasticizers for cellulosic and
ome vinyl ester resins. Other uses of phthalates are in ceramic,
aper, cosmetic, ink, and paint industries. These industries dis-
harge phthalates in their wastewaters. Phthalates are known to
e chemicals, which are hazardous to human health and fer-
ility as they can be readily adsorbed through the skin. They
ave been linked to birth defects, organ damage, infertility,
nd cancer. They are also known to be among the endocrine-
isrupting compounds [1,2]. Di-ethyl phthalate (DEP) is one
f the important molecules in the family of phthalate esters,
hich has wide industrial applications. USEPA [3] estimated

hat 300 metric tonnes of DEP would be released annually to
urface water as a result of manufacturing, use, or disposal,
ased on 1977 production data. DEP is used to manufacture
ndustrial products as solvent [4]. DEP is designated as a toxic
ollutant under the Clean Water Act and is also regulated under

he Emergency Planning and Community Right-to-Know Act,
omprehensive Environmental Response, Compensation and
iability Act, and the Resource Conservation and Recovery Act
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tic models; Isothermal models

5]. The destruction of phthalates may be achieved by biological
reatments [6,7] or photocatalytic techniques [8]. However, the

ain drawbacks of these biological processes are that the com-
lete degradation/removal is seldom achieved [9]. Therefore,
ondestructive techniques seem to be attractive [10–13]. Among
he various treatments, adsorption process has an edge over the
ther methods due to its sludge-free, clean operation and com-
lete removal from the dilute solutions [14]. Adsorption onto the
ctivated carbon is proved to be one of the effective and reliable
hysicochemical nondestructive treatment methodology [15].
elatively few studies are reported with reference to adsorption
rocess for phthalate removal from aqueous phase [16–19].

This study focuses on the adsorption of DEP onto the
ctivated carbon from aqueous phase. The effect of various
arameters such as contact time, initial concentration, carbon
osage, and operation pH has been investigated. The kinetic
ata on sorption studies are processed to understand the sorption
echanism of DEP onto the activated carbon.

. Materials and methods
.1. Chemicals

Activated charcoal of geometric mean (Gm) size 70 � (sur-
ace area, 500 m2/g; Methyle Blue adsorption, 180 mg/g; loss
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53.2% with increase in the aqueous phase DEP concentration
from 0.5 to 3.0 mg/l. The effect of the dosage of activated car-
bon on the sorption removal of DEP was studied at 10 mg/l of
DEP concentration (Fig. 3). DEP sorption increased with the
Fig. 1. Structure of Di-ethyl phthalate (DEP).

n drying, 10% (120 ◦C); residue on ignition, 5% (600 ◦C))
E-Merck) was used as an adsorbent in this study. Analyt-
cal grade DEP (purity >99%, E-Merck) was used in all
he experiments. Its molecular weight is 222.24 has a boil-
ng point of 298–299 ◦C and aqueous solubility of 1.1 g/l.
he structure of DEP is shown in Fig. 1. Stock solution of
EP was prepared by dissolving 50 mg in 1000 ml of double
lass distilled water. The stock solution was then appropri-
tely diluted to get the test solution of desired DEP concen-
ration.

.2. Batch sorption experiments

Batch sorption experiments were performed adopting bottle
oint method as described by Venkata Mohan et al. [20,21]. In
his method, each independent bottle represented one point on
he graph containing the adsorbent and DEP mixture in order
o get accurate results. A series of 250 ml stopper glass bottles
ith 0.1 g of activated carbon are taken and 100 ml of solu-

ion containing DEP concentration of 0.5, 1.0, 2.0, and 3.0 mg/l.
EP is added in separate bottles and the adsorption mixture
as agitated for a pre-determined time period (200 min) using
orizontal shaker (temperature, 30 ◦C; agitation, 100 rpm; acti-
ated carbon, 0.1 g; contact time (till equilibrium), 120 min; pH
.0). Sorption kinetics were determined by analyzing uptake
f the DEP from aqueous solution at different time intervals
f 30, 60, 90, 120, 150, 180, and 200 min. Isothermal stud-
es were conducted to determine the sorption capacity and
ntensity by adding various doses of sorbent (0.2–1.0 g) and
gitated the reaction mixture for the equilibrium time (tem-
erature, 30 ◦C; agitation, 100 rpm; DEP, 1.0 mg; adsorption
contact) time, 120 min; pH 7.0). Influence of the aqueous phase
H on DEP sorption was studied by adjusting the reaction
ixture to different initial pH values from 2 to 10.5 (con-

entration, 10 mg DEP; activated carbon, 0.1 g/l; temperature,
0 ◦C; agitation, 100 rpm; contact time, 120 min). Aqueous
hase pH was maintained using 0.1 M HCl and 0.1 M NaOH
olutions.

.3. Analysis

The residual DEP concentration in the aqueous phase was
nalyzed by high-performance liquid chromatography (HPLC)

ith acetonitrile and water as eluents (9:1) using reverse phase
18 column (250 mm × 4.6 mm, 5 � particle size) and UV–vis
etector at 225 nm (flow rate of 0.5 ml/min; 20 �l sample).
he pH was maintained using a pH meter (Denver, model 20,
SA).

F
3
1

ig. 2. Variation of DEP sorption onto activated carbon (a) Influence of contact
ime on the sorption capacity [temperature, 30 ◦C; agitation, 100 rpm; activated
arbon, 0.1 g/l; pH 7.0].

. Results and discussion

.1. Sorption kinetics

The effect of contact time on the adsorptive removal of DEP
as depicted in Fig. 2. The rate of DEP removal was rapid ini-

ially and slowed down gradually after it attained equilibrium.
fter 120 min there is almost no adsorption, that is rate of adsorp-

ion is almost zero. The initial rapid sorption was perhaps due
o participation of specific functional groups and active surface
ites [14,21] in the adsorptive removal of the DEP. A large frac-
ion of the DEP was removed within 120 min of the contact
ime in all the experiments studied. The DEP removal efficiency
120 min) showed a decreasing trend gradually from 82.6 to
ig. 3. Influence of activated carbon dose on the sorption capacity [temperature,
0 ◦C; agitation, 100 rpm; concentration, 1.0 mg/l DEP; pH 7.0; contact time,
20 min].
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Table 1
Summary of sorption data evaluated by different kinetic models

Kinetic model Initial DEP
concentration (mg/l)

Rate constant R2

Pseudo second order
kinetic models

0.5 5.74 g/mg min 0.9747
1.0 4.03 g/mg min 0.9486
2.0 2.55 g/mg min 0.9554
3.0 1.48 g/mg min 0.9311

Intraparticle diffusion
model

0.5 0.06 mg/g min0.5 0.9664
1.0 1.08 mg/g min0.5 0.9980
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ig. 4. Intraparticle diffusion model of activated carbon–DEP sorption system
temperature, 30 ◦C; agitation, 100 rpm; activated carbon, 0.1 g; pH 7.0].

ncrease of the dosage of adsorbent. The highest unit adsorption
apacity was observed at 1.0 mg/l of activated carbon. The sorp-
ion kinetic data obtained from DEP-activated carbon system
as studied with different kinetic models [22,23] namely the

ntraparticle diffusion model [14,22,24] and the pseudo kinetic
odels [23].

.1.1. Intraparticle diffusion model
The basic assumption with intraparticle diffusion model is

hat the film diffusion was negligible and intraparticle diffusion
as the only rate-controlling step [14,20,23]. The mathematical

xpression for the intraparticle diffusion model [24] might be
epresented as

t ≈ kpt
0.5 (1)

here qt represents the fraction of DEP removed (mg/g), kp rep-
esents intraparticle diffusion rate constant (mg/g min0.5) and
0.5 denotes square root of contact time (min). According to Eq.
1) the plot of fraction of DEP removal (qt) versus the square
oot of contact time (t0.5) would yield a straight line passing
hrough the origin if the adsorption process obeyed the intra-
article diffusion model. Sorption kinetic data was processed
o determine whether intraparticle diffusion was rate limiting
Fig. 4). The plots obtained were of general type, that is, initial
urved portion with a final linear portion. The initial curved por-
ions might be attributed to the boundary layer diffusion effect
25], while the final linear portions might be due to intraparti-
le diffusion effects [25,26]. The sorption data indicated that the
orption removal of the DEP from aqueous phase on to activated
arbon was rather a complex process, involving both boundary
ayer diffusion and intraparticle diffusion. The slope of the linear
ortion was defined as a rate parameter (kp) and characteristic of
he rate of adsorption in this region where intraparticle diffusion
as rate limiting is depicted in Table 1.

.1.2. Pseudo kinetic models
The pseudo first and second order kinetic models assume

hat sorption is a chemical reaction and the sorption rate could
e determined, respectively, by the pseudo first order and second

rder reaction rate equations [14].

qt/dt = k1(qe − qt)
2 (2)

qt/dt = k2(qe − qt)
2 (3)

w
t

2.0 1.78 mg/g min 0.9832
3.0 2.31 mg/g min0.5 0.9705

here qe (mg/g) is the solid phase concentration of the DEP
t equilibrium, qt (mg/g) the average solid phase concentra-
ion of DEP at contact time t (min) and k1 (min−1) and k2
g/mg min) are the pseudo first order and pseudo second order
ate constants, respectively. If the sorption followed the pseudo
rst order rate equation, a plot of ln (qe − qt) against con-

act time ‘t’ should be a straight line. Similarly, t/qt should
hange linearly with time ‘t’ if the sorption process obeyed the
seudo second order rate equation. The derived rate constants
or both intraparticle diffusion and pseudo second order mod-
ls with the correlation coefficient R2 are depicted in Table 1.
he intraparticle diffusion model generated the best fit with the
orption kinetic data for the investigated DEP-activated carbon
dsorption systems, among the three kinetic models evaluated.
he correlation coefficients obtained for intraparticle diffusion
odel and pseudo second order model were larger than 0.9. The
odified pseudo second order equation showed next good fit
ith the sorption data (>0.9). In the case of pseudo first order

ate model, all the correlation coefficients obtained were above
.63 and less than 0.83 indicating the limited applicability of
his model for the investigated activated carbon adsorption sys-
em. The DEP-activated carbon system was confining to the
ntraparticle diffusion model along with modified pseudo sec-
nd order equation. Reported studies showed that the pseudo
econd order rate equation was a reasonably good fit of the
ata over the entire fractional approach to equilibrium and
herefore was employed extensively in the study of adsorption
inetics [22,23,26–29]. The applicability of intraparticle dif-
usion model suggested that adsorptive process of DEP onto
he activated carbon is rather a complex process involving both
oundary layer and intraparticle diffusion [23,24]. It could be
lso presumed from the discussion that the modified pseudo sec-
nd order equation was potentially a generalized kinetic model
or the adsorption system under study. The rate constants k2
pseudo second order rate constant, g/(mg min)] decreased with
ncrease in the initial concentration of the DEP in the adsorption
ystems.

.2. Adsorption equilibrium
Both Langmuir and Freundlich adsorption isotherm models
ere used for the analysis of the DEP-activated carbon adsorp-

ion system. The rearranged Langmuir adsorption isotherm
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Fig. 5. (a) Langmuir adsorption isotherm plot for activated carbon–DEP sorption
system. [Temperature, 30 ◦C; agitation, 100 rpm; activated carbon, 0.1 g; pH
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.0]. (b) Freundlich adsorption isotherm plot for activated carbon–DEP sorption
ystem [temperature, 30 ◦C; agitation, 100 rpm; activated carbon, 0.1 g; pH 7.0].

odel for evaluating the monolayer adsorption phenomena as
epicted in Eq. (4) was used to calculate the maximum adsorp-
ion capacity of the adsorbent Qm (mg/g) and a constant (ka)
elated to the affinity of the binding sites (l/mg).

eq/qeq = [1/kaQm] + [Ceq/Qm] (4)

The fit of experimental data to linear form of Langmuir
dsorption isotherm model shown in Fig. 5(a) with R2 of 0.9947
ndicated the validity of the model for the present system. Hall
t al. [30] and Venkata Mohan [31] showed that essential char-
cteristics of a Langmuir adsorption isotherm equation could be
xpressed in terms of a dimensionless constant called as separa-
ion factor or equilibrium factor or equilibrium parameter, ‘Rs’
hich is defined by the following equation,

s = 1/(1 + KaC0) (5)

here Rs is the dimensionless constant separation factor; ‘a’ the
angmuir constant as defined earlier (1/mg); and C0 is the initial
olute concentration (mg/l). The separation factor was calculated
sing the Langmuir isotherm model constants [24,29,30]. By
he value of separation factor the nature of the isotherm could
e assessed by the following classification [32]:
Rs > 1: unfavorable isotherm;
Rs = 0: linear isotherm;
0 < Rs < 1: favorable isotherm;
Rs < 0: irreversible isotherm.

f
o
t
c
T

ig. 6. Influence of aqueous phase pH on sportive removal of DEP [temperature,
0 ◦C; agitation, 100 rpm; activated carbon, 0.1 g; concentration, 1.0 mg/l DEP].

‘Rs’ was calculated for the linearized Langmuir adsorption
sotherm and found to be 0.77, which can be considered to be a
avorable condition.

Freundlich adsorption isotherm model used to study the
on-ideal adsorption involving heterogeneous adsorption phe-
omena was evaluated by the linearized Eq. (6) form

og(qeq) = [1/n log Ceq] + [log kf] (6)

here kf and 1/n are empirical constants. The fit of experimental
ata to linear form of Freundlich model is seen in Fig. 5(b) with
2 of 0.977. On the basis of R2 values Langmuir model seems

o fit better than Freundlich model to DEP-activated carbon
dsorption system.

.3. Influence of pH

Batch sorption experiments were carried out at variable pH
alues in the range of 2–10.5 to assess the adsorption capacity of
EP (DEP concentration, 1.0 mg/l; activated carbon, 100 mg/l;

ontact time, 120 min). The removal efficiency was measured
fter equilibrium contact time (120 min) and the data is depicted
n Fig. 6. It is evident from the experimental data that the process
f DEP adsorptive is highly dependent on the pH. The extent of
dsorption decreased markedly as the pH of the test solution is
ncreased from 2.0 to 10.5. The highest adsorption values were
bserved at acidic pH 2.0. According to Ayranci and Bayram
17], adsorption phenomena of phthalates can be explained on
he basis of hydrophobic and dispersion effects. The hydropho-
icity of groups attached to phthalic acid for the formation
f esters increases in the order dimethyl phthalate < diethyl
hthalate < diallyl phthalate. The sorption phenomena of DEP
orption at neutral pH can be attributed to the hydrophobic inter-
ctions which are characterized as unusually strong attraction by
oreno-Castilla [33], between hydrophobic sites of carbon sur-

ace and apolar alkyl or allyl groups of phthalates determine the

bserved order of rate and extent of adsorption [17]. At acidic pH
he protonated effect of surface functional groups such as amino,
arboxyl, thiol etc., imparted positive charge on the surface [34].
he sorption inhibition observed at basic pH range might be
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ttributed to the increase of hydroxyl ion leading to formation
f aqua-complexes thereby retarding the sorption [20].

. Conclusions

Batch sorption studies were performed on the removal of
EP from aqueous phase using activated carbon as adsorbent.
dsorption studies showed varied sorption capacity of DEP.
ffect of pH and the dosage of activated carbon were studied.
EP-activated carbon interaction showed good fit with pseudo

econd order rate equation. Isothermal data fitted well with both
angmuir and Freundlich isotherm models.
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