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a  b  s  t  r  a  c  t

Phthalate  esters  have  been  known  as  potent  endocrine  disruptors  and  carcinogens;  and  their removal
from  water  have  been  of  considerable  concern  recently.  In the  present  study,  �-cyclodextrin  polyurethane
polymer  (GPP),  �-cyclodextrin/starch  polyurethane  copolymer  (GSP),  and  starch  polyurethane  polymer
(SPP) have  been  synthesized  and  characterized.  Their  adsorption  efficiencies  for the  removal  of dimethyl
phthalate  (DMP)  and  diethyl  phthalate  (DEP)  from  aqueous  solutions  were  investigated.  The  character-
ization  results  showed  the  success  of the  synthesis.  The  isotherms  were  L-type,  and  both  the  Langmuir
and  Freundlich  adsorption  isotherm  gave  good  fittings  to  the  adsorption  data.  Adsorption  mechanisms
olyurethane polymer
-cyclodextrin
tarch
dsorption

suggested  that  these  adsorbents  spontaneously  adsorb  phthalate  molecules  driven  mainly  by  enthalpy
change,  and  the  adsorption  process  was attributed  to multiple  adsorbent–adsorbate  interactions  such
as hydrogen  bonding,  �–� stacking,  and  pore  filling.  The  results  showed  that starch  and  �-cyclodextrin
polyurethane  polymer  adsorbents  have  excellent  potential  as  adsorbent  materials  for  the  removal  of
phthalates  from  the contaminated  water.
. Introduction

Phthalic acid esters (PAEs) or phthalates are a class of widely
sed industrial compounds known technically as dialkyl or alkyl
ryl esters of 1,2-benzenedicarboxylic acid (phthalic acid). They
ave been widely used as important additive to give improved flexi-
ility, durability, and workability in plastic industrial processes for
he manufacture of different products including floor tiles, vari-
us types of household furnishing, food packaging, industrial and
edical tubing, catheters, blood containers, and numerous other

roducts (Llompart, Garcia-Jares, & Landin, 2006, chap. 28). How-
ver, PAEs are reversibly bound to the polymer matrix of these
lastic products (Bošnir et al., 2003; Llompart et al., 2006, chap.
8). Hence, they can migrate from the plastic to the external envi-

onment under certain conditions like high temperature, abrasion,
eaching, etc., during the product life cycle of manufacture, use
nd disposal (Bauer & Herrmann, 1997; Zeng et al., 2008). As
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a result of the large quantities produced, phthalate esters have
become ubiquitous environmental pollutants. Considering their
endocrine disrupting, carcinogenic, or xenoestrogenic properties
(Tyler, Jobling, & Sumpter, 1998), the presence of phthalates in
water media has raised much public health concerns. In this vein,
phthalates have been listed as one of the top priority pollutants by
many environment authorities around the world. Thus, it is nec-
essary to effectively and economically remove phthalates from the
aquatic environment.

Review of past reports on remediation of phthalates polluted
water has shown that adsorption technology has proved to be the
most effective option (Julinová & Slavík, 2012), and activated car-
bon has been the most common adsorbent applied for this purpose.
However, high cost and difficult regeneration of spent activated
carbon has left scientists with no other option than to develop alter-
native low cost adsorbents. Advances in polymer chemistry have
led to the development of novel synthetically engineered adsor-
bent materials that utilize carbohydrate molecules such as starch,
cyclodextrins, chitin, and chitosan for development of polymer

adsorbents (Crini, 2005). Starch is essentially a condensation poly-
mer  of glucose molecules connected by �-1,4-glycosidic linkages.
Similar to starch, cyclodextrins are water soluble cyclic oligosac-
charides composed of six, seven, or eight glucopyranose units
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inked by �-1,4-glycosidic bonds; hereafter referred to as �-, �-
 and �-cyclodextrin, respectively. Starch and cyclodextrin are of
articular interest as adsorbent precursors because of their relative
cyclodextrin) abundance, specific structure, biodegradability, and
hemical properties such as host-guest interaction (for cyclodex-
rin in particular) and high reactivity, resulting from the presence of
hemically reactive hydroxyl groups in their molecular structure.
he presence of the hydroxyl group makes chemical modification
asy (Imam et al., 2012; Okoli, Guo, & Adewuyi, 2014). Among
arious starch and cyclodextrin polymers, the cross-linked poly-
ers have been the most investigated adsorbents due to their

otal biodegradability, biocompatibility, non-toxicity, cost effec-
iveness, stability on storage, as well as simple fabrication method
Kuniak & Marchessault, 1972; Simkovic, Laszlo, & Thompson 1996;
atskevich, 2009; Guo, Li, Liu, Yin, & Li, 2009). Due to the host-guest

nteraction property of cyclodextrins, their polymers have been
xtensively studied for water remediation (Mohamed, Wilson, &
eadley, 2010). However, despite the fact that amongst �-, �-, and
-forms of cyclodextrin, �-cyclodextrin has the largest molecular

nclusion space (174, 262 and 427 Å3 for �-, �-, and �-cyclodextrin,
espectively) (Szejtli, 1998), limited studies on application of its
olymers for water remediation have been reported.

It is against this backdrop that this study was designed to inves-
igate the mechanism of adsorption of phthalates by �-cyclodextrin
nd starch polymers, and explore the feasibility of applying these
olymers as adsorbent for treatment of aqueous phthalates pollu-
ion.

. Materials and method

.1. Materials

Diethyl phthalate (DEP) was supplied by Tianjin Yongda Chem-
cal Reagent Company Limited China, while Dimethyl phthalate
DMP) phthalate standard, 4,4-methylene diphenyl diisocyanate
MDI), and N,N-dimethyl formamide (DMF) were supplied by
ladin Chemistry Company Ltd, Shanghai, China. Sodium Azide

NaN3) was supplied by Amresco, USA. Soluble starch (extracted
rom corn) was purchased from Guangfu Research Institute, Tian-
in, while �-cyclodextrin was supplied by Sinopharm, China. All the
eagents are of analytical grade and were applied without further
reatment. All solutions were prepared with ultra-pure water.

.2. Synthesis and characterization of adsorbents

.2.1. Synthesis of adsorbents
The �-cyclodextrin polyurethane polymer (GPP) was prepared

sing cross-linking agent MDI  and DMF  as solvent by a one-step
eticulation reaction. 8 g (6.17 mmol) aliquot of �-cyclodextrin was
issolved in 40 ml  of DMF  in a three-neck round bottom flask.
hen 5.28 g (21.09 mmol) of MDI  was gradually added while stir-
ing at 70 ◦C using a magnetic stirrer. The viscosity of the solution
ncreased so strongly and rapidly that it could not be stirred after
bout 1 h. At that point, acetone was added to stop the reaction, and
he precipitated polymer was filtered off, washed copiously with
istilled water, and further purified in a soxhlet unit using acetone
or 12 h. The polymer was finally lyophilized, and kept in a desic-
ator prior to use to prevent absorption of water from laboratory
nvironment. The �-cyclodextrin-starch polyurethane copolymer
GSP) was prepared by cross-linking a mixture of 4 g �-cyclodextrin

3.1 mmol) and 4 g starch with 5.28 g (21.09 mmol) of MDI, follow-
ng a similar procedure of GPP adsorbent. The starch polyurethane
olymer (SPP) was prepared in a similar procedure as described by
zmen and Yilmaz (2007) and modified by Okoli et al. (2014) with
ymers 114 (2014) 440–449 441

8 g aliquot of starch and 5.28 g of MDI. The reaction schemes for the
synthesis of the polymer adsorbents were as shown in Fig. S1.

2.2.2. Characterization of adsorbents
Fourier transform Infra-red (FT-IR) spectra of the synthesized

adsorbent were obtained using Perkin Elmer Spectrum 1 FTIR spec-
trophotometer, using the scanning frequency of 4000–450 cm−1, to
confirm the functional groups introduced as a result of the cross
linking reaction. The specific surface area and porosity of the sam-
ples were determined via adsorption-desorption of nitrogen at
77 K using an ASAP 2020 Model (Micromeritics, USA) surface area
and porosity analyzer. The morphologies of both �-cyclodextrin
and starch precursors, and their cross-linked polymer counterparts
were examined at various magnifications using a scanning electron
microscope (SEM) (Hitachi S4800 model, Japan).

2.3. Adsorption studies

2.3.1. Adsorption set-up and procedure
Batch adsorption method was adopted for this study using

simulated DMP  and DEP polluted water, prepared in synthetic
ground water (deionized water containing 44 mg/L CaCl2·H2O) to
mimic  environmental water. 2000 mg/L phthalates (DMP and DEP)
stock solutions were prepared in methanol, while the experimental
solutions of desired concentrations were obtained by serial dilu-
tion using water. The methanol content was assumed to have no
effect on solute equilibrium behavior due to its low concentration
(<0.1% v/v) in the final experimental solution. Sodium azide (Na3N)
was added at a concentration of 200 mg/L to prevent phthalates
biodegradation. Single solute phthalates solutions were applied for
all the adsorption studies.

Batch adsorption experiments were carried out by adding
aliquots of simulated phthalate polluted water samples into 100 ml
capacity glass stopped Erlenmeyer flasks containing desired dose
of adsorbent. Aluminum foil was used to wrap the flasks to min-
imize possible losses by photochemical decomposition. The flasks
were equilibrated in the dark by shaking at 170 rpm using a hor-
izontal shaker water bath. After equilibrium was attained, the
phthalate solution was separated from the adsorbent by centrifu-
gation at 3500 rpm for 15 min. Thereafter, equilibrium levels of
phthalates were quantified using PerkinElmer series 200 (USA)
High Performance Liquid Chromatography (HPLC) system with
Brownlee Analytical (PerkinElmer, USA) reverse phase C18 col-
umn  (150 × 3.2 mm2, 5 �m,  110 Å) equipped with Series 200 UV
Detectors. Phthalates were analyzed using isocratic elution with
acetonitrile and water in the ratio of 70:30 and detected at UV
absorbance of 254 nm.  All experiments were done in duplicates,
and the mean values used for data analysis

The study of effect of contact time was done by agitating 50.0 mg
of adsorbent with 100 ml  aliquot of 8.0 mg/L of phthalates concen-
tration while the residual phthalates concentration was  monitored
at 10, 30, 90, 180, 360, 720, and 1440 min. The effect of pH was stud-
ied using solutions of different pH (3.72, 5.10, 6.80, 8.40, and 9.75),
while the effect of ionic strength was  studied using solutions of dif-
ferent ionic strength (0, 0.01 0.05, 0.10, 0.25, and 0.5 M of Na+) that
were prepared using NaCl. The effect of adsorbent dose was studied
by agitating 10, 20, 30, 40, 50, 70, and 100 mg  of polymer adsorbents
with 50 ml  aliquot of 4.0 mg/L DEP solution. The effect of initial
phthalate concentration was  studied by varying the initial concen-
trations from 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5, and 20.0 mg  L−1

for both DMP  and DEP. Study of the effect of temperature was  car-
ried out in a rate determination experiment at temperatures of 25,

45, and 60 ◦C using 8.0 mg  L−1 of DMP  and DEP. All the adsorption
experiments were performed in duplicates.

A blank study was  done by adding a known mass of the adsor-
bent to a given volume of Milli-Q water free of organic traces
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o check whether the adsorbent could release phthalates in the
queous solution. For every experiment, adsorbent free phthalate
olutions were subjected to the same experimental conditions to
valuate the loss of phthalates to factors, other than adsorption.

.3.2. Data treatment
The equilibrium phthalates sorption capacity qe (mg/g), (quan-

ity of phthalates adsorbed at equilibrium) was calculated using Eq.
1)

e = (Co − Ce) V

M
(1)

here Co and Ce (mg/L) are phthalates concentrations before and
fter adsorption, respectively; V is the volume of the experimental
olution (L); M is the mass of sorbent (g).

To gain insight into the kinetic mechanism, the data gener-
ted for effect of time were modeled into the pseudo first order
Lagergren, 1898), pseudo second order (Olu-Owolabi, Diagboya, &
debowale, 2014), Morris–Weber intra-particle diffusion and liq-
id film diffusion models (Qiu et al., 2009) as shown in Eqs. (2)–(5),
espectively.

seudo first order (PFO) ln (qe − qt) = −k1t + lnqe (2)

seudo second order (PSO)
t

qt
= t

qe
+ 1

k2q2
e

(3)

here, qe and qt are the amounts of phthalates sorbed (mg/g) at
quilibrium and at any time, t respectively, k1 (l/min) is the pseudo-
rst order rate constant, and k2 (g/mg/min) is the pseudo-second
rder rate constant. The initial rate constant h, is calculated as

 = k2qe
2. The values of k2, h, and qe for pseudo second order model

ere evaluated from the linear plots of t/qt vs. t, while the values
f k1, and qe for pseudo first order were evaluated from the linear
lots of ln(qe − qt) vs. t.

orris − Weber intra − particle diffusion qt = kidt
1⁄2 + Ci (4)

iquid film diffusion ln(1 − qt

qe
) = −Rit (5)

here kid is the diffusion rate parameter for intraparticle diffusion
odel, Ci is a constant related to adsorption on the surfaces of the

ores, qt/qe is the fractional attainment of the equilibrium, and Ri

s the diffusion rate parameter for film diffusion model.
To obtain some insights into the surface properties and degree

f affinity of the sorbent, sorption data has been fitted to the Lang-
uir, Freundlich, BET, and Tempkin equilibrium isotherms using

he linear forms of these models (Febrianto et al., 2009) as shown
n Eqs. (6)–(9).

angmuir equation
1
qe

= 1
qmax

+ 1
qmaxKL

(
1
Ce

)
(6)

reundlich isotherm logqe = logKf + 1
n

logCe (7)

here qmax (mg/g) and qe is the maximum adsorption and amount
f solute adsorbed per unit weight of adsorbent (mg/g), respec-
ively. Ce is same as above; KL, Kf, and n are isotherm constants
btained from the slopes and intercepts.

ET isotherm
Ce

(C − C ) q
=

(
KB − 1
K Q o

)
Ce

C
+ 1

K Q o (8)

s e e B s B

here Cs is the saturation concentration (solubility limit) of the
olute in mg/L, KB is a constant related to the energy of interaction
ith the surface and the subsequent layers of adsorbates and Qo
ymers 114 (2014) 440–449

is the amount of solute adsorbed per unit weight of adsorbent in
forming a complete monolayer on the surface.

Tempkin isotherm qe = BlnA + BlnCe

while B = RT

b

(9)

where R, T and b are the gas constant, the absolute tempera-
ture in Kelvin, and the constant related to the heat of adsorption,
respectively. Ce and qe are as defined earlier, and A is the Temkin
isotherm constant.

The adsorption thermodynamic parameters; enthalpy (�Ho),
entropy (�So), Gibbs free energy (�Go) and equilibrium constant
(Kc), were evaluated for the experimental systems using van’t
Hoff and Gibbs–Helmholtz equations (Olu-Owolabi, Diagboya, &
Ebaddan, 2012) as shown in Eqs. (10)–(12).

lnKc = qe

Ce
(10)

lnKc = −�H◦

RT
+ �S◦

R
(11)

�G◦ = �H◦ − T�S  (12)

3. Result and discussion

3.1. Characterization of adsorbents

Fig. 1 shows the FTIR spectra of pristine starch, �-cyclodextrin,
GPP, GSP, and SPP. The non-existence of N C O band
(2285–2250 cm−1) in the spectra of the three polymers (GPP, GSP,
and SPP) showed that the two isocyanate groups of the MDI
molecule were involved in the cross-linking process. The spectra
for all the polymers showed sharp peak around 1510 cm−1 signify-
ing the N H deformation of secondary amides (amide–II band), and
1649 cm−1 signifying C O stretching vibration in secondary amides
(amide–I band) as labeled in Fig. 1. These peaks are in consonance
with the formation of amide groups ( CONH ), as shown in the
reaction scheme for the synthesis of the polymer (Fig. S1 of the
Supplementary material). The peak at 1595 cm−1 signifying ring
stretching vibration of benzene ring in aromatic compound, aro-
matic C H (3029 and 3027 cm−1 for GPP and GSP, respectively), and
C C (1410 and 1406 cm−1 for GPP and GSP, respectively) confirmed
successful cross-linking with MDI  molecule and successive incor-
poration of aromatic group into the chemical structural matrix of
these adsorbents. Also, the presence of stretching vibration of C H
bonds of glucose units (2905 cm−1), C O (1320–1000 cm−1) and
O H (3500–3200 cm−1) stretching vibrations of polymeric com-
pounds especially polysaccharides, in addition to the characteristic
broad peaks of anomeric C H ring deformations (635 and 645 cm−1

for GPP and GSP, respectively), showed that both the starch and
cyclodextrin structural backbones were retained in the cross-linked
polymer.

Table 1 showed the results of surface and pore analysis of the
polymer adsorbents. The values of BET specific surface area of the
synthesized adsorbents were higher than the established values of
the adsorbent precursor materials (0.980 m2/g and 0.712 m2/g for
starch and �-cyclodextrin, respectively). Hence, it can be concluded
that cross-linking process led to improvement in the surface and
porosity characteristics of the cross-linked polymer adsorbents.
This is in tandem with the established principle that cross-linking
process increases the network of the starch polymer, thus increas-
ing the surface area (Crini, 2005). Analysis of the BET total surface

area in relation to the adsorption surface area of pores is neces-
sary for understanding the adsorption mechanism and behavior of
adsorbents, since the information reveals the extent of adsorption
that takes place on the exterior, as well as the interior surfaces of
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Fig. 1. FTIR spectra of (a) adsorbent precursors (starch and �-cyclodextrin) and (b) cross-linked polymer adsorbents (GPP, GSP, and SPP).

F tarch 
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ig. 2. Scanning electron micrographs of (a) �-cyclodextrin (×20,000), (b) soluble s
PP  (×20,000).

he adsorbents. In this regards, the pore surface/total surface area
atio of the adsorbents shows that though SPP might have had the
ighest total surface area, higher percentage of the likely adsorp-

ion process is expected to take place in the internal pore surfaces.
ence, SPP is predicted to have the slowest adsorption rate while
PP and GSP adsorbents are expected to have similar rates. Also,

he study revealed that the average pore widths and pore volumes

able 1
ummary of BET surface and pore analysis of the polymer adsorbents.

Adsorbent GPP

BET surface area (m2/g) 15
BJH  adsorption cumulative surface area of pores (m2/g)a 10
Pore  surface/Total surface area 0
t-Plot  external surface area (m2/g) 21
BJH  adsorption pore volumea 0
BET  adsorption average pore width (4V/A) (Å) 98
BJH  adsorption average pore width (4V/A) (Å)a 233

a For pores between 17,000 and 3000,000 Å width.
(×20,000), (c) soluble starch (×4000), (d) GPP (×20,000), (e) GSP (×20,000), and (f)

for most of the adsorbents are large enough to allow diffusion of
adsorbate molecules into the internal surfaces of the adsorbents.

The SEM images (Fig. 2) revealed that the surface of the �-

cyclodextrin (Fig. 2a) and starch (Fig. 2b and c) precursors were
relatively smooth, while the surface of the cross linked poly-
mer  counterparts (GPP—Fig. 2d, GSP—Fig. 2e, and SPP—Fig. 2f)
had noticeable pores, thus corroborating higher BET surface areas

 GSP SSP

.2145 7.6178 40.3858

.6690 5.3530 40.0851

.7012 0.7026 0.9925

.4654 8.8089 58.6268

.0623 0.0478 0.1881

.0814 139.7694 128.5709

.7440 356.8720 187.7271



444 C.P. Okoli et al. / Carbohydrate Pol

F
a

o
t
s
t
t
l
c

3

3

i
s
l
v
c

f
(
a
r
a
(
m
i
t
i
a
t
a

w
c
o
t
i
G
7
7
f
t
a

ig. 3. Effect of contact time on (a) DMP  and (b) DEP adsorption onto the polymer
dsorbents.

bserved for the cross-linked adsorbents. The SEM images revealed
hat the particles of �-cyclodextrin and starch were globular in
hape and of different sizes while the cross linked polymer coun-
erparts were agglomerates of irregular shapes and sizes, indicating
he formation of bulkier polymer units emanating from the cross
inking process. These changes in micro-physical structure also
onfirmed the success of the adsorbent synthesis.

.2. Adsorption study

.2.1. Effect of contact time and adsorption dynamics
Considering the fact that industrial wastewaters cannot be held

n treatment plants for long periods, it is imperative that maximum
orption occurs in short time. In this regards, there is need to estab-
ish the phthalates adsorption-time relationship for investigating
arious process conditions for the designing of water clean-up pro-
edures.

The adsorption rate curves (Fig. 3) showed that adsorptions
or GPP and GSP were rapid in the first 90 min, with 72.9%
6.7 mg/g) and 81.6% (7.0 mg/g), respectively, of the total DEP
dsorption occurring within this time frame. As time elapsed, the
ate decreased significantly until after 400 min  when the percent-
ge of DEP adsorption increased to 98.0% (8.9 mg/g) and 99.9%
8.5 mg/g) for GPP and GSP, respectively. This trend of adsorption

ay  be explained thus: the initial rapid increase in DEP uptake
s due to the fact that a large number of vacant surface sites on
he cross-linked adsorbent are available for adsorption during the
nitial stage and since these have very high affinity for DEP, they
re filled rapidly. As time elapsed, the number of vacant adsorp-
ion sites progressively decreased resulting to the observed slow
dsorption rate.

The rate curve for the adsorption of SPP adsorbent was some-
hat different from that of GPP and GSP counterparts (Fig. 3). The

urve showed that DEP adsorption for SPP was less rapid than those
f GPP and GSP adsorbents, with less than 65% (5.2 mg/g) of the
otal DEP adsorption occurring in the first 90 min, and thereafter
ncreased to 90.9% (7.4 mg/g) in 720 min. Unlike that of GPP and
SP adsorbents, significant level of adsorption still occurred after
20 min. Hence, the time required to attain a rapid equilibrium is

20 min. However, a contact time of 1440 min  has been employed
or every other study because of this possibility of further adsorp-
ion. This observation can be explained on the basis of the pore
nd surface area make-up of the adsorbents. The result of pore and
ymers 114 (2014) 440–449

surface area analysis (Table 1) of the adsorbents showed that SPP
had the highest value for ratio of surface area of pores to total sur-
face area (value of 0.9925). This implies that most of the adsorption
sites for this adsorbent are located on the pore surfaces; hence over
one half of SPP adsorption occurred in the internal pore surfaces.
Therefore, more time was required to reach these sites than those
on the external surfaces. The rate curves of DMP  adsorption on the
studied adsorbents also followed similar trends observed on DEP
adsorption. Hence, the same explanation for DEP adsorption will
suffice for these similar observations.

It has been shown that adsorption removal of adsorbate
molecules from aqueous phase system proceed via three successive
steps viz: (a) transport of molecules from the bulk of the solu-
tion to the exterior surface of porous adsorbent particles through
a boundary layer (liquid film or external diffusion); (b) diffusion of
the molecules through the interior pores of the adsorbent (intra-
particle or internal diffusion); and (c) adsorption of molecules onto
the active sites on the interior surface (Qiu et al., 2009). All the three
steps could contribute to the overall adsorption kinetics, while the
third step also controls the specific adsorption capacity and inten-
sity. More often, one of the 3 steps offers the greatest resistance and
is thus referred to as the rate limiting step of the whole sorption
process. In practice, unless chemical modifications occur during the
sorption, the third stage is assumed to be too fast to contribute sig-
nificantly to the overall sorption rate. It is thus generally understood
that slow sorption kinetics are caused by rate-limiting diffusive
mass transfer. It is based on these concepts that the four kinetics
models: two reactive (pseudo-first order and pseudo-second order)
and two  diffusion based models (intra-particle and liquid film dif-
fusion models) were used to test the mechanism that controlled
the sorption process.

In this regards, the kinetic parameters (Fig. S2 and Table 2 show-
ing the plots and comparative fits, respectively) of the various
models indicate that the adsorption of phthalate molecules onto
the active sites on the surfaces of the adsorbents fit the pseudo-
second-order kinetics better than for pseudo-first-order kinetics
because the r2 values as well as the experimental qe values of the
pseudo-second-order are better correlated than that of pseudo first
order. Liquid film and intra-particle diffusion models gave further
insight into the controlling diffusion mechanism involved in the
adsorption process. The fits of intra-particle diffusion curves indi-
cate that diffusion of the phthalate molecules through the interior
pores of the adsorbent had significant contribution to the overall
adsorption kinetics. However, the fact that the curves did not pass
through the origin (Cid /= 0) reveals that an initial boundary layer
resistance existed, and equally indicated that the adsorption pro-
cess was not solely dominated by pore diffusion. Table 2 showed
that the fits of liquid film diffusion model were better than that
of intra-particle diffusion model. This indicated that transport of
phthalate molecules from the bulk of the solution to the exterior
surface of cross-linked adsorbents is the rate controlling step.

3.2.2. Effect of adsorbent dose
Fig. 4 shows the plots of qe and % removal against varying

adsorbent dose (10–100 mg). It was  observed that increasing the
adsorbent dose in the studied range increased the % removal of DEP
from 33.0–77.7%, 31.0–92.3%, and 30.7–93.4% for GPP, GSP, and SPP,
respectively. On the other hand, the equilibrium adsorption capac-
ity qe per unit mass of the studied adsorbents was found to decrease
6.4–1.5, 6.0–1.8, and 5.9–1.8 mg/g for GPP, GSP, and SPP, respec-
tively, with increasing adsorbent dose. Similar reports are found
in literature (Chan, Lau, Ang, Wu,  & Wong, 2004). It was  apparent

that by increasing the amount of cross-linked adsorbent, available
sorption sites for sorbent-solute interaction is increased due to
increased available active surface adsorption sites, hence, leading
to the noticed increased percentage phthalate removal from the
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Table  2
Kinetic Parameters for the adsorption of DMP  and DEP onto GPP, GSP, and SPP polymer adsorbents.

Kinetic model GPP/DMP GPP/DEP GSP/DMP GSP/DEP SPP/DMP SPP/DEP

qe Expt 8.4574 9.0720 7.9959 8.5726 7.688 8.0944
Psuedo first order

qecalc 3.2160 3.3601 1.8288 2.0924 3.9743 4.2691
K1 0.0023 0.0022 0.0025 0.0024 0.0024 0.0022
r2 0.7941 0.7965 0.7629 0.7726 0.9749 0.9812

Psuedo second order
qe calc 8.6535 9.2730 8.0854 8.6798 7.8162 8.2549
K2 0.0034 0.0033 0.0078 0.0066 0.0023 0.0022
h  0.2546 0.2894 0.5099 0.5028 0.1507 0.1514
r2 0.9999 0.9998 0.9999 0.9999 0.9963 0.9964

Intra-particle diffusion
Kid 0.1581 0.1629 0.1001 0.1073 0.1302 0.1404
Cid 3.7239 4.1811 5.0568 5.3875 3.3314 3.3990
r2 0.6454 0.6718 0.5695 0.6500 0.8543 0.8739

0.002
0.762

a
d
o
a
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s
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a
b
a
h
o
a
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n
t
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a
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Liquid film diffusion
Kfd 0.0023 0.0022 

r2 0.7940 0.7965 

liquot solution. Olu-Owolabi et al. (2012) have attributed the qe

ecrease with increasing mass to the decreasing total surface area
f the adsorbent and an increase in diffusion path length due to
ggregation of adsorbent particles, and as the weight of the cross-
inked adsorbents increased, the aggregation becomes increasingly
ignificant.

.2.3. Effect of pH and salinity (Na+ ions) on phthalates
dsorption

The result of study for effect of pH as shown in Table 3 indi-
ated that changes in the aqueous pH did not significantly affect
dsorption of diethyl phthalate onto GPP and GSP polymer adsor-
ents. The observation can be attributed to the neutrality of the
dsorbent surfaces, as previous studies on adsorption of phthalates
ad established that the effect of pH on adsorption of phthalates
ften emanates from the pH effect on charge properties of the
dsorbent surface, rather than the phthalate molecules (Staples,
eterson, Parkerton, & Adams, 1997; Chen & Chung, 2006). Since
one of the adsorbents under study has charged surfaces, pH was
herefore supposed to have minimal effect on their adsorption per-
ormance for phthalates, as observed in this study. However, the

dsorption capacity of SPP adsorbent was enhanced at relatively
igh aqueous pH of the solution. This observation can be attributed
o the fact that at relatively high pH, there will be de-protonation of

Fig. 4. Effect of adsorbent dose on adsorption capacity and % removal.
5 0.0023 0.0024 0.0023
9 0.7726 0.9749 0.98115

the surface OH groups of the adsorbents, thus leaving residual nega-
tive charges on the adsorbent surfaces. The aromatic moieties of the
phthalate molecules interact more with these charged surfaces, and
thereby enhance adsorption. However, the extent of manifestation
of this effect is subject to the polarity of the surfaces. Consider-
ing the structure of cross-linked cyclodextrin and starch polymers
(Fig. S1), it is obvious that this effect will manifest more on starch
polymer (SPP), since starch is more polar than cyclodextrin. Hence,
this is the reason behind the observed difference in behavior of the
studied adsorbents towards variation in pH.

The results of the effect of Na+ (representative of salinity) on
phthalate adsorption (Table 3) showed that increases in salin-
ity (NaCl concentration) did result to corresponding increment
in adsorption capacity of all the studied adsorbents. This can be
attributed to the reductive effect of Na+ on the solubility of phtha-
lates. Hence, the reduction in the solubility of phthalates is what
actually enhanced the adsorption process. This result suggests that
GPP, GSP, and SPP adsorbents could be used as adsorbents in fresh-
water and seawater aquaculture systems.

3.2.4. Effect of initial phthalate concentration and isotherm
studies

Equilibrium phthalate adsorption data (Fig. S3) showed that
increasing the phthalate aqueous concentration resulted in higher

adsorption of phthalates from solution. The increase in sorp-
tion with increase in solution concentration of phthalates was
attributed to the fact that when the polymer adsorbents’ exter-
nal surface film and internal pores transports of phthalates are

Table 3
Effect of pH and salinity on the adsorption of DEP onto cross-linked polymer
adsorbents.

Parameter Adsorption capacity (qe) (mg/g)

GPP GSP SPP

pH values
3.72 6.44 6.22 6.16
5.10  6.58 6.36 6.27
6.80  6.36 6.14 5.75
8.40  6.45 6.25 6.23
9.75  6.47 6.37 6.58

Salinity [Na+]
0.00 5.94 6.07 5.94
0.01  5.96 6.05 5.96
0.05  6.08 6.12 6.08
0.10  6.08 6.17 6.08
0.25  6.10 6.05 6.10
0.50  6.44 6.41 6.43
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Fig. 5. Experimental isotherm plots of (a) DMP  and (b) DEP adso

qual, the trans-boundary movement of phthalates will not be
ignificantly permissible; however, increasing concentration will
e-initiate the trans-boundary movement of phthalates and sorp-
ion will be concentration dependent.

The experimental isotherm plots for the adsorption of phtha-
ates onto the cross-linked starch and cyclodextrin polymer
dsorbents were as shown in Fig. 5. The plots showed that the equi-
ibrium sorption curves for the studied adsorption mainly followed
he L-type isotherm profiles; adsorption of DMP  and DEP by GSP and
PP exhibited more of L-type isotherm, while that of GPP adsorbent
xhibited the borderline of L-type and S-type isotherm profiles,
ith the L-type being the dominant profile. Considering the condi-

ions for exhibition of this isotherm profile as explained by Giles,
acewan, Nakhwa, and Smith (1960), it can be concluded that there
as no competition from the aqueous phase for the adsorption sites

f the cross-linked adsorbents.
The correlation coefficients (r2) and the qe values of the adsorp-

ion isotherm data (Table 4) showed that the Langmuir adsorption
sotherm model could be used to describe the phthalate adsorption
ata. This is an indication that the adsorption of phthalates on these

dsorbents were on adsorption sites with similar energy. The r2 val-
es of the Freundlich and BET adsorption isotherm model (Table 4)
nd nonlinear isotherm plots (Figs. S4 and S5) showed that these
odels could describe the adsorption data. Though traditionally,

able 4
sotherm model parameters for DMP  and DEP adsorption using the studied adsorbents.

Isotherm models Parameters GPP 

DMP  DEP 

Exp qe 13.4278 17.8332 

Langmuir r2 0.8767 0.8824 

qmax 13.6463 15.8200 

KL 0.3329 0.3025 

Freundlich r2 0.8281 0.8442 

Kf 3.6045 3.7300 

n  2.0400 1.8400 

BET r2 0.6696 0.5211 

Qo 200.2659 22.3625 

KB 17.1055 81.9345 

Tempkin r2 0.7586 0.7391 

A  2.1316 1.7230 

b  670.2400 530.3800 
n on the polyurethane polymer adsorbents (GPP, GSP, and SPP).

the Freundlich and BET isotherm implies multi-layer adsorption
on heterogeneous surfaces, this is partly true of the adsorption on
these adsorbents. As stated earlier, the surface and porosity analy-
sis showed that the adsorbents are porous and hence, adsorption of
phthalates occurs on both the external surfaces of the adsorbents,
as well as the internal pores. However, the fitting of the data to the
Langmuir isotherm implied that the external and the internal sur-
faces have similar adsorption energy. Brunauer, Emmett, and Teller
(1938) have shown that several Langmuir type adsorptions on a sin-
gle adsorbent can be described by the Freundlich and BET isotherm
models. Hence, the fitting of the Freundlich and BET isotherms as
observed in this study can be explained in a similar vein.

Also, the fact that both Langmuir and Freundlich adsorption
isotherm models gave good fittings of the adsorption data indicates
that the interactions that took place between the adsorbents and
phthalate molecules are weak interactions like hydrogen bonding,
dipole, and �–� interactions. The existence of the weak interac-
tions can be explained on the basis of chemical structural properties
of both the polyurethane polymer adsorbents and the phthalate
molecules as elucidated in Fig. 6. The presence of phenyl ring on

the adsorbents is favourable to increase the adsorption capacity
and affinity of the aromatic ring on DMP  and DEP molecules by
�–� interaction. On the existence of hydrogen bonding, the hydro-
gen atom of the hydroxyl group on the polyurethane polymer chain

GSP SSP

DMP  DEP DMP  DEP

11.2869 15.4680 8.1765 11.54025

0.9858 0.9878 0.9364 0.9631
15.1012 17.3800 10.8944 12.1374

0.3073 0.2767 0.4691 0.4131

0.9292 0.9929 0.8385 0.9876
3.9092 3.9400 3.8232 1.7600
2.1100 1.8500 2.6500 2.2900

0.9352 0.9779 0.9018 0.9857
358.5304 20.0868 719.0829 13.7770

14.7149 115.4324 10.1574 163.5039

0.8943 0.9632 0.7728 0.9702
2.6117 1.9700 4.4185 2.9000

698.0700 554.7800 1023.5000 810.7700
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Fig. 6. Schematics of the adsorption interaction of phthalates with the pol

f the cross-linked adsorbents can directly act as hydrogen bonding
cceptor and form hydrogen bonding with the oxygen atom of the
ster group of DMP  and DEP molecules. Besides, the nitrogen atom
f the amino group and the oxygen atom of the carbonyl group
n the cross-linked adsorbents might also play a role of hydrogen
onding donator and can form hydrogen bonding with the oxy-
en atom of the ester group of DMP  and DEP through the water
olecules.
The efficiency of the adsorption process can be predicted by

he dimensionless equilibrium parameter RL, which is defined as
L = 1/1 + (1 + KLCo) (where KL and Co are the Langmuir isotherm
odel constant and initial aqueous phthalate concentration). As

hown in Table 5, RL values ranged from 0.09 to 0.58, and suggested
avorable adsorption (0 < RL < 1) of phthalates onto the investigated
dsorbent. Also, the Freundlich constants, KF values, considered as a
easure of the adsorption capacity, were higher for DEP than DMP.

he reason for the higher affinity could be the higher hydropho-
icity of DEP. The Freundlich isotherm indicated that n values
anged from 1.8 to 2.7, and this implied that the studied adsorption
sotherms can be considered nonlinear because the n values were in

eneral outside the 0.95 < n < 1.05 range established by Pignatello
t al. (2006) as suitable for an isotherm to be considered linear.
his can be explained as the manifestation of aromatic �–� inter-
ction, as Wang, Cook, Tao, and Xing (2007) observed that there
ane polymer on (a) interfacial and (b) inclusion spaces of the adsorbents.

was a positive relationship between aromatic carbons and isotherm
nonlinearity.

3.2.5. Effect of temperature and thermodynamics analysis
The result of the study showed that aqueous temperature had

a negative correlation with the adsorption capacities of the adsor-
bents. Hence, adsorption of phthalates decreased with increment
in the temperature of the aqueous media. This is attributed to the
reduced interaction of the phthalate molecules with the adsorbent,
as a result of increment in the solubility of the phthalates with
increment in temperature. Despite having negative correlation
with the adsorption capacity, increment in aqueous tempera-
ture led to a corresponding increment in the adsorption rate as
evidenced in the values of rate constant, k2 and initial reaction rate,
h (Table S1). This effect may  be due to the fact that at higher temper-
atures, the increase in heat and the subsequent kinetic energy leads
to increased mobility of the solute, which results to higher adsorp-
tion rates. Also, the observed positive relationship between the
temperature and k2 as well as temperature and h confirmed the fact
that adsorption of phthalate molecules onto the active adsorption

sites of the adsorbent surfaces was  not the rate limiting step.

The values of the thermodynamic parameters: �G, �H, and �S
are shown in Table 6. The �G  values for all the adsorbent–adsorbate
systems were negative, indicating that the sorption process is
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Table 5
Values of Separation factor (dimensionless equilibrium parameter) RL for the adsorption of DMP  and DEP.

DMP  Co GPP/DMP GSP/DMP SPP/DMP DEP Co GPP/DMP GSP/DMP SPP/DMP

2.41 0.55 0.57 0.47 2.40 0.56 0.58 0.47
4.80 0.39 0.40 0.31 4.83 0.38 0.40 0.31
7.52  0.29 0.30 0.22 7.42 0.29 0.30 0.22
9.88  0.23 0.25 0.18 9.69 0.24 0.25 0.18

12.40  0.19 0.21 0.15 12.30 0.20 0.21 0.15
14.80  0.17 0.18 0.13 14.76 0.17 0.18 0.13
17.43  0.15 0.16 0.11 17.23 0.15 0.16 0.11
19.90  0.13 0.14 0.10 20.84 0.13 0.14 0.09

Table 6
Thermodynamic parameters for DMP  and DEP adsorption using the studied adsorbents.

Adsorbate/adsorbent �H (kJ/mol) �S (kJ/mol/K) �G (kJ/mol)

298 K 318 K 338 K

DMP
GPP −8.63 −0.022 −1.85 −1.40 −0.94
GSP  −21.05 −0.064 −1.82 −0.53 0.76
SSP  −10.79 −0.030 −1.73 −1.12 −0.51

DEP
GPP  −23.76 −0.071 −2.37 −0.94 0.50
GSP  −19.43 −0.058 −2.06 −0.90 0.27
SSP  −10.26 −0.028 −1.91 −1.35 −0.79
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Fig. 7. Schematics of the structure of the polymer adsorben

easible and spontaneous. The adsorptions were exothermic (neg-
tive �H values) accompanied by reduced entropy (negative �S
alues) as the process proceeded to equilibrium.

.2.6. Adsorption performance and chemical structural make-up
f adsorbents

Considering the surface and porosity characteristics of the poly-
er  adsorbents as elucidated in Table 1, the expected trend of

dsorption capacity was SPP > GPP > GSP. However, both kinetic
Table 2) and isotherm data (Table 4), showed that the batch
dsorption capacity (Exp. qe) of the polymer adsorbents for both
MP and DEP were in the order GPP > GSP > SPP. The observed
dsorption trend can be explained to have emanated from the
hemical structural make-up of the polymer adsorbents (Fig. 7).

hthalates adsorption on SPP adsorbent occurred on the interfacial
paces as the active adsorption sites, while that of GPP and GSP
ccurred both on interfacial and inclusion spaces (see adsorption
cheme in Fig. S6). The possibility of adsorption in inclusion spaces
wing the differences between (a) GPP, (b) GSP, and (c) SPP.

is predicated on the fact that the volumes guest molecules (adsor-
bates) were within the range that can be hosted by �-cyclodextrin.
For instance, the volume of DEP (232.46 Å3), as calculated using
Density Functional Theorem (Spartan 10v1.1 suite of programmes)
is close to that of Benzo[a]anthracene (256.06 Å3) which has been
reported to be in the size range for �-cyclodextrin inclusion (Landy,
Mallard, Ponchel, Monflier, & Fourmentin, 2012). However, due to
the fact that GPP has more inclusion spaces than GSP, the contribu-
tion of adsorption on inclusion spaces to the entire adsorption was
more in GPP than in GSP, hence GPP exhibited higher adsorption
capacity than GSP, while SPP had the least.

4. Conclusion
The kinetic study revealed that liquid film diffusion is the rate
controlling step of phthalate adsorption onto the starch and �-
cyclodextrin polyurethane polymer adsorbents, while the isotherm
study indicated that adsorption of phthalates on external surfaces
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s well as pore surfaces occurred on surface adsorption sites with
imilar energies. Adsorption is affected by a number of factors,
specially phthalate concentrations, adsorbents dose, temperature
f aqueous media, and to a less extent pH and ionic strength.
dsorption was deemed to be complete in reasonable time. Over-
ll, this study demonstrated the treatment of aqueous phthalate
ollution by adsorption using �-cyclodextrin and starch based
olyurethane polymer adsorbents. Considering their good adsorp-
ion capacity, ease of synthesis, as well as availability of the polymer
recursors at relatively low cost, the adsorbents are promising and
ost-effective, and thus recommended for phthalates removal from
queous environment.
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