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Aminated resin (NDA-101) and oxidized resin (NDA-702) were synthesized to
remove Dimethyl phthalate (DMP) from the contaminated water. The equilibrium and
heat properties in the course of adsorption process were examined and compared with
two commercial heterogeneous adsorbents, namely an acrylic ester resin (Amberlite
XAD-7) and a coal-based granular activated carbon (AC-750). The associated equilib-
rium isotherms can be well fitted by Freundlich equation and the adsorption capacities
for DMP followed the order: NDA-702 [ NDA-101 [ AC-750 [ XAD-7. The surface
of XAD-7 was demonstrated to be relatively homogeneous through surface energy het-
erogeneity analysis, offering the sole hydrogen bonding interaction. Contrarily, hetero-
geneous surface of oxidized resins NDA-702 and the aminated resins NDA-101 exhib-
ited a promising adsorption capacity and affinity toward DMP probably derived by
multiple hydrogen bonding, p–p stacking, and micropore filling interactions. VVC 2010

American Institute of Chemical Engineers AIChE J, 56: 2699–2705, 2010

Keywords: dimethyl phthalate, resins, heterogeneous surface, adsorption, model

Introduction

Phthalates have been widely used as an important additive
to give improved flexibility, extensibility, and workability in
plastic industrial processes for a long time. For example,
dimethyl phthalate ester (DMP) is typically used in cellulose
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ester-based plastics, such as cellulose acetate and butyrate.
They are considered to be a ubiquitous pollutant in aquatic
environments (around 100 lg/L)1–4 because large quantities
of DMP are released into the environment in their whole life
time. Because of their endocrine disrupting, carcinogenic, or
xenoestrogenic properties,5–9 DMP is listed as one of the
highest priority pollutants by the environment authorities in
US and China. Thus, it is critical to effectively and economi-
cally remove phthalates from the aquatic environment. Vari-
ous processes have been used to remove or degrade phtha-
lates from surface water or industrial wastewater.10,11

Among the most common treatment methods, either aerobic
or anerobic processes require a relatively long time to render
the phthalates harmless because the half-lives for the degra-
dation of the phthalates needs from 1 day to 2 weeks in nat-
ural waters.12–14 However, for the industrial wastewater con-
taining DMP with considerably high concentrations (around
100 mg/L),15 adsorption might be one of the most effective
technologies to separate and even recover DMP from the
wastewaters.16–18

More recently, polymeric resins have attracted extensive
interest for removal of organic compounds from industrial
effluents19 because of high adsorption capacity, excellent
adsorption selectivity, strong mechanical property, and good
regenerability under mild conditions.20,21 In general, chemi-
cal modification of polymeric resins was used to obtain
larger adsorption capacity and better selectivity for a specific
organic pollutant by introducing some special functional
groups.22–25 The adsorption thermodynamic aspects, includ-
ing adsorption isotherm, adsorption enthalpy, adsorption en-
tropy, and adsorption Gibbs free energy as well, of the target
pollutants can be of great significance to help elucidating the
underlying mechanisms. For an adsorbent with surface-
energy heterogeneity, both the adsorption selectivity and the
absolute value of adsorption enthalpy can usually decrease
with the increase of the adsorbate loading fractions.
Although lots of studies on determination of the adsorption
isotherm and adsorption enthalpy26,27 were reported, there is
little knowledge on the quantitative effects of the resin sur-
face-energy heterogeneity and the adsorbate–adsorbate inter-
action on the adsorption properties.28–31

In the present work, two types of chemically modified res-
ins (NDA-101 with amino group and NDA-702 with
hydroxyl group) were developed to mimic the multiple weak
adsorbent–adsorbate interactions (hydrogen bonding, p–p
stacking, and micropore filling together) on DMP adsorption.
The commercial acrylic ester resin (Amberlite XAD-7) and

coal-based granular activated carbon (AC-750) were selected
for the comparative purpose. On the basis of the adsorption
isotherms, adsorption enthalpy, adsorption Gibbs free energy,
and adsorption entropy are calculated, respectively. Further-
more, the surface-energy heterogeneity of adsorbents as well
as the adsorbate–adsorbate interaction on adsorbents was
quantitatively explored by using Do’s model.

Materials and Methods

Materials

Macroporous cross-linked chloromethylated poly(styrene-
co-divinylbenzene) (CPS) beads were obtained from Lang-
fang Electrical Resin (Hebei province, China), its crosslink-
ing degree was 8%, and chlorine content was about 3.8
mmol/g (dry). The acrylic ester resin Amberlite XAD-7 was
provided by Rohm and Haas (Philadelphia), and a coal-based
granular activated carbon AC-750 was purchased from
Shanghai reagent station (Shanghai, China). Detailed physio-
chemical properties of the adsorbents used in this study are
presented in Table 1.

Acetone, methanol, iron chloride, dimethylamine aqueous
solution (the content of dimethylamine was 30%), nitroben-
zene, and DMP are of analytical grade and were also pur-
chased from Shanghai reagent station (Shanghai, China) and
used without further purification.

Synthesis of NDA-702 and NDA-101 resins

A Scheme of this experimentation is available in Scheme
1S of Supporting Information.32 To remove residual nitro-
benzene and other impurities left in the pore space of resins,
the resin particles of NDA-702 and NDA-101 were finally
subjected to rinsing in column with methanol/2 mol/L HCl
solution (1:1 of volume ratio) and ethanol, respectively, till
the effluent was transparent. Before use, all the adsorbents
were packed in a column and first rinsed with 10 bed vol-
umes (BV) of 0.01 M HCl, followed by DI washing until
neutral pH. Then, the column was subjected to basic flush-
ing by introducing 10 BV of 0.01 M NaOH and again DI
flushing to neutral pH. Finally, they were extracted with
ethanol for 4 h in a soxleth apparatus and vacuum desic-
cated at 325 K for 8 h before use. The compensating ions of
NDA-101 and NDA-702 are sodium and hydroxyl, respec-
tively.

Table 1. Main Properties of Adsorbents

Adsorbent CPS AC-750 NDA-101 NDA-702 XAD-7

Surface polarity Nonpolar Polar Moderate Moderate Polar
BET surface area [m2/g (dry)] 21 749 845 804 519
Micropore volume [cm3/g (dry)] – 0.22 0.26 0.22 0.02
Average pore diameter (nm) 16.5 2.2 2.4 2.9 7.4
Particle size (mm) 0.4–0.8 0.4–0.8 0.4–0.8 0.4–0.8 0.4–0.8
Residual chlorine content [mmol/g (dry)] 5.0 – 0.18 0.8 –
Tertiary amino group [mmol/g (dry)] – – 0.14 – –
Oxygen content (%) – 1.4 – 2.9 27.8
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Batch adsorption experiments

Equilibrium adsorption experiments were carried out at
293 K, 303 K, and 313 K in 100-mL glass flasks. Adsorbent
particles (0.025 g) were introduced to a 50 mL aqueous solu-
tion containing known DMP concentrations. The flask was
then transferred to a G 25 model incubator shaker with ther-
mostat (New Brunswick Scientific) and shaken under 150
rpm until the adsorption process reached equilibrium, as
indicated by the preliminary kinetic study. The background
solution contained 10�3 M KH2PO4 for buffering the aque-
ous solutions at pH 5.5–7.0. The amount of solute loaded on
the resin particles was calculated by conducting a mass bal-
ance on the solute before and after the test. The control
experiments were conducted using flasks prepared similarly
but containing no resin for assessing loss of solutes to the
flask components during adsorption tests. Results of tripli-
cate flasks showed that the average concentrations of solu-
tion phase were within 96–100% of the respective initial
concentration of the same solution analyzed similarly.
Hence, compound loss was negligible.

Analysis

All the solution concentrations of DMP were analyzed
spectrophotometrically using a Helious Betra UV-Vis spec-
trophotometer at wavelength of 228 nm. The analytical
detection limit was about 0.2 mg/L DMP. Surface area and
pore size distribution of adsorbents were determined by
using a Micrometrics 2010C automatic analyzer (Australia).
Infrared spectra of the adsorbents in the range of 650–4000
cm�1 were collected by a Nexus 870 FT-IR spectrometer
with a pellet of powdered potassium bromide. The chlorine
content was measured according to the method of Volhard.33

Results and Discussion

Characterization of adsorbents

Table 1 presents the typical properties of CPS, AC-750,
NDA-101, NDA-702, and XAD-7. It can be shown that AC-
750, NDA-101, and NDA-702 have similar BET surface
area and micropore structures, but quite different chemical
composition. The BET surface area and micropore structure

of XAD-7 are much less than those of AC-750, NDA-101,
and NDA-702. Thanks to IR experiments (spectra are given
in Figure 1S of Supporting Information), the presence of ter-
tiary amino group on NDA-101, of carbonyl and hydroxyl
groups on polymer matrix of NDA-702 and of carbonyl, ace-
tyl, and ester groups characteristic of the acrylic ester matrix
of XAD-734 were detected.

Adsorption isotherms

Adsorption isotherms of DMP are represented by the
Langmuir model (Eq. 1) and Freundlich model (Eq. 2):

qe ¼ KLqmCe

1þ KLCe

(1)

qe ¼ KFC
1=n
e (2)

where qe [mmol/g (dry)] is the equilibrium adsorption
capacity, Ce (mmol/L) represents the solute concentration in
equilibrium, qm [mmol/g (dry)] is the maximum adsorption
capacity [mmol/g (dry)], KL is a binding constant (L/mmol),
KF is a characteristic parameter and an indicator of adsorption
capacity, whereas n refers to an adsorption intensity and is an
indicator of the favorableness of the adsorbent–adsorbate
system. All these parameters are listed in Table 2 and
isotherms could be found in Figure 2S of Supporting
Information.

First, regression coefficients listed in Table 2 indicated
that the adsorption isotherms can be much better fitted
with the Freundlich model than with the Langmuir one. KF

values are observed in the following sequence as NDA-702
[ NDA-101 [ AC-750 � XAD-7. The significant higher
adsorption capacity of NDA-702, NDA-101, and AC-750
than XAD-7 presumably resulted from their higher micro-
pore volume, where DMP can be intensively adsorbed by
micropore filling mechanism. Second, the phenyl ring on
AC-750, NDA-702, and NDA-101 is also favorable to
increase the adsorption capacity and affinity of the aro-
matic ring on DMP molecule by the proposed p–p interac-
tion that can not be established in XAD-7 because of its
lack of phenyl ring. Third, the hydrogen atom of the

Table 2. Isotherm Parameters of DMP Adsorption onto AC-750, NDA-101, NDA-702, and XAD-7 at Different Temperatures

Adsorbent T (K)

Freundlich Langmuir

KF n R2 KL (L/mg) qm [mg/g (dry)] R2

AC-750 293 104 � 0.35 5.402 � 0.130 0.999 0.129 � 0.097 286.8 � 7.15 0.762
303 82.8 � 0.28 4.928 � 0.187 0.997 0.160 � 0.113 247.6 � 1.10 0.767
313 70.6 � 0.97 4.665 � 0.236 0.994 0.113 � 0.069 230.3 � 8.98 0.784

NDA-101 293 147 � 0.40 5.035 � 0.228 0.996 0.156 � 0.088 417.0 � 3.93 0.874
303 115 � 0.69 4.317 � 0.352 0.986 0.088 � 0.038 407.8 � 9.33 0.916
313 90.2 � 0.41 3.759 � 0.201 0.994 0.061 � 0.023 396.2 � 8.06 0.929

NDA-702 293 193 � 0.80 5.778 � 0.249 0.997 0.551 � 0.362 447.7 � 6.92 0.854
303 165 � 0.57 5.203 � 0.226 0.996 0.265 � 0.152 436.3 � 3.88 0.878
313 141 � 0.00 4.900 � 0.211 0.996 0.156 � 0.085 411.5 � 2.53 0.879

XAD-7 293 13.2 � 0.57 2.246 � 0.109 0.994 0.009 � 0.001 234.7 � 1.84 0.989
303 7.46 � 0.29 1.932 � 0.117 0.991 0.006 � 0.001 233.3 � 2.02 0.994
313 5.45 � 0.75 1.808 � 0.081 0.995 0.004 � 0.001 228.3 � 8.16 0.990
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hydroxyl group on NDA-702 and AC-750 can directly act
as hydrogen bonding acceptor and form hydrogen bonding
with the oxygen atom of the ester group of DMP mole-
cules. Besides, the nitrogen atom of the amino group on
NDA-101 and the oxygen atom of the carbonyl group on
XAD-7 might also play a role of hydrogen bonding dona-
tor and can form hydrogen bonding with the oxygen atom
of the ester group of DMP through the water molecules (in
Figure 1).35–37

Adsorption selectivity

To understand and quantify the adsorption selectivity of
the two chemical modified polymer resins (NDA-702 and
NDA-101) and the two comparative adsorbents (XAD-7 and
AC-750), the distribution ratio Kd (in L/g) was determined
by the following equation38:

Kd ¼ mg of DMP=1 g of dry resin

mg of DMP=1 L of solution
(3)

At low adsorbate fractional loading (see Figure 3S of Sup-
porting Information), Kd values of DMP adsorption decrease
as NDA-702 [ AC-750 [ NDA-101 � XAD-7, which

helps NDA-702 and NDA-101 to selectively removing DMP
from contaminated water dramatically. The much larger se-
lectivity of NDA-702, AC-750, and NDA-101 for DMP is
probably due to its particular multiple adsorption forces of
hydrogen bonding, micropore filling, and p–p taking interac-
tions. XAD-7 reasonably showed the lowest adsorption affin-
ity to DMP molecule due to the sole adsorbent–adsorbate
interaction of hydrogen bonding interaction. It is also shown
in Figure 3S of Supporting Information that the adsorption
selectivity of NDA-702 and NDA-101 decreases sharply
with an increasing adsorbate loading fraction (h), suggesting
their much heterogeneous nature.

Effect of temperature and thermodynamic analysis

Comparison of the results obtained at three different tem-
peratures for AC-750, NDA-702, NDA-101, and XAD-7
shows that the lower temperature is favorable for DMP
adsorption, indicating an exothermic nature of the adsorption
processes (see Figure 2S of Supporting Information). The
lower the free energy change (DG), enthalpy change (DH),
and entropy change (DS) during adsorption process were cal-
culated by the following equations.39

DG ¼ �nRT (4)

Figure 1. Schemes for the proposed adsorption driving force of DMP onto (a) AC-750, (b) NDA-101, (c) NDA-702,
and (d) XAD-7.
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lnCe ¼ lnK þ ð�DH=RTÞ (5)

DS ¼ ðDH � DGÞ=T (6)

where n is the characteristic constant in Freundlich equation, R
is the universal gas constant (8.314 kJ/mol/K), T is the
temperature (K), and K is a constant. From van’t Hoff
equilibrium equation of Eq. 5, DH can be figured out from the
isosters, plot of ln Ce vs. 1/T (Figure 4S of Supporting
Information). These isosters are straight lines and DH can be
calculated from their slope. Thermodynamic parameters of
DMP adsorption are listed in Table 1S of Supporting
Information.

The negative values of DH, DG, and DS indicate that
adsorption processes of DMP onto the four adsorbents are
exothermic and spontaneous. They were mainly driven by
enthalpy change. Different DH values at different adsorbate
loading levels indicated the heterogeneous nature of the ad-
sorbent surface. Initially, DMP molecules favorably adsorb
on the adsorbent surface at high-energy sites, and the abso-
lute value of DH is largest among the whole adsorption
process. With increasing adsorbate loading level, the ad-
sorbent surface with high-energy sites has been occupied
gradually, and the subsequent DMP molecules have to
adsorb on the adsorbent surface at relatively low-energy
sites, so that the absolute values of DH become less than
the initial one.23,28

Table 1S of Supporting Information also presents that at
the same temperature and adsorbate loading level, compared
to XAD-7, the larger losses of enthalpy and entropy (DH
and DS) about DMP adsorption onto AC-750, NDA-101, and

NDA-702 supports the proposed adsorption mechanism dis-
cussed in the previous section: DMP adsorption on AC-750,
NDA-101, and NDA-702 is driven by hydrogen bonding,
micropore filling, and p–p taking interactions together
whereas the one on XAD-7 is due to the sole hydrogen
bonding interaction.

Surface energy heterogeneity of resins

Do’s model was adopted to clarify the surface energy het-
erogeneity of adsorbents.23,28,40 It takes the isosteric adsorp-
tion enthalpy change as a function of the adsorbate fractional
loading:

DHðhÞ ¼ DH0ð1� abh=½1þ ðb� 1Þh�Þ þ lh (7)

where DH(h) is the isosteric adsorption enthalpy change at the
loading of h on adsorbent, DH0 is the enthalpy change at zero
loading, b is the pattern parameter, l is the adsorbate–
adsorbate interaction energy between adsorbed molecules, and
a is defined as:

a ¼ dH=DH0 (8)

where a represents the extent of the surface energy hetero-
geneity of adsorbent. The larger the a value is, the greater the
extent of surface energy heterogeneity is, and dH reflects the
enthalpy change with the loading fraction from 0 to 1.

As for DMP adsorption, DH(h) can be obtained directly
from the adsorption isoster (see Figure 4S of Supporting
Information), and h can be figured out from the adsorption
capacity corresponding to DH(h) and the maximum adsorp-
tion capacity from the extrapolation of the well fitted
isotherm. Figure 2 shows the DH(h) dependence on h. The
surface energy heterogeneity of adsorbent was calculated
by fitting the measured isosteric enthalpy change to Eq. 7
with nonlinear method, and the four parameters, DH0, a, b,
and l, are gathered in Table 3. The standard errors and
dependence values listed in Table 3 indicate that the fitted
results are reliable, which means Do’s model can describe
the surface energy heterogeneity of the adsorbents effi-
ciently.

As seen in Table 3, the extrapolated initial adsorption en-
thalpy changes (DH0) of DMP adsorption onto AC-750,
NDA-702, and NDA-101 are larger than those on XAD-7,
and, thus, reinforces the hypothesis according to which DMP
adsorption onto AC-750 and the chemical modified resins
NDA-702 and NDA-101 is driven by multiple physical forces
including hydrogen bonding, micropore filling, and p–p stak-
ing interactions, as depicted in Figure 1. The a values of
XAD-7 slightly lower than those of AC-750, NDA-702, and
NDA-101, implying the more homogeneous surface of XAD-
7. It is probably due to the sole hydrogen bonding interaction
between XAD-7 and DMP. Compared to the initial adsorption

Table 3. Nonlinear Fitting Results of Isosteric Adsorption Enthalpy and Some Other Characteristic Parameters

Resin DH0 a b l R2

AC-750 70.31 � 4.99 0.728 � 0.200 2.61 � 1.151 4.30 � 15.92 0.9997
NDA-101 144.5 � 26.78 0.808 � 0.011 11.89 � 5.004 �28.38 � 6.29 0.9998
NDA-702 81.88 � 3.73 0.739 � 0.060 4.85 � 1.144 �9.23 � 6.78 0.9998
XAD-7 62.21 � 28.79 0.719 � 0.083 15.92 � 16.473 �12.25 � 4.01 0.9995

Figure 2. Isosteric enthalpy dependence on fractional
loading of DMP adsorption and the fitted
curves.
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enthalpy changes (DH0), all the b values are almost zero, indi-
cating that this pattern parameter is independent of adsorbate.
Compared to the initial adsorption enthalpy changes (DH0),
the l values for all the test adsorbents are almost zero, sug-
gesting that the adsorbate–adsorbate interaction between
adsorbed molecules is not as important as the adsorbate–ad-
sorbent interaction in such adsorption systems.

Conclusions

Compared to commercial acrylic ester resin XAD-7 and
coal-based granular activated carbon AC-750, the two
chemically modified resins, namely NDA-101 with amino
group and NDA-702 with hydroxyl group, were developed
and exhibited excellent adsorption capacity toward DMP
from the contaminated waters. The Freundlich models can
be used to well simulate the adsorption isotherms. The
adsorption, mainly driven by enthalpy change, is shown to
be an exothermic and spontaneous process.

The four adsorbents exhibit different surface energy heter-
ogeneities for DMP adsorption in aqueous solution and can
be quantitatively described by Do’s model. Analysis of
adsorption mechanism suggests that multiple driving forces
of hydrogen bonding, micropore filling, and p–p taking
interactions are involved for the adsorption of DMP onto the
two chemically modified resins.
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