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Abstract Macro-porous resins are widely used as adsorbents
for the treatment of organic contaminants in wastewater and
for the pre-concentration of organic solutes from water.
However, the sorption mechanisms for organic contaminants
on such adsorbents have not been systematically investigated
so far. Therefore, in this study, the sorption capacities and
affinities of 24 organic chemicals by XAD-7 were investigat-
ed and the experimentally obtained sorption isotherms were
fitted to the Dubinin-Ashtakhov model. Linear positive corre-
lations were observed between the sorption capacities and the
solubilities (SW) of the chemicals in water or octanol and
between the sorption affinities and the solvatochromic param-
eters of the chemicals, indicating that the sorption of various
organic compounds by XAD-7 occurred by non-linear
partitioning into XAD-7, rather than by adsorption on XAD-
7 surfaces. Both specific interactions (i.e., hydrogen-bonding
interactions) as well as nonspecific interactions were consid-
ered to be responsible for the non-linear partitioning. The
correlation equations obtained in this study allow the predic-
tion of non-linear partitioning using well-known chemical
parameters, namely SW, octanol-water partition coefficients
(KOW), and the hydrogen-bonding donor parameter (αm).
The effect of pH on the sorption of ionizable organic com-
pounds (IOCs) could also be predicted by combining the

correlation equations with additional equations developed
from the estimation of IOC dissociation rates. The prediction
equations developed in this study and the proposed non-linear
partition mechanism shed new light on the selective removal
and pre-concentration of organic solutes from water and on
the regeneration of exhausted XAD-7 using solvent
extraction.
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contaminants . Prediction

Introduction

Since their discovery in the 1960s (Kunin et al. 1961), macro-
reticular polymeric sorbents (resins) have been attracting in-
creasing attention as one of the most promising alternatives to
activated carbon for the removal of organic chemicals from
wastewater (Xu et al. 2003; Pan et al. 2008a; Li and Chase
2010). The sorption of an organic chemical by sorbents such
as resins may be described in terms of sorption capacity and
sorption affinity (Yang and Xing 2010; Wu et al. 2012).
Sorption capacity of a resin is the maximum amount of the
chemicals adsorbed on the resin, whereas sorption affinity is a
parameter that indicates the total strength of all the interactions
between the chemical and the resin on which they are
adsorbed (Yang and Xing 2010; Wu et al. 2012). Three main
types of interactions, namely, hydrophobic effects (induced by
interactions such as van der Waals force), π-π bonding inter-
actions, and hydrogen-bonding interactions, have been iden-
tified and are thought to be responsible for the sorption of
organic chemicals by resins (Thurman et al. 1978; Xu et al.
2003; Qiu et al. 2005; Feng et al. 2012; Ghatbandhe et al.
2012; Pan and Zhang 2012; Vincenza et al. 2013). Polanyi
theory has been regarded as a powerful theory that explains
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the sorption of organic chemicals from aqueous solutions on
resins (Pan and Zhang 2012, 2013). The sorption capacity and
sorption affinity of organic chemicals including non-ionic
compounds (e.g., nitrobenzene) and ionizable compounds
(e.g., aniline, phenol, and their substitutes) by the resins can
be determined using the fitted isotherm parameters (i.e., the
saturated adsorbed solute capacity Q0 and the correlating
divisor E) of the Polanyi theory-based Dubinin-Ashtakhov
(DA) model (Yang et al. 2008; Yang and Xing 2010; Wu
et al. 2012; Pan and Zhang 2012, 2013).

Knowledge of the correlations between the sorption capac-
ities and affinities of organic chemicals toward resins and the
properties of the organic chemicals may be helpful in under-
standing the underlying sorption mechanisms as well as for
the quantitative prediction of the sorption of an organic chem-
ical by a polymeric sorbent (Thurman et al. 1978; Pan and
Zhang 2012, 2013). These correlations can be used to theo-
retically identify the solutes that are capable of adsorbing
toward a given sorbent and to predict their sorption capacities
and affinities (Thurman et al. 1978). Understanding the un-
derlying sorption mechanisms and quantitative predictions of
the sorption of organic chemicals on resins are vital for choos-
ing appropriate resins, synthesizing specific resins, and choos-
ing optimal regeneration of resins for wastewater treatment
applications (Thurman et al. 1978; Pan and Zhang 2012,
2013). In a previous study (Thurman et al. 1978), an inverse
logarithmic relationship between the sorption coefficients (K,
which is the ratio of the chemical concentration adsorbed on
the resin to the equilibrium concentration of the chemical in
the solution) at a given initial chemical concentration and
aqueous molar solubility (SW) was observed for 20 organic
chemicals on Amberlite XAD-8, which is a porous acrylic
resin. The organic chemicals studied included aromatic, ali-
phatic, and alicyclic organic solutes with carboxyl, hydroxyl,
amine, and methyl functional groups. The log K-log SW
relationship was used to predict the value of K for a given
organic chemical on XAD-8 using only SW (Thurman et al.
1978). In a recent study by Pan and Zhang (2012), important
linear free energy relationships between the n-hexadecane-
water partition coefficient—normalized parameter E (i.e.,
Em) of the DA model-fitted isotherms and the solvatochromic
parameters (i.e., hydrogen-bonding donor parameter (αm) of
phenols and nitrobenzene)—were observed for the sorption of
phenols and nitrobenzene by resins including XAD-4 and
XAD-7. This suggested that hydrophobic effects and
hydrogen-bonding interactions were predominantly responsi-
ble for the sorption. A negative linear correlation between Q0

(parameter from the DA isotherms) and the molecular size of
the selected chemicals was also observed for XAD-4 and
XAD-7 (Pan and Zhang 2012). However, this negative linear
correlation was not applicable for other chemicals (i.e., 5
anilines and caffeine) on XAD-4 and XAD-7, as reported in
a later study by Pan and Zhang (2013). Therefore, correlations

between the Q0 of the organic chemicals on the resins and the
properties of the organic chemicals have not been developed
yet, which limits the understanding of the underlying sorption
mechanisms and the quantitative prediction of sorption.

Pan and Zhang (2013) observed that in addition to the
hydrophobic effects and hydrogen-bonding interactions, π-π
bonding interactions, which are identified by the polarity/
polarizability (π*) of the chemicals, were also important for
the sorption of chemicals such as nitrobenzene, caffeine,
phenols, and anilines on resins such as XAD-4, XAD-7, and
MN200. This observation is not in agreement with their
previous observation that hydrophobic effects and hydrogen-
bonding interactions are predominantly responsible for the
sorption of organic chemicals on resins (Pan and Zhang
2012). A predictive model using a phase conversion approach
(from aqueous phase to n-hexadecane and ideal gas phase)
was developed to accurately estimate the sorption of organic
chemicals on the resins (Pan and Zhang 2013). However, this
model is very complex and is based on (i) a number of
multiple linear regressions between the net free energy change
of the chemicals during phase conversion and their
solvatochromic parameters (i.e., the intrinsic molar volume
VI, polarity/polarizability π*, and the hydrogen-bonding do-
nor parameter αm) at a given sorption amount (qe) and (ii) a
number of regression relationships describing the dependency
of the multiple linear regression coefficients on qe, within a
wide concentration-range (Ce) (Pan and Zhang 2013). In
addition to the solvatochromic parameter SW, n-hexadecane-
water partition coefficients (KHW) and gas-water distribution
coefficients (KGW) of the chemicals were required for making
predictions using this model (Pan and Zhang 2013).
Therefore, this model is not facile for predictive applications.
Moreover, the regression relationships describing the depen-
dence of the multiple linear regression coefficients on qe are
physically meaningless from the point of view of understand-
ing the underlying sorptive mechanisms.

In this study, the sorption isotherms of 24 organic
chemicals by XAD-7 resin were obtained and fitted to the
DAmodel, to investigate the sorption affinities and capacities.
The organic chemicals studied include 2 polycyclic aromatic
hydrocarbons (PAHs), 7 nitrobenzenes, 7 anilines, and 8 phe-
nols. The selected chemicals are included in the list of priority
pollutants by most national environmental protection agen-
cies, owing to the potential risks posed by them to organisms
and/or human health at low concentrations (Yang et al. 2005,
2006a, 2008; Zhang et al. 2007). XAD-7, which was devel-
oped by Rohm and Haas Company in the 1970s, was selected
owing to its applications in the sorptive removal of organic
chemicals (Xu et al. 2003; Kunin et al. 1961; Pan et al. 2008;
Li and Chase 2010; Pan and Zhang 2012, 2013). We observed
positive logarithmic relationships between the sorption capac-
ity (i.e., Q0 of the DA isotherms) and SWor octanol solubility
(Soctanol) for the 24 organic chemicals selected in this study
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and the 14 chemicals reported by Pan and Zhang (2013) on
XAD-7. A significant linear-free energy relationship between
the sorption affinities (i.e., E of the DA model-fitted iso-
therms) and the solvatochromic parameters (i.e., αm) was also
observed for the 24 organic chemicals in this study and the 14
chemicals reported by Pan and Zhang (2013) on XAD-7.
These relationships could be used to predict the sorption of
organic chemicals onXAD-7 and help understand the sorption
mechanisms.

Materials and methods

Chemicals and XAD-7 resin

The characteristics including the IUPAC name, CAS number,
quality, provider, and structural information of the 24 investi-
gated organic chemicals are listed in Table S1. All of the

organic chemicals were used as received. SW, molecular
weight, log KOW (octanol-water partition coefficients), pKa,
and the various solvatochromic parameters of the organic
chemicals are listed in Table 1.

Amberlite XAD-7, which is a macro-porous resin, was
purchased from Rohm and Haas Company (Philadelphia,
PA, USA). The chemical structure of XAD-7 is shown in
Figure S1 in the Supporting Information. To remove possible
residual impurities, XAD-7 was extracted with ethanol for 8 h
using the Soxlet method and then dried in vacuum at 325 K.
The Brunauer-Emmett-Teller (BET) surface area, pore vol-
ume, and average pore diameter of XAD-7 obtained from the
ni t rogen adsorpt ion-desorpt ion isotherms using
Quantachrome Autosorb-1MP-VP (Boynton, USA) at 77 K
were 419 m2/g, 0.795 cm3/g, and 5.4 nm, respectively, which
is in agreement with the values reported previously by Pan and
Zhang (2012; 2013) (i.e., 495 m2/g, 1.12 cm3/g, and 4.9 nm,
respectively).

Table 1 Selected physicochemical properties of organic chemicals

Chemicals SW
a (mg/L) logKOW

a MW (g/mol) λmax (nm) pKa
a V1/100

b π*c βm
b αm

b

Naphthalene 31.7 3.30 128.18 Ex:218; Em:324 / 0.753 0.70 0.15 0.00

Phenanthrene 1.29 4.57 178.23 Ex:250; Em:366 / 1.015 0.80 0.20 0.00

Nitrobenzene 1936 1.85 123.11 269 / 0.631 1.01 0.30 0.00

4-Methylnitrobenzne 340 2.37 137.14 284 / 0.729 0.97 0.31 0.00

4-Chloronitrobenzene 224.8 2.39 157.56 279 / 0.721 1.11 0.26 0.00

1,2-Dinitrobenzene 133 1.58 168.11 255 / 0.733 1.42 0.37 0.00

1,3-Dinitrobenzene 574.9 1.49 168.11 242 / 0.733 1.30 0.46 0.00

1,4-Dinitrobenzene 69 1.48 168.11 266 / 0.733 1.31 0.46 0.00

1,3,5-Trinitrobenzene 278 1.18 213.10 228 / 0.851 1.63 0.61 0.00

Phenol 80,190 1.46 94.11 269 9.90 0.536 0.72 0.33 0.61

4-Methylphenol 23,000 1.92 108.13 276 10.14 0.635 0.68 0.34 0.58

4-Chlorophenol 26,300 2.39 128.56 225 9.38 0.625 0.72 0.23 0.67

2,4-Dichlorophenol 4600 3.23 163.00 245 7.90 0.72 0.87 0.18 0.78

2-Nitrophenol 2100 1.89 139.11 277 7.17 0.685 1.11 0.37 0.11

3-Nitrophenol 14,000 2.00 139.11 273 8.28 0.685 1.06 0.33 0.82

4-Nitrophenol 16,000 1.79 139.11 317 7.15 0.685 1.01 0.32 0.93

Aniline 34,160 0.90 93.13 230 4.60 0.567 0.73 0.50 0.16

4-Methylaniline 6640 1.66 107.00 232 5.10 0.662 0.69 0.51 0.05

2-Chloroaniline 5700 1.90 128.58 232 2.66 0.652 0.83 0.40 0.25

4-Chloroaniline 2755 1.83 128.58 238 4.15 0.653 0.73 0.40 0.31

2-Nitroaniline 1260 1.85 138.13 223 −0.29 0.685 1.01 0.46 0.22

3-Nitroaniline 900 1.37 138.13 225 2.50 0.685 0.96 0.46 0.39

4-Nitroaniline 600 1.39 138.13 380 1.00 0.685 0.91 0.46 0.47

SW water solubility, MW molecular weight, λmax maximum absorption wavelength, V1 intrinsic molar volume, π* polarity/polarizability parameter, βm
hydrogen-bonding acceptor parameter, αm hydrogen-bonding donor parameter
a Data obtained from references Haderlein and Schwarzenbach 1993; Haderlein et al. 1996; Chiou and Kile 1998; Chen and Yaws 1999; Chiou 2002;
Yang et al. 2005, 2008
bData obtained from references Kamlet et al. 1988; Marcus 1991; Hickey and Passino-Reader 1991; Nirmalakhandan et al. 1998; Crittenden et al. 1999;
Yang et al. 2008; Wu et al. 2012
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Sorption experiments

The sorption isothermswere determined by a batch equilibration
technique at room temperature (25±1 °C). Briefly, the organic
chemicals, except for the PAHs (i.e., naphthalene and phenan-
threne), 1,2-dinitrobenzene, and 1,4-dinitrobenzene, were dis-
solved in a background solution containing 0.01 mol/L of CaCl2
in deionized distilled water. Methanol solutions of naphthalene,
phenanthrene, 1,2-dinitrobenzene, and 1,4-dinitrobenzene were
added to the background solution for adsorption. The volume
fraction ofmethanol in the solution of each vial was controlled to
below 0.002 to avoid the cosolvent effect. Aqueous solutions of
the chemicals (8 or 40 mL) were mixed with XAD-7 in 8 or
40 mL screw cap vials. The XAD-7 dose was adjusted such that
over 20 % of the added organic compounds were adsorbed by
XAD-7. The pH of the mixtures was adjusted using 0.1 mol/L
HCl or 0.1 mol/L NaOH solution. To suppress the ionization
effect on the isotherms, the final solution pH after sorption was
maintained at 4.0 for 2-chlorophenol, 2-nitrophenol, 3-nitrophe-
nol, and 4-nitrophenol and at 8.0 for aniline and 4-methylaniline.
For the other compounds, the final solution pH after sorption
was maintained at 7.0. After equilibration for 48 h by shaking at
150 rpm (preliminary tests indicated that the apparent sorption
equilibrium was reached before 48 h), the mixtures in the vials
were separated by centrifugation at 3500g for 20 min. The
concentrations of the compounds (except for naphthalene and
phenanthrene) in the supernatants were determined using UV-
spectroscopy (Shimadzu, UV-2450, Tokyo, Japan) at their max-
imum adsorption wavelengths (λmax), which are listed in
Table 1. The concentrations of naphthalene and phenanthrene
were determined using a fluoro-spectrophotometer (Shimadzu,
RF-5301PC, Tokyo, Japan) at the excitation and emission wave-
lengths listed in Table 1. Experimental uncertainties evaluated in
vials using chemical solution were less than 4 % of the initial
chemical concentrations. Therefore, the amounts of organic
chemicals adsorbed by XAD-7 were calculated directly based
on the mass difference of the organic chemicals in the initial and
equilibrium solutions. The pH dependence of the adsorption of
anilines and phenols for a given concentration of organic
chemicals in the pH range of 1 to 12 were also determined using
the same experimental procedure described above.

Sorption models and regression analyses

The DA model (Eq. 1), which has been successfully used for
fitting the sorption isotherms of non-ionic compounds (e.g.,
nitrobenzene) and ionizable compounds (e.g., aniline, phenol,
and their substitutes) by resins in previous studies (Pan and
Zhang 2012, 2013) was employed in the present study to fit
the experimental data.

logqe ¼ logQ0− ε=Eð Þb ð1Þ

In the above equation, ε [kJ/mol]=RTln(SW/Ce) is the effective
adsorption potential, R [=8.314×10−3 KJ/mol·K] is the universal
gas constant, T [K] is the absolute temperature, and b is a fitting
parameter. E can also be used to successfully identify the sorption
affinity of organic chemicals (i.e., the strength of interactions for
the sorption of organic chemicals) (Yang et al. 2008; Yang and
Xing 2010; Wu et al. 2012; Pan and Zhang 2012, 2013). The
isotherms were also fitted by the Freundlich model (Eq. 2).

qe ¼ K f � Ce
1=n ð2Þ

In the above equation, Kf [(mg/g)/(mg/L)n] is the affinity
coefficient and 1/n is the exponential coefficient.

Results and discussion

Isotherms and their fitting to DA and Freundlich models

The sorption isotherms of the 24 organic chemicals by XAD-7
fit well to both the DA and Freundlich models (Fig. 1 and
Table 2). The fits were non-linear, as indicated by the values of
the fit parameters 1/n and E of the Freundlich and DA models,
which were <1 and >5.71, respectively (Yang et al. 2008; Yang
and Xing 2010; Wu et al. 2012). The DA model fit parameters
(i.e., Q0, E, and b) of the isotherms for the 24 chemicals are
listed in Table 2. The isotherms fit well to the DA model, as
indicated by the low MWSE (mean-weighted square error)
values and r2 values close to 1, as shown in Table 2. The b
values of the organic chemicals by XAD-7 were nearly con-
stant with an average value of 1.03 (Table 2), indicating that b
was independent of the type of chemicals. Therefore, it is not
surprising that the isotherms obtained from the sorption of the
24 organic chemicals by XAD-7 also fit well to the Freundlich
model (Table 2), as observed in the previous studies (Li and
Chase 2010), because the Freundlich model is a special form of
the DAmodel, with the parameter b set to 1 (Yang et al. 2006a,
2006b, 2010; Yang and Xing 2010).

Correlations between sorption capacities and chemical
properties

Positive logarithmic relationships between Q0 (obtained from
the DA model-fits) and SW (in Table 1) and Soctanol (molar
solubility in octanol) were observed for the 24 organic
chemicals investigated in this study (Eqs. 3 and 4, Fig. 2).

logQ0 ¼ 0:247 �0:033ð Þ � logSW

þ 0:883 þ0:075ð Þ N ¼ 24; p < 0:001; r2 ¼ 0:717
� �

ð3Þ
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logQ0 ¼ 0:301 �0:026ð Þ � logSoctanol

þ 0:382 �0:027ð Þ N ¼ 24; p < 0:001; r2 ¼ 0:858
� �

ð4Þ

Soctanol was calculated from the values of KOW in Table 1
and SW (i.e., Soctanol=KOW×SW). These positive logarithmic
relationships are also applicable to the sorption of the 14
chemicals on XAD-7 previously reported (Pan and Zhang
2013), as shown in Fig. 2. Eqs. 5 and 6 are the new logarithmic
relationships ofQ0 involving both SWand Soctanol and includes
the previously reported Q0 data.

logQ0 ¼ 0:231 �0:028ð Þ � logSW

þ 0:805 �0:058ð Þ N ¼ 38; p < 0:001; r ¼ 0:651ð Þ
ð5Þ

logQ0 ¼ 0:291 �0:020ð Þ � logSoctanol

þ 0:363 �0:020ð Þ N ¼ 38; p < 0:001; r2 ¼ 0:851
� �

ð6Þ

The log KOW values of 2-naphthol, bisphenol A, and caf-
feine used in the regression analysis of Eq. 6, are 2.70 (Chen
et al . 2008), 2.2 (Pan et al . 2008b), and −0.07
(Karnjanapiboonwong et al. 2010), respectively. There is no

significant difference between Eqs. 3 and 5 or between Eqs. 4
and 6, when the standard errors of the regression coefficients
are considered. Similar logarithmic relationships between Q0

and SW and Soctanol (Eqs. 7 and 8) can be obtained for the
sorption of the previously reported 14 compounds on XAD-4
(Pan and Zhang 2013), as shown in Figure S2.

logQ0 ¼ 0:185 �0:044ð Þ � logSW

þ 0:833 �0:073ð Þ N ¼ 14; p < 0:001; r ¼ 0:591ð Þ
ð7Þ

logQ0 ¼ 0:190 �0:040ð Þ � logSoctanol þ 0:523 �0:035ð Þ
N ¼ 14; p < 0:001:r2 ¼ 0:648
� �

ð8Þ

These positive logarithmic relationships (Eqs. 3–8)
indicate that the sorption behavior of organic chemicals
on XAD-7 and XAD-4 is similar to the dissolution of
organic chemicals in water and their partition into or-
ganic solvents (e.g., octanol). A logarithmic relationship
between Soctanol and Sw can also be observed (Eq. 9 and
Fig. 3).

logSoctanol ¼ 0:678 �0:101ð Þ � logSW þ 1:319

�0:207ð Þ N ¼ 38; p < 0:001; r2 ¼ 0:557
� �

ð9Þ
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Therefore, it may be concluded that the sorption of organic
chemicals on XAD-7 and XAD-4 resembles the partition of
organic chemicals into organic polymers (i.e., XAD-7 and
XAD-4) from water and is not caused by adsorption on the
surface of XAD-7 and XAD-4. This is due to the premise of
solute partition, i.e., organic compounds with high water
solubility are usually also more compatible with organic sol-
vents (Chiou and Kile 1998; Chiou 2002). It is well-known
that solute partition is responsible for the sorption of organic
chemicals onto polymers and natural organic matters from
water (Chiou and Kile 1998), as well as the distribution of
organic chemicals between organic solvents (e.g., octanol)
and water (Chiou and Kile 1998; Chiou 2002).

In a previous study (Thurman et al. 1978), the sorption of
organic chemicals was attributed to adsorption on the surface
of XAD resins including XAD-1, XAD-2, XAD-4, XAD-7,
and XAD-8. Hydrophobic effects were suggested to be re-
sponsible for the adsorption, owing to the negative relation-
ships observed between log K and log SW (Karger et al. 1976;

Thurman et al. 1978). If the sorption mechanism may be
explained by the hydrophobic adsorption concept, in addition
to the larger log K values, chemicals with low solubility
should adsorb more on the hydrophobic surface of XAD
resins with higher sorption capacities compared to the
chemicals with high solubility, because low-solubility
chemicals are more hydrophobic relative to the high-
solubility chemicals. Therefore, the hydrophobic adsorption
concept is inconsistent with the positive logarithm relation-
ships between log Q0 and log SW (Eqs. 3, 5, and 7) (i.e., low-
solubility chemicals can adsorb more by XAD-7 and XAD-4
with high sorption capacities (Figs. 2 and S2). The partition of
organic chemicals into polymers, natural organic matters, and
organic solvents (e.g., octanol) fromwater is also promoted by
the low solubilities (i.e., poor compatibilities) of the chemicals
in water (Chiou and Kile 1998; Chiou 2002), i.e., the hydro-
phobic effect, which in fact explains the observed negative
relationships between log K and log SW for XAD resins
(Karger et al. 1976; Thurman et al. 1978). In another study,

Table 2 DA and Freundlich model-fitted sorption isotherms of 24 organic chemicals on resin XAD-7

DA model Freundlich model

Chemical log Q0 (Q0, mg/g) E (kJ/mol) b MWSEd
a rd

2 Kf 1/n MWSEf
a rf

2 N

Naphthalene 2.44±0.11 8.42±0.92 0.99±0.17 0.0065 0.991 26.15±1.13 0.67±0.02 0.0058 0.992 16

Phenanthrene 2.17±0.05 9.15±0.40 0.96±0.09 0.0089 0.995 121.92±2.24 0.62±0.01 0.0064 0.995 20

Nitrobenzene 2.69±0.02 8.92±0.17 0.98±0.04 0.00186 0.999 3.94±0.14 0.63±0.01 0.0012 0.999 12

4-Methylnitrobenzene 2.48±0.03 9.61±0.26 1.02±0.06 0.00376 0.999 9.40±0.33 0.60±0.01 0.0048 0.999 14

4-Chloronitrobenzene 2.37±0.01 9.84±0.11 1.14±0.04 0.000738 0.999 10.78±0.42 0.59±0.01 0.0081 0.998 15

1,2-Dinitrobenzene 2.23±0.01 9.45±0.12 1.10±0.04 0.00181 0.998 9.25±0.33 0.61±0.01 0.0121 0.997 24

1,3-Dinitrobenzene 2.45±0.01 9.50±0.05 1.1±0.02 0.00130 0.999 6.15±0.16 0.62±0.01 0.0146 0.999 16

1,4-Dinitrobenzene 1.78±0.02 9.72±0.13 1.11±0.06 0.00126 0.997 5.30±0.14 0.60±0.01 0.0039 0.997 21

1,3,5-Trinitrobenzene 2.32±0.02 8.89±0.11 1.05±0.04 0.000538 0.999 5.71±0.16 0.65±0.01 0.0007 0.999 24

Phenol 2.87±0.01 10.92±0.14 0.99±0.03 0.0252 0.999 2.07±0.09 0.52±0.01 0.0226 0.999 27

4-Methylphenol 2.79±0.01 11.41±0.13 0.95±0.03 0.0049 0.999 3.89±0.19 0.50±0.01 0.0016 0.999 19

2-Chlorophenol 3.01±0.02 11.47±0.19 0.92±0.03 0.0055 0.999 6.79±0.22 0.48±0.01 0.0017 0.999 19

4-Chlorophenol 2.91±0.01 13.42±0.13 0.90±0.02 0.0196 0.999 9.88±0.49 0.43±0.01 0.0039 0.998 23

2,4-Dichlorophenol 2.92±0.02 13.03±0.20 0.91±0.04 0.0157 0.999 20.07±0.81 0.43±0.01 0.0046 0.998 19

2-Nitrophenol 2.69±0.01 9.30±0.11 0.99±0.02 0.00447 0.999 4.51±0.09 0.61±0.01 0.0036 0.999 15

3-Nitrophenol 2.77±0.01 13.00±0.10 1.00±0.02 0.0039 0.999 8.82±0.19 0.44±0.01 0.0040 0.999 18

4-Nitrophenol 2.79±0.01 12.82±0.11 0.99±0.02 0.0031 0.999 8.21±0.17 0.44±0.01 0.0025 0.999 18

Aniline 2.69±0.01 9.52±0.07 1.04±0.02 0.0073 0.999 0.88±0.02 0.61±0.01 0.0164 0.999 23

4-Methylaniline 2.46±0.01 10.16±0.06 1.08±0.02 0.00283 0.999 2.04±0.07 0.57±0.01 0.0138 0.999 20

2-Chloroaniline 2.80±0.01 10.00±0.15 0.98±0.03 0.0224 0.999 4.58±0.14 0.56±0.01 0.015 0.999 20

4-Chloroaniline 2.50±0.01 11.16±0.09 1.13±0.03 0.00400 0.999 5.57±0.23 0.52±0.01 0.0255 0.999 16

2-Nitroaniline 2.41±0.01 11.12±0.10 1.11±0.02 0.00100 0.999 8.00±0.37 0.49±0.01 0.016 0.998 18

3-Nitroaniline 2.27±0.01 10.56±0.05 1.16±0.02 0.00334 0.999 5.16±0.20 0.55±0.01 0.0351 0.999 15

4-Nitroaniline 2.21±0.01 10.15±0.03 1.14±0.01 0.000604 0.999 5.18±0.21 0.55±0.01 0.0302 0.999 18

All estimated parameter values and their standard errors were determined by commercial software (Origin 8.0) with a non-linear regression program
aMWSE is the mean weighted square error, equal to 1/v[(qmeasured−qmodel)

2 /q2 measured], where v is the amount of freedom; v=N−3 for DA and v=N−2
for Freundlich model; N is the number of experimental data points

Environ Sci Pollut Res (2016) 23:1060–1070 1065



Pan and Zhang (2012) observed a negative linear correlation
between Q0 and the molecular size of the chemicals for
sorption by XAD-4 and XAD-7. They suggested that the
sorption capacity of organic chemicals on XAD-4, XAD-7,
and MN200 was dependent on the pore volume of the resins
(i.e., chemicals with larger molecular volumes have less sorp-
tion capacities). Further, they suggested that sorption could be

explained by the pore-filling mechanism and the relative
sorption potential of the resin surfaces (i.e., only part of resin
surface can offer sufficient energy to overcome water-solute
attraction for organic chemical sorption) (Pan and Zhang
2013). The latter (i.e., the relative sorption potential of the
resin surfaces) implies that chemicals with high water solubil-
ities will have less sorption capacity on the resin surfaces. For
example, Pan and Zhang (2013) suggested that chemicals with
higher βm and αm values exhibited a lower tendency for
adsorption on the resin surfaces, because they could form
stronger hydrogen bonds with water (αm=0.82, βm=0.35)
than with the resins. However, the concept of relative sorption
potential of the resin surfaces is also inconsistent with the
positive logarithm relationships observed between log Q0

and log SW (Eqs. 3, 5, and 7) for XAD-7 and XAD-4
(Figs. 2 and S2). 1,4-Dinitrobezene has the same molecular
volume and hydrogen-bonding potential (αm=0 and βm=
0.46) as 1,3-dinitrobezene and has a smaller molecular vol-
ume and weaker hydrogen-bonding potential compared to 1,3,
5-trinitrobezene (αm=0 and βm=0.61) (Table 1). However,Q

0

of 1,4-dinitrobezene was far lower than that of 1,3-
dinitrobezene and 1,3,5-trinitrobezene (Table 2), indicating
that this case could not be explained by the combination of
pore-filling and relative sorption potential of the resin sur-
faces. This combination of mechanisms also failed to explain
the higher Q0 values reported for 2-naphthol on XAD-4 and
XAD-7 compared to the values reported for 3-nitroaniline and
4-nitroaniline, since the molecular volume and hydrogen-
bonding potential of 2-naphthol are higher than that of 3-
nitroaniline and 4-nitroaniline (Pan and Zhang 2013).

As shown in Figs. 2, S2, and 3, log Q0 for XAD-4 and
XAD-7 and log Soctanol values for the chemicals investigated
in this and the previous study (Pan and Zhang 2013) are
greater than the corresponding log SW values, as indicated
by the values of log Q0 and log Soctanol above the dotted lines,
which represents the log SW values. Therefore, XAD-4, XAD-
7, and octanol are relatively non-polar for the dissolution of
the organic chemicals compared to water. The log Q0 values
for the 14 chemicals considered in the previous study (Pan and
Zhang 2013) on XAD-4 are greater than those on XAD-7
(Figure S2), indicating that XAD-4 is relatively non-polar
compared to XAD-7. Moreover, XAD-4 and XAD-7 are more
compatible with polar organic chemicals, whereas octanol is
more compatible with non-polar organic chemicals, as indi-
cated by the crossing of the dotted lines (representing the log
Soctanol values) and the solid lines fitted by Eqs. 6 and 8
(Figs. 2 and S2). This suggests that XAD-4 and XAD-7 are
more polar compared to octanol.

Additionally, the previously reported log Q0 values for the
sorption of 11 chemicals on MN200 resin (Pan and Zhang
2013) are almost independent of the corresponding log SW/log
Soctanol values and are constant with an average value of 0.622
(Figure S3). This is different from the linear positive
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relationships between log Q0 and log SW/log Soctanol for the
sorption of organic chemicals by XAD-7 and XAD-4 (Figs. 2
and S2), suggesting that the sorption mechanisms of organic
chemicals on MN200 are different from those in the cases of
XAD-7 and XAD-4. Sorption of the organic chemicals on
MN200 occurs by pore-filling, as suggested by the previous
studies, since the maximum sorption volumes of the 11 com-
pounds on MN200 are comparable to the pore volume of
MN200 (Pan and Zhang 2013). The difference between the
sorption mechanism of the organic chemicals on MN200 and
onXAD-7 and XAD-4 could be attributed to the differences in
the structural rigidity of these polymers. Polymers are typical-
ly classified into two types based on their structural rigidity,
namely the rubbery state (which is “soft”) and the glassy state
(which is “hard”) (Pignatello and Xing 1996; Xing et al. 1996;
Xing and Pignatello 1997). Adsorption on an external surface
or an internal pore surface is responsible for the sorption of
solutes on glassy polymers, whereas partition is responsible
for the sorption of solutes on rubbery polymers (Pignatello
and Xing 1996; Xing et al. 1996; Xing and Pignatello 1997).
XAD-7 and XAD-4 are “soft” rubbery polymers, while
MN200 has characteristics of a “hard” glassy polymer.
XAD-7, which is polymethacrylate (Figure S1), is synthesized
from methacrylate, which does not contain hard components
(e.g., benzene ring) in its structure. Therefore, the polymerized
materials are “soft” and can act as partition phases for organic
chemicals. Although XAD-4 and MN200 (polystyrene) are
both synthesized from styrene, which contains a hard benzene
ring in its structure, the cross-linking in XAD-4 occurs to a
lower degree compared to that in MN200 (Pan and Zhang
2013). As a result, XAD-4 is “soft”, rendering it suitable for
the partition of organic chemicals, whereas MN200 is “hard”
making it suitable for adsorption.

Correlations between sorption affinity and chemical
properties

Solvatochromic parameters (i.e., VI, π*, βm, and αm) are
useful for predicting the chemical properties, toxicity, mobil-
ity, and environmental behaviors (Kamlet et al. 1988; Marcus
1991; Hickey and Passino-Reader 1991; Nirmalakhandan
et al. 1998; Crittenden et al. 1999) of organic chemicals. The
linear solvation energy relationships (LSERs)-model based on
solvatochromic parameters had been developed widely to
predict the aqueous solubility of chemicals, octanol-water
partition, solubility in blood and body organs, partition be-
tween blood and body organs, HPLC capacity factors, and
toxicity of chemicals toward a variety of species (Kamlet et al.
1988). The LSERmodels have also been utilized to predict the
sorption potential of aromatics, halogenated aliphatics, and
halogenated aromatics from aqueous solutions on activated
carbons and synthetic polymeric adsorbents by correlating the
solvatochromic parameters with the sorption coefficients

(Crittenden et al. 1999). The LSER model, which considers
solvent-related effects, may advance the understanding of
sorption mechanisms, particularly in the area of solute-
sorbent interactions (Yang et al. 2008; Yang and Xing 2010;
Wu et al. 2012; Pan and Zhang 2012, 2013).

Multiple linear regressions, with the stepwise method
employed for variable selection, were conducted to establish
the LSERs combining E with VI, π*, βm, and αm (Eqs. 10 and
11, Fig. 4),

E � 4:035 �0:415ð Þ � am

þ 9:292 �0:178ð Þ N ¼ 24; p < 0:001;R ¼ 0:812ð Þ ð10Þ

E ¼ 4:028 �0:327ð Þ � am

þ 9:237 �0:157ð Þ N ¼ 38; p < 0:001; r2 ¼ 0:809
� �

ð11Þ

The LSER Eqs. 10 and 11 are in agreement with previously
reported results (12).αm was retained in Eqs. 10 and 11, while
βm, π*, and VI were ruled out by the stepwise method. The
retention of αm in the equations indicates the important role
played by the hydrogen-bonding donor ability of the solute on
sorption. The solute molecules act as hydrogen-bonding do-
nors, whereas XAD-7 functions as the hydrogen-bonding
acceptor. The exclusion of βm and π* from the equations
suggests that XAD-7 was unable to act as a hydrogen-
bonding donor or form π-π interactions with the solute mol-
ecules. The exclusion of VI from the equations suggests that
the sorption of organic chemicals by XAD-7 could not be
induced by the molecular volume (e.g., cavitation energy, as
reported in the literature (Abraham andMcgowan 1987)). The
intercepts of Eqs. 10 and 11 may be attributed to non-specific
interactions such as hydrophobic effects arising from van der
Waals force (Crittenden et al. 1999; Yang et al. 2008, 2010;
Pan and Zhang 2012). In contrast to the linear isotherms for
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Fig. 4 DA model fitted isotherm parameter E as a function of solute
hydrogen-bonding donor parameter αm
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the partition of organic chemicals between organic solvents
(e.g., octanol) and water (Chiou and Kile 1998; Chiou 2002),
the isotherms for the partition of organic chemicals into XAD-
7 and XAD-4 are non-linear (Fig. 1 and Table 2). Non-linear
isotherms were also observed for the partition of organic
chemicals into natural organic matters (Spurlock and Biggar
1994). Specific interactions including hydrogen-bondingwere
believed to be responsible for the non-linearity of the isotherm
(Spurlock and Biggar 1994). Therefore, the hydrogen-
bonding interactions observed here and in the previous studies
(Pan and Zhang 2012, 2013) could partially account for the
non-linear partition isotherms for the sorption of chemicals on
XAD-7 and XAD-4 (Spurlock and Biggar 1994).

Prediction of sorption using the correlations and the effect
of pH

The correlations obtained (i.e., Eqs. 6 and 11) with constant b
values (1.03) allow the prediction of the sorption behaviors of
organic chemicals on XAD-7, by simply using the well-
known parameters of the chemicals, namely SW, KOW, and
αm. For example, Fig. 5 shows that the predicted qe values
using these correlations are in good agreement with the ex-
perimental values for all the 24 chemicals investigated in this
study, based on 450 data points. The largest deviation
(overestimation) of the estimated values from the experimen-
tal values (i.e., the dotted reference line) was observed for
phenanthrene, which was followed by 1,4-dinitrobenzene
(Fig. 5). At present, it is difficult to explain the reasons for
this deviation. One possible reason could be that the SW or
KOW values of phenanthrene and 1,4-dinitrobenzene were
overestimated, which would result in the overestimation of
their sorption capacities and, consequently, the sorption
amounts. Since only three simple parameters (i.e., SW, KOW,

and αm) and two linear equations (Eqs. 6 and 11) with clear
physical meaning were used in the prediction; this method is
simpler than the method previously reported (Pan and Zhang
2013), which needs six parameters (i.e., SW,KHW,KGW, VI, π*,
and αm) and at least five equations that do not have a physical
meaning. Moreover, the good estimation obtained by the
reported method may be a result of over-parameterization
(Crittenden et al. 1999) and over-regression analysis, while
neglecting the physical basis of the equations.

Phenols and anilines are ionizable organic compounds
(IOCs). They can be dissociated by changing the solution
pH, and the resulting dissociated species may have different
sorption behavior compared to the non-dissociated species. As
an example, as shown in Fig. 6, while the sorption of 2,4-
dichlorophenol and 4-chloroaniline by XAD-7 was highly
dependent on the solution pH in the region around the disso-
ciation constant (pKa) of the compound, it was almost constant
at pH values far away from the pKa (i.e., at|pH-pKa|>2). The
non-dissociated and dissociated species of phenols and ani-
lines could both be sorbed on XAD-7 (Fig. 6). However,
higher amounts of the non-dissociated species of either phe-
nols or anilines were sorbed compared to the dissociated
species (Fig. 6). Therefore, the prediction of the sorption of
IOCs on XAD-7, using the correlations obtained in this study,
should include pH-dependent effects, since the predictions
using the correlations shown in Eqs. 6 and 11 were established
for non-dissociated species of IOCs.

As shown in Fig. 6, for a given initial concentration, the pH
dependence of the apparent Kd (the sorption coefficient, Kd=
qe/Ce) of 2,4-dichlorophenol and 4-chloroaniline could be
estimated satisfactorily using Eqs. 12 and 13, respectively.

For phenols,

Kd ¼ KdN � ð1þ10pH−pKaÞ−1 þ KdI � 1þ 10pKa−pH
� �−1 ð12Þ

For anilines,

Kd ¼ KdN � 1þ 10pKa−pH
� �−1 þ KdI � 1þ 10pH−pKa

� �−1 ð13Þ

In the above equations, Kd
N is the sorption coefficient of

the non-dissociated species and Kd
I is the sorption coefficient

of the dissociated species. The Kd
N and Kd

I values used in
Eqs. 12 and 13 for modeling and the initial concentrations of
the compounds are also listed in Fig. 6. These two equations
were established by estimating the non-dissociated and disso-
ciated fractions of IOCs at various pH values. The equations
for estimating the non-dissociated fractions of organic acids
(fA

N) and bases (fB
N) are fA

N=(1+10pH−pKa)−1 and fB
N=(1+

10pKa−pH)−1, respectively, whereas the equations for estimat-
ing the dissociated fraction of organic acids (fA

I) and bases
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(fB
I) are fA

I=(1+10 pKa−pH)−1 and fB
I=(1+10pH−pKa)−1, re-

spectively. The values of either Kd
N or Kd

I in Eqs. 12 and 13
are assumed to be constant over the entire pH range, for a
given initial concentration. The good fit of the equations for
the pH-dependent sorption of 2,4-dichlorophenol and 4-
chloroaniline on XAD-7 (Fig. 6) indicates that the pH depen-
dence of sorption may be attributed to the dissociation of the
IOCs and can be predicted using the correlations presented in
Eqs. 12 and 13.

Conclusion

Experimental testing of the environmental behaviors such as
sorption for thousands of chemicals on various materials is
difficult, owing to the limitations posed by the costs involved
in such testing. Therefore, a method for the estimation of these
behaviors is usually essential in cases where direct experimen-
tal data is unavailable and will provide a convenient method to
assess the potential applications of various materials in envi-
ronmental technology. The correlations between sorption ca-
pacity and chemical solubility in water or octanol and those
between sorption affinity and the solvatochromic parameters
of chemicals obtained in this study indicate that the sorption of
organic chemicals on XAD-7 exhibits a non-linear partition
behavior into XAD-7, as opposed to adsorption on XAD-7
surfaces. Specific interactions (i.e., hydrogen-bonding inter-
actions between organic molecules and XAD-7) and the non-
specific interactions arising from the van der Waals forces
were responsible for the non-linear partition into XAD-7.
The strong hydrogen-bonding interactions between solutes
(which act as hydrogen-bonding donors) and XAD-7 (which
acts as the hydrogen-bonding acceptor) observed in this study
indicate that the solutes with hydrogen-bonding donor ability
have higher sorption affinities compared to the ones without
hydrogen-bonding donor ability, at relatively low concentra-
tions. The non-linear partition mechanism implies that extrac-
tion by using solvents having a large solubility for organic
chemicals would be a superior way for the regeneration of

exhausted XAD-7. Moreover, the correlations obtained in this
study allow the quantitative prediction of the non-linear par-
tition of organic chemicals by XAD-7 by simply using the
well-known parameters of chemicals (i.e., SW, KOW, and am).
The effect of solution pH on the sorption of IOCs could also
be predicted using the obtained correlations along with the
equations developed based on the estimation of IOC dissoci-
ation rates. The predictions are useful as a guide for the
selective removal of a given organic contaminant and for the
determination of the proper ratio of sample to column volumes
during the pre-concentration of organic solutes from water. It
was also observed that the sorption mechanisms on other
resins such as MN200 could be different from that on XAD-
7. Therefore, more studies need to be conducted to investigate
the sorption mechanisms on other resins and improve the
prediction methods.
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