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a  b  s  t  r  a  c  t

We  report  an  effective  approach  for  tailoring  the  pore  textural  properties  and  surface  polarity  of  a  hyper-
crosslinked  resin  to  enhance  its adsorption  capacity  and  selectivity  for  removing  salicylic  acid  from
aqueous  solution.  Four  hypercrosslinked  resins  were  synthesized  by  controlling  the  reaction  time  of
the self  Friedel–Crafts  reaction  of  chloromethylated  polystyrene-co-divinylbenzene,  and  then  modified
with  diethylenetriamine  to  adjust  their  surface  polarity.  The  resins  were  characterized  with  N2 adsorp-
tion for  pore  textural  properties,  Fourier  transform  infrared  spectroscopy  (FT-IR)  for  surface  functional
groups,  chemical  analysis  for  residual  chlorine  content  and  weak  basic  exchange  capacity.  Adsorption
equilibrium,  kinetics  and  breakthrough  performance  were  determined  for the removal  of salicylic  acid
from aqueous  solution  on a selected  resin  HJ-M01.  The  equilibrium  adsorption  capacity  of  salicylic  acid  on
reakthrough
alicylic acid
ypercrosslinked resins

HJ-M01  is  significantly  higher  than  that  on  its  precursor  HJ-11  and  a  few  commercial  adsorbents  includ-
ing  AB-8,  XAD-4  and XAD-7.  The  dynamic  adsorption  capacity  of  salicylic  acid  on  HJ-M01  was  found  to  be
456.4  mg/L  at  a  feed  concentration  of  1000  mg/L  and  294  K. The  used  resin  could  be fully  regenerated  with
1%  sodium  hydroxide  solution.  The  hypercrosslinked  resins  being  developed  were  promising  alternatives
to commercial  adsorbents  for  removing  salicylic  acid  and  other  volatile  organic  compounds  (VOCs)  from
aqueous  solution.
. Introduction

Wastewater contaminated by aromatic compounds such as
henol, �-naphthol, salicylic acid and other volatile organic com-
ounds (VOCs) is a significant concern to the biological system and
he environment due to the high toxicity and very slow biodegra-
ation of these organic compounds [1,2]. Therefore, remediation
f aromatic compounds-containing wastewater is an imminent
nd important issue for environmental protection. In recent years,

 wide range of physical and chemical technologies including
hoto-catalytic oxidation, membrane separation, electrochemical
xidation, solvent extraction, ion exchange and adsorption are
mployed for aromatic compounds removal from aqueous solution

3–7]. Among which the adsorption-based process is probably the

ost favorable treatment option due to its efficacy, practicality and
conomic feasibility [8,9]. Additionally, adsorption is also widely
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used for treatment of dye, heavy metals and other organic/inorganic
hazardous impurities from aqueous solution [10].

Due to its unique structure and extraordinary adsorption prop-
erties, the hypercrosslinked polystyrene-co-divinylbenzene (PS)
resin is proven to be an efficient polymeric adsorbent for adsorp-
tive removal of aromatic compounds such as benzene, toluene,
�-naphthol and phenol from aqueous solution [11,12]. This resin
has a high adsorption capacity for aromatic compounds, it can
be reused for more than 50 cycles and is being considered as
a potential replacement of activated carbon for organic com-
pounds removal from wastewater [13]. In addition, this type of
resin has also been used as column packing materials in high-
performance liquid chromatography (HPLC), ion size-exclusion
chromatography materials and solid-phase extraction materi-
als for gases, organic contaminants and organic vapors [14–16].
In general, this type of resin is synthesized from a linear PS
or a low cross-linked PS by adding bi-functional cross-linking
reagents such as monochloromethylether, p-dibenzenylchloride

and p-dichloromethylbenzene, and Friedel–Crafts catalysts includ-
ing anhydrous zinc chloride, iron (III) chloride and stannic (IV)
chloride. They can also be prepared from a macroporous low cross-
linked chloromethylated PS via its self Friedel–Crafts reaction [17].

dx.doi.org/10.1016/j.jhazmat.2012.03.053
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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fter the corresponding reactions, the obtained hypercrosslinked
S networks consist of an intensive bridging of strongly solvated
S chains with conformationally rigid links, leading to a major shift
f their pore diameter distribution from predominately mesopores
o mesopores–micropores bimodal distribution, and hence results
n a sharp increase of the Brunauer–Emmet–Teller (BET) surface
rea and pore volume [18,19]. Because of these significant changes,
he hypercrosslinked resin displays very large adsorption capaci-
ies towards non-polar and weakly polar aromatic compounds in
queous solution. In order to increase their adsorption capacities
owards polar aromatic compounds, the resins are often modi-
ed by introducing polar units into the copolymers, using polar
ompounds as the cross-linking reagent and addition of polar
ompounds in the Friedel–Crafts reaction [20,21].  The results indi-
ate that the chemically modified hypercrosslinked resins exhibit
mproved adsorption properties towards polar aromatic com-
ounds by introducing certain specific functional groups on the
urface [22].

For the self Friedel–Crafts reaction of macroporous low cross-
inked chloromethylated PS, it was found out that the residual
hlorine content in the synthesized hypercrosslinked resin declined
harply at the beginning of reaction, and then slowly and gradually
ecreased when the reaction preceded further [23]. We  hypothe-
ize that the pore textural properties and the surface functionality
f the hypercrosslinked resins critically depends on the resid-
al chlorine content in the final product. Therefore, we believe
hat it is feasible to tailor the pore structure and surface func-
ionality by simply controlling the residual chlorine content in
he hypercrosslinked resins. We  can manipulate the pore textu-
al properties of the resins by controlling of the self Friedel–Crafts
eaction time, and then adjust the resins’ surface functionality by
ploading specific functional groups. This allows us to synthe-
ize polymeric adsorbents with adjustable adsorption selectivity
owards aromatic compounds of different polarities. To the best of
ur knowledge, this reaction time control approach for optimiz-
ng the hypercrosslinked resins for wastewater treatment is not
eported in the literature yet.

In this study, we firstly synthesized four hypercrosslinked resins
rom macroporous low crosslinked chloromethylated PS through
he self Friedel–Crafts reaction with different Friedel–Crafts reac-
ion times. These hypercrosslinked resins were then chemically

odified by the amination reaction via diethylenetriamine to
roduce the diethylenetriamine-modified hypercrosslinked resins.
hereafter, the high adsorption selectivity towards aromatic com-
ounds, �-naphthol, phenol and salicylic acid on these four resins
as confirmed by the batch adsorption experiments. The most
romising sample labeled as HJ-M01 was selected for detailed
xperimental studies for the adsorptive removal of salicylic acid
rom aqueous solution. The adsorption equilibrium, kinetics and
reakthrough dynamics of salicylic acid on the adsorbent HJ-M01
ere measured and analyzed in detail.

. Experimental

.1. Synthesis and characterization of
iethylenetriamine-modified hypercrosslinked resins

As an established synthesis procedure [11–14,17],  the hyper-
rosslinked resin is usually synthesized from chloromethylated PS
sing nitrobenzene as the solvent and anhydrous zinc chloride as
he catalyst. Because nitrobenzene is a highly toxic reagent, in this

tudy, we used 1,2-dichloroethane to replace it as the solvent and
nhydrous iron (III) chloride as the catalyst. As shown in Scheme 1,
5 g of chloromethylated PS (Langfang Chemical Co. Ltd., China;
hlorine content: 17.3%; particle size: 20–40 mesh) was  swollen in
terials 217– 218 (2012) 406– 415 407

120 ml  of 1, 2-dichloroethane (A.R., Sigma–Aldrich; residual water
was  removed by molecular sieve before using) overnight. At a mod-
erate mechanical stirring speed, the temperature of the reaction
mixture was increased to 323 K and 5 g of anhydrous iron (III) chlo-
ride (A.R., Sigma–Aldrich; used without further purification) was
added into the reaction mixture. After half an hour, the reaction
mixture was  refluxed for 1 h, 3 h, 5 h and 9 h, respectively, and the
obtained hypercrosslinked resins were named as HJ-11, HJ-33, HJ-
55 and HJ-99 accordingly. After rinsing, 20 g of the precursor resin
was  mixed with 60 ml  of diethylenetriamine (A.R., Sigma–Aldrich)
and the reaction mixture was kept at 413 K for 20 h with N2
protection, and the corresponding diethylenetriamine-modified
hypercrosslinked resins labeled as HJ-M01, HJ-M03, HJ-M05 and
HJ-M09 were prepared.

The chorine content in the resins was measured by the Volhard
method [24] and the weak basic exchange capacity of the resin
was  determined by another established method [25]. The BET spe-
cific surface area, t-plot micropore surface area, pore volume, t-plot
micropore volume and pore diameter distribution of the samples
were determined from the N2 adsorption–desorption isotherms
77 K using a Micromeritics Tristar 3000 surface area and poros-
ity analyzer. The Fourier transform infrared spectroscopy (FT-IR)
of the resins was  collected by KBr disks on a Nicolet 510P Fourier
transformed infrared instrument.

2.2. Adsorption experiments

For adsorption equilibrium measurements, about 0.1000 g
of the sample was mixed with 50 ml  solution containing
200–1000 mg/L of �-naphthol (C10H7OH, molecular weight: 144.2;
A.R., Sigma–Aldrich), or phenol (C6H5OH, molecular weight: 94.1;
A.R., Sigma–Aldrich), or salicylic acid (C6H4(o-OH)COOH, molecu-
lar weight: 138.1; A.R., Sigma–Aldrich) in a 100 ml conical flask.
The series of flasks were then shaken in a thermostatic oscilla-
tor at a desired temperature (294, 304 or 314 K) and an agitation
speed of 180 rpm until adsorption equilibrium was  reached after
about eight hours. To determine the equilibrium concentration of
salicylic acid in the solution, a working curve of UV absorbency-
concentration was firstly developed. The absorbency of a standard
salicylic acid solution with different known concentrations was
analyzed by a UV-2450 spectrophotometer at the wavelength of
296.5 nm.  A well-fitted regression equation, A = 0.02384C + 0.0369,
was  obtained with a correlation coefficient R2 of 0.9999. Then the
absorbency of the salicylic acid solution adsorbed by the resin was
measured and the equilibrium concentration of salicylic acid Ce

(mg/L) was  calculated based on the working curve. The equilib-
rium adsorption capacity qe (mg/g) was  determined based on the
following material balance equation:

qe = (C0 − Ce)V
W

(1)

where C0 is the initial concentration (mg/L), V the volume of the
solution (L) and W the mass of the resin (g). The correspond-
ing adsorption isotherm at a given temperature was obtained by
plotting the equilibrium adsorption capacity with the equilibrium
concentration.

For the adsorption kinetic experiments, about 1.0000 g of resin
was  mixed with 250 ml  of a salicylic acid solution in a 250 ml con-
ical flask, and the initial concentrations of salicylic acid of 300,
500 and 1000 mg/L were used in these experiments. The flask was

then continuously shaken at a desired temperature (294 or 304 K)
until adsorption equilibrium was  reached. In this process, 0.5 ml of
the solution was withdrawn at a ten-minute interval in the first
hour and a sixty-minute interval in the subsequent hour and the
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Scheme 1. Synthetic procedure of the hypercrosslinked r

oncentration of salicylic acid was determined, the adsorption
apacity at a contact time t was calculated as:

t = (C0 − Ct)V
W

(2)

here qt is the adsorption capacity at a contact time t (mg/g) and
t is the concentration at contact time t (mg/L). The adsorption
inetic curve was obtained by plotting the adsorption capacity with
ontact time t.

For the dynamic adsorption-desorption experiments, about
.0 g of resin were firstly immersed in de-ionized water at 294 K for
4 h, and then packed in a glass column densely without bubbles

n the column. The salicylic acid solution with an initial concen-
ration of 1000.0 mg/L was  passed through the resin column at a
ow rate of 6.0 BV/h (1 BV = 10 ml)  and the concentration of sal-

cylic acid in the effluent from the column exit, Cv (mg/L), was
ontinuously recorded until it reached the feed concentration. After
he adsorption breakthrough run, the resin column was repeatedly
insed with de-ionized water until the effluent from the column
as free of salicylic acid. Then a 1% sodium hydroxide aqueous

olution were applied to the desorption process. 300 ml  of sodium
ydroxide aqueous solution were passed through the resin column
t a flow rate of 5.4 BV/h and the concentration of salicylic acid was
etermined. A second adsorption breakthrough experimental run
as repeated after the resin column was regenerated. The dynamic

dsorption curve was plotted by using Cv/C0 as the ordinate and vol-
me  of the effluent as the abscissa whereas the desorption dynamic
urve was plotted by using the effluent concentration of salicylic
cid as the ordinate and the desorption bed volume as the abscissa.

. Results and discussion

.1. Characteristics of the samples

As can be seen from Table 1, the residual chlorine content in
he synthesized hypercrosslinked resins, HJ-11, HJ-33, HJ-55 and
J-99, sharply decreased from 17.3% in the chloromethylated PS
fter the Friedel–Crafts reaction, implying that the chlorine of
he chloromethylated PS was consumed in the self Friedel–Crafts
eaction. Additionally, the residual chlorine content was  further
educed with increasing of the reaction time. In particular, the
esidual chlorine content decreased faster at the beginning of the
eaction and then gradually decreased as the reaction proceeded,
hese observations were consistent with the reported results [23].

After the reaction between the hypercrosslinked resin and
iethylenetriamine, the residual chlorine content in the obtained

esins was further reduced and the final chlorine content in all of the
iethylenetriamine-modified hypercrosslinked resins was roughly
quivalent, indicating that the chlorine in the chloromethylated PS
as further substituted. The amounts of the uploaded amino groups
nd diethylenetriamine-modified hypercrosslinked resin.

on the surface of the resins should be different with HJ-M01 hav-
ing the highest uploading amount while HJ-M09 having the least
among the four resins.

The differences of residual chlorine content between the
hypercrosslinked resins, HJ-11, HJ-33, HJ-55 and HJ-99, and the
diethylenetriamine-modified hypercrosslinked resins, HJ-M01, HJ-
M03, HJ-M05 and HJ-M09, can be calculated to be 1.307, 0.792,
0.744 and 0.594 mmol/g, respectively. These data are quite differ-
ent from the weak basic exchange capacities determined by the
chemical analysis (see Table 1). This is because one diethylen-
etriamine molecule having three amino groups (two NH2 and
one NH ) can react with one, two or three chlorine atoms in
the hypercrosslinked resin, and the weak basic exchange capacity
of the diethylenetriamine-modified hypercrosslinked resin will be
tripled, sesquialtered, or no change accordingly. The values of the
weak basic exchange capacities suggest that one or two  chlorine
atoms in the hypercrosslinked resin are substituted in the amina-
tion reaction with diethylenetriamine. The sample HJ-M01 is the
most polar resin while HJ-M09 is the least polar resin among the
four samples.

Fig. 1(A) shows the N2 adsorption–desorption isotherms of the
obtained hypercrosslinked resins and the diethylenetriamine mod-
ified hypercrosslinked resins and he pore textural properties for all
the samples are summarized in Table 1. The N2 adsorption amount
on the hypercrosslinked resins increases with increasing of the self
Friedel–Crafts reaction time, suggesting that a longer reaction time
results in higher BET surface area and pore volume. The N2 adsorp-
tion amounts, BET surface area of the diethylenetriamine-modified
resins (HJ-M01, HJ-M03, HJ-M05 and HJ-M09) are smaller than
the corresponding un-modified resins (HJ-11, HJ-33, HJ-55 and HJ-
99), which is probably due to the uploading of amino groups on
the hypercrosslinked resin has partially blocked the micropores
and therefore reduces the micropore volume and the BET surface
area. It is also expected that a higher uploading amount of amino
groups leads a larger decrease in the BET surface area and pore vol-
ume. However, uploading amino groups on the hypercrosslinked
resin can increase the polarity of the resins. The N2 adsorption
isotherms on all of the resins are of type-II. The sharp increase of N2
adsorption amount at the initial pressure range (p/p0 < 0.05) is an
evidence of adsorption in micropores. The visible hysteresis loop
of the N2 desorption isotherms suggests that these resins also have
some mesopores. As shown in Fig. 1(B), these samples have a wide
pore diameter distribution ranging from less than 2 nm to 180 nm
(micropore to macropore). We  have demonstrated the feasibility of
tailoring the pore textural properties and surface functionality of
hypercrosslinked resins by adjusting their residual chorine content

using the Friedel–Craft time as an important controlling parameter.

The FT-IR spectra of all the samples are displayed in Fig. 2(A).
After the Friedel–Crafts reaction, all of the vibrational peaks
remained the same except for the representative strongest peak
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Table 1
The characteristic parameters for the hypercrosslinked resins, HJ-11, HJ-33, HJ-55, HJ-99, and diethylenetriamine-modified hypercrosslinked resins, HJ-M01, HJ-M03, HJ-M05,
HJ-M09.

Residual chlorine
content
(%)

Weak basic exchange
capacity
(mmol/g)

Water retention
capacity
(%)

BET surface area
(m2/g)

t-Plot micropore
surface area
(m2/g)

Pore volume
(cm3/g)

t-Plot micropore
volume
(cm3/g)

HJ-11 5.42 – – 834.5 451.6 0.5504 0.2436
HJ-33 3.50  – – 910.8 497.8 0.5938 0.2684
HJ-55  3.15 – – 941.7 514.2 0.6137 0.2768
HJ-99  2.45 – – 1040.1 600.7 0.6554 0.3239
HJ-M01 0.78 3.202 64.2% 626.9 375.7 0.4052 0.2051
HJ-M03 0.69 2.010 60.8% 658.2 394.6 0.4258 0.2151
HJ-M05 0.51 1.804 57.4% 746.4 475.7 0.4487 0.2574
HJ-M09 0.44 0.902 56.1% 972.8 551.1 0.6240 0.2971
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f CH2Cl groups at 1265 cm−1, which was significantly weak-
ned [26]. In addition, a moderate C O stretching vibration
ppears at 1705 cm−1 for the four hypercrosslinked resins. In the
riedel–Crafts reaction system using nitrobenzene as the solvent,

his peak is assigned to the formaldehyde carbonyl groups, and
ppearance of this peak is resulted from oxidation of CH2Cl groups
nd nitrobenzene as well as the oxygen in the air is considered
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as the oxidizer [27,28]. Therefore, oxidation of CH2Cl groups is
also observed in this work. After the reaction between the hyper-
crosslinked resin and diethylenetriamine, a strong vibrational band
with a frequency at 3426 cm−1 is seen, which can be associated

with the N H stretching of NH or NH2 groups [26]. In addition,
the vibrational band at 1501 cm−1 related to the N H deforma-
tion of NH or NH2 groups and that at 1109 cm−1 concerned
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ith the C N stretching also confirmed the successful uploading
f diethylenetriamine on the surface of the hypercrosslinked resin.

Fig. 2(B) depicts the energy dispersive X-ray spectroscopy (EDS)
pectra for the chloromethylated PS, HJ-11 and HJ-M01 sam-
les. The chlorine content of HJ-11 was much lower than that of
hloromethylated PS, which is consistent with the FT-IR results that
he chlorine content was sharply decreased after the Friedel–Crafts
eaction. On the other hand, the oxygen content of HJ-11 was obvi-
usly increased after the Friedel–Crafts reaction, which agreed with
he results of the FT-IR spectrum that there appears a new moderate
ibration related to the C O stretching at 1705 cm−1 for the hyper-
rosslinked resin. In addition, Fig. 2(B) indicated that the chlorine
ontent of HJ-M01 was further reduced in comparison with HJ-11
hile there appeared a new small peak related to the nitrogen atom

n the EDS spectrum of HJ-M01, which implied that diethylenetri-
mine was successfully uploaded on the surface of the resin. This
eduction is also consistent with the previous results of the FT-IR
pectrum showing the N-H stretching, N H deformation and C N
tretching of the amino groups in the diethylenetriamine-modified
ypercrosslinked resin. The scanning electron microscopy (SEM)

mages of HJ-M01 are shown in Fig. 3. HJ-M01 is a spherical solid
article with a particle size about 0.5 mm and its surface is rough
ith many fissures.

.2. Adsorption selectivity

Fig. 4 compares the adsorption capacity of �-naphthol, phenol
nd salicylic acid on HJ-M01, HJ-M03, HJ-M05 and HJ-M09 at a
emperature of 294 K. It is obvious that the adsorption capacity of
-naphthol on HJ-M09 is the largest, and that of phenol on HJ-M05

s the largest while that of salicylic acid on HJ-M01 is the largest
mong the four resins. The BET surface area as well as pore struc-
ure of the resin, the polarity matching between the resin and the
dsorbate, and the size matching between the pore diameter of the
esin and the molecular size of the adsorbate are thought to be the
ain factors influencing the adsorption [29,30].  �-naphthol has the

east polarity among the three adsorbates [31], hence it is expected
hat the resin HJ-M09 which possessed the highest BET surface area,
ore volume and the least polarity has the largest adsorption capac-

ty towards �-naphthol. HJ-M01 has the least BET surface area and
ore volume, while it has the highest uploading amount of amino
roups and the greatest polarity among the four resins, hence it is
xpected that HJ-M01 has the largest adsorption capacity towards
he most polar adsorbate (salicylic acid), and the possible hydrogen
onding between the phenolic hydroxyl, carboxyl groups of sali-
ylic acid and amino groups of HJ-M01 will enhance the adsorption
32]. In conclusions, we have successfully demonstrated the fea-
ibility of manipulating the pore textural properties and surface
unctionality of the hypercrosslinked resins for adsorption of VOCs
ith different polarity.

.3. Comparison of adsorption of salicylic acid on different
dsorbents

To testify the necessity of chemical modification of the hyper-
rosslinked resin by uploading the amino groups, the adsorption
sotherms of salicylic acid on HJ-11 and HJ-M01 at 294 K are com-
ared in Fig. 5(A). The adsorption capacity of salicylic acid on
J-M01 is significantly larger than that on HJ-11. Although the
ET surface area of HJ-11 is higher than that of HJ-M01 (dif-

erence: 207.6 m2/g), the uploaded amino groups on the surface
f HJ-M01 enhanced the adsorption of salicylic acid on HJ-M01

ue to the polarity matching and the possible hydrogen bond-

ng between the amino groups of HJ-M01 and the phenolic
ydroxyl, carboxyl groups of salicylic acid. Activated carbon is one
f the most widely used adsorbents for adsorption of VOCs from
Fig. 3. Scanning electron microscopy (SEM) images of HJ-M01.

wastewater. As compared the adsorption of salicylic acid on HJ-
M01  with that on activated carbon [33], HJ-M01 is shown to be
almost the same efficient as the activated carbon for adsorption
of salicylic acid from aqueous solution. Some low-cost materials
or even wastes such as bentonite, kaolinite, hematite and calcite
seem economically attractive for practical application of salicylic
acid from aqueous solution [34–37].  However, these materials are
inferior to HJ-M01 for adsorption of salicylic acid. In addition, as
compared the adsorption of salicylic acid on HJ-M01 with some
other polymeric adsorbents reported in the literatures [38–41],  HJ-
M01  is also proven superior to some nonionic polymeric resins and
hypercrosslinked resins.

Many commercial adsorbents including AB-8 (bought from the

Chemical Plant of Nankai University, China), XAD-4 and XAD-7
(kindly provided by Rohm & Haas Company, Philadelphia, USA)
are considered the most efficient polymeric adsorbents for adsorp-
tive removal of aromatic pollutants from wastewater [42–44].  The
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ig. 4. Comparison of adsorption capacity of �-naphthol, phenol and salicylic
cid on HJ-M01, HJ-M03, HJ-M05 and HJ-M09 from aqueous solution containing
04  mg/L of �-naphthol, or 500 mg/L of phenol, or 200 mg/L of salicylic acid at 294 K.

dsorption isotherm of salicylic acid on HJ-M01 at 294 K is then
ompared with those on AB-8, XAD-4 and XAD-7 in Fig. 5(B). The
dsorption capacity of salicylic acid on HJ-M01 is much larger than
hat on AB-8, XAD-4 and XAD-7. The BET surface area and pore
olume of HJ-M01 are slightly lower than those of AB-8 (880 m2/g
nd 1.08 cm3/g), XAD-4 (725 m2/g and 0.98 cm3/g), and somewhat
igher than those of XAD-7 (450 m2/g and 1.14 cm3/g) and AB-8
480-520 m2/g and 0.73-0.77 cm3/g). These results further con-
rmed that not only the BET surface area and pore volume of the
esin but also the polarity matching between the resin and the
dsorbate strongly affect the adsorption capability of the resin. This
ncouraging result strongly suggests that the new polymeric adsor-
ent being developed in our laboratory is promising replacement
or many commercial adsorbents for aromatic pollutants and other
OCs from wastewater.

Langmuir and Freundlich models are the two typical adsorption
sotherm models for describe adsorption of organic compounds
rom aqueous solution [45,46]. The Langmuir model assumes that
he adsorption occurs on a structurally homogeneous adsorbent
nd all the adsorption sites are energetically identical, the linear
angmuir equation is given by:

Ce = Ce + 1
(3)
qe qm qmKL

here qm is the monolayer adsorption capacity (mg/g), and KL is
 constant related to adsorption energy (L/mg) [47]. The Langmuir
quation constants were obtained from the intercepts and slopes
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Fig. 5. Comparison of adsorption isotherms of salicylic acid on HJ-M01 with
Fig. 6. Solution pH effect on the adsorption of salicylic acid on adsorbent HJ-M01
with the temperature at 294 K.

of linear correlations of experimental isotherm data with the Lang-
muir equation.

The Freundlich equation describes the adsorption on a hetero-
geneous surface and its linear form can be expressed as:

log qe = 1
n

log Ce + log KF (4)

where KF [(mg/g)(L/mg)1/n] and n are the characteristic constants.
The linear Langmuir and Freundlich equations were used to cor-

relate the adsorption isotherms in this work, the corresponding
parameters qm, KL, KF and n, as well as the correlation coefficients R2

are summarized in Tables S1 and S2.  The Langmuir model appears
to be more suitable for most of the adsorption isotherm data on
HJ-M01 (R2 > 0.99), while the Freundlich model is more suitable for
describing the adsorption on XAD-4 and XAD-7, and none of them
is not suitable for the adsorption on AB-8.

3.4. Effect of solution pH on adsorption

As shown in Fig. 6, the adsorption of salicylic acid on HJ-M01 is
very sensitive to the solution pH. According to the reported pKa1
(2.98) and pKa2 (13.1) of salicylic acid in aqueous solution [48], the
dissociation curve of salicylic acid as well as that of the mono-anion
of salicylic acid in aqueous solution are predicted as a function of
the solution pH. As the solution pH is in the range of 2.80–10.62,
the adsorption of salicylic acid on HJ-M01 has the same trend as the

dissociation curve of salicylic acid. Meanwhile, the tendency of the
adsorption is similar to the dissociation curve of the mono-anion
of salicylic acid as the solution pH increases from 10.62 to 12.52.
These observations imply that the molecular form of salicylic acid is
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ig. 7. Adsorption isotherms of salicylic acid on adsorbent HJ-M01 at 294, 304, an
nd  304 K (B).

avorable for the adsorption while the anionic state of salicylic acid
s unfavorable for the adsorption, especially the di-anion of salicylic
cid cannot be adsorbed on HJ-M01. In particular, it is interesting
o seen that the adsorption capacity of salicylic acid on HJ-M01 is
lso reduced as the solution pH decreases from 2.80 to 1.44. As the
olution pH is lower than 2.80, the ionization equilibrium of sali-
ylic acid will be affected due to the superfluous protons in aqueous
olution and more salicylic acid molecules will be obtained, which
hould bring a few larger adsorption capacity on HJ-M01. Obvi-
usly, the deduction is opposite to the observation in Fig. 6. Note
hat there is 1.307 mmol/g of diethylenetriamine uploaded on the
urface of HJ-M01 and these amino groups of diethylenetriamine
hould have an effect on the adsorption. The pKa1 of diethylene-
riamine is determined to be 4.42 [49] and hence the dissociation
urve of diethylenetriamine in aqueous solution is also predicted as

 function of the solution pH. As the solution pH is lower than 2.80,
ore salicylic acid molecules are obtained while amino groups of

iethylenetriamine uploaded on the surface of HJ-M01 are gradu-
lly protonized, which is disadvantageous for the adsorption. Hence
he adsorption of salicylic acid is also reduced as the solution pH is
ower than 2.80.

.5. Adsorption equilibrium and adsorption thermodynamic
arameters

The adsorption isotherms of salicylic acid on the resin HJ-M01
rom aqueous solution at 294, 304 and 314 K are plotted in Fig. 7(A).
n equilibrium capacity of 314.0 mg/g was obtained at a concentra-

ion of 335.9 mg/L and 294 K, suggesting that the resin HJ-M01 is a
ery efficient polymeric adsorbent for removing salicylic acid from
queous solution. In addition, the adsorption capacity decreases
ith increasing temperature, implying that the adsorption is an

xothermic process [25,47].  Table 2 lists the corresponding param-
ters for the Langmuir and Freundlich models. It is found that all of
he adsorption isotherm data can be well fitted by Langmuir model
R2 > 0.99).

The heat of adsorption, �H  (kJ/mo1), adsorption free energy,
G (kJ/mo1) and adsorption entropy, �S  (J/(mo1 K)) for the present

dsorption system can be calculated as [50,51]:

n KL = −�H

RT
+ ln K0 (5)
G = −RT ln KL (6)

S = �H  − �G

T
(7)
K (A); and adsorption uptake curves for salicylic acid on adsorbent HJ-M01 at 294

where R is the universal gas constant, 8.314 J/(mol K), T is the abso-
lute temperature and K0 is a constant. By plotting ln KL versus 1/T
(see Fig. S1), a straight line was obtained and �H  was  determined
to be −18.38 kJ/mol. In addition, the positive �G indicates that the
adsorption is an unfavorable process (see Table S3)  and the nega-
tive �S  suggests the adsorption system is more ordered after the
adsorption.

3.6. Adsorption kinetics

Fig. 7(B) displays the adsorption kinetic curves of salicylic acid
on resin HJ-M01 with initial concentrations at two 294 and 304 K.
The adsorption kinetic data can be analyzed using different kinetic
models. One of most widely used kinetic models is the Lagergren’s
rate equation [52]. The pseudo-first-order rate equation is given
by:

ln(qe − qt) = ln qe − k1t (8)

where qt and qe are the adsorption amount at a given time t (s) and
adsorption equilibrium, k1 is the pseudo-first-order rate constant
(min−1).

The pseudo-second-order equation proposed by Ho and McKay
[53,54] was  also used to analyze the kinetic data:

t

qt
= 1

k2q2
e

+ 1
qe

(9)

where k2 is the pseudo-second-order rate constant (g/(mg min)).
Both equations were used to correlate the adsorption kinetic

data through linear regressions. Table 3 summarizes the cor-
responding model parameters. The much higher R2 by the
pseudo-second-order rate equation suggests that the adsorption
kinetic data fitted by the pseudo-second-order rate equation is
better.

In addition, we  also applied a micropore diffusion model to
analyze the adsorption kinetic data and to estimate the diffusion
time constant. According to Ruthven et al. [55] for the fractional
adsorption uptake (qt/qe) less than 85%, the adsorption kinetics in
microporous adsorbents can be described by the following equa-
tion.

qt

qe
= 6√

�

√
Dct

r2
c

− 3Dct

r2
c

(10)
where Dc is the micropore diffusivity (cm2/s) and rc is the crystal
diameter of the adsorbent (cm). The adsorption kinetic data shown
in Fig. S2 were fitted to this micropore diffusion model through a
nonlinear regression. The diffusion time constants (Dc/r2

c ) obtained
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Table 2
Correlated parameters of the equilibrium data for the adsorption of salicylic acid on HJ-M01 from aqueous solution according to Langmuir and Freundlich equations.

T (K) Langmuir equation Freundlich equation

KL (L/mg) qm (mg/g) R2 KF ([(mg/g)(L/mg)1/n]) n R2

Values Errors Values Errors Values Errors

294 0.01579 371.7 ± 7.557 × 10−5 0.9976 28.84 ± 0.07148 2.355 ± 0.03506 0.9799
304  0.01291 344.8 ± 1.198 × 10−4 0.9948 23.50 ± 0.06792 2.301 ± 0.03228 0.9837
314  0.00977 333.3 ± 1.722 × 10−5 0.9902 18.03 ± 0.05659 2.173 ± 0.02622 0.9902

Table 3
Constants of the kinetic data for the adsorption of salicylic acid on HJ-M01 from aqueous solution according to the first-order-rate and the pseudo-second-order rate equation.

Pseudo-first-order rate equation Pseudo-second-order rate equation

qe (mg/g) k1 (min−1) R2 qe (mg/g) k2 (g/(mg min)) R2

Values Errors Values Errors Values Errors

T = 294 K, C0 = 300 mg/L 63.31 ± 0.1344 0.01852 ± 8.309 × 10−4 0.9841 82.44 ± 1.213 × 10−2 4.984 × 10−4 0.9998
19 × 1 −4 −3 −4

76 × 1
60 × 1

f
s
A
(

3

a
c
(
i
t
a
a
l
c

q

F
c

T  = 294 K, C0 = 500 mg/L 105.2 ± 0.08843 0.02269 ± 6.3
T  = 294 K, C0 = 1000 mg/L 182.5 ± 0.04490 0.01081 ± 2.7
T  = 304 K, C0 = 500 mg/L 86.57 ± 0.1304 0.02896 ± 1.3

rom the non-linear regression were listed in Table S4.  The diffu-
ion activation energy Ea of 21.6 kJ/mol was estimated from the
rrhenius equation (Eq. (9))  using the diffusion time constants

C0 = 500 mg/L) at 294 and 304 K.

Dc

r2
c

= KA exp
(

− Ea

RT

)
(11)

.7. Adsorption and desorption column dynamics

Adsorption column performance is a direct measure of an
dsorbent’s efficacy for wastewater treatment under application
onditions. As can be seen in Fig. 8, the breakthrough point
Cv/C0 = 0.05) of salicylic acid was measured to be 97.2 BV at an
nitial feed concentration of 1000.0 mg/L and its total adsorption
hroughput volume is 189.0 BV, confirming that the resin HJ-M01 is
n efficient polymeric adsorbent for adsorptive removal of salicylic
cid. The dynamic adsorption capacity of resin HJ-M01 was calcu-
ated using a numerical integration of the adsorption breakthrough
urves by the following equation:{∫ BVmax (

CV
) }
dynamic (mg/g) =
0

1 −
C0

dBV × C0(mg/L)

× 10 (ml)
3 (g)

× 1  (L)
1000 (mL)

(12)
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ig. 8. Adsorption and desorption dynamic curves of salicylic acid from an adsorbent
olumn packed with HJ-M01 at 294 K.
0 0.9940 128.7 ± 7.770 × 10 3.456 × 10 0.9994
0−4 0.9948 247.5 ± 4.040 × 10−3 9.350 × 10−5 0.9995
0−3 0.9847 124.8 ± 8.010 × 10−3 5.395 × 10−4 0.9996

The dynamic adsorption capacity of salicylic acid on HJ-M01
estimated to be 456.4 mg/L at a feed concentration of 1000 mg/L and
294 K, which is between the extrapolated values from the Langmuir
(349.6 mg/L) and the Freundlich models (541.9 mg/g).

We applied the Thomas model [56] to correlate the adsorption
breakthrough curve. The Thomas model is given by:

ln
(

C0

CV
− 1

)
= kTq0m

Q
− kTC0Veff

Q
(13)

where kT is the Thomas rate constant [ml/(h mg)], q0 is the maxi-
mum  solid-phase concentration of the adsorbate molecules (mg/g),
m is the mass of adsorbent in the column (g), Veff is the through-
put volume (ml), and Q is the volumetric flow rate (60 ml/h).
The adsorption breakthrough curve (Cv/C0 vs. Veff) were fitted
to Thomas model using a non-linear regression. It is seen that
the Thomas model fits the adsorption breakthrough curve very
well. The model parameters obtained from the regression are:
kT = 0.4766 [ml/(h mg)] and q0 = 45.6 mg/g, which are quite differ-
ent from the 2nd order kinetic rate constant (k2 ∼= 0.03 ml/(h mg))
obtained from the adsorption kinetic data and the Langmuir
monolayer adsorption capacity (qm = 350 mg/g) calculated from the
equilibrium data. This is probably because the feed concentration
(1000 mg/L) used in the breakthrough test is much higher than
those (<400 mg/L) used in the equilibrium and kinetic experiments.

After the first adsorption breakthrough experimental run the
resin column was purged with deionized water and most of the
adsorbed salicylic acid was effectively desorbed. The residual sal-
icylic acid in the resin column was then desorbed with a 1% of
sodium hydroxide aqueous solution. Only 25.0 bed volumes of 1%
of sodium hydroxide solution were needed to completely regener-
ate the resin column. We  estimated the desorption amount by the
1% of sodium hydroxide solution through a numerical integration
of the desorption purge curve (effluent concentration vs. bed vol-
ume). It was found out that the desorption amount by 1% of sodium
hydroxide solution is about 29.0% of the full adsorption capacity of
the column, which suggests that 70% of the adsorbed salicylic acid

in the resin column could be easily regenerated by purging with
water. We  also did the 2nd adsorption breakthrough run after the
regeneration. It was shown that the 2nd breakthrough run is almost
identical as the first one. This is a direct proof that the adsorption
capacity of the resin column was fully recovered after regeneration
with 1% of sodium hydroxide solution.
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. Conclusion

We have demonstrated the feasibility of tailoring pore textu-
al property and surface functionality of polymeric adsorbents for
elective adsorption of �-naphthol, phenol and salicylic acid from
queous solution. Four hyper-cross-linked resins, HJ-11, HJ-33, HJ-
5 and HJ-99 were synthesized by controlling the reaction time of
elf Friedel–Crafts reaction, then modified by the amination reac-
ion with diethylenetriamine to produce the four resin samples
J-M01, HJ-M03, HJ-M05 and HJ-M09. The samples synthesized

n this work were characterized with N2 adsorption–desorption,
T-IR, EDS, analysis of residual chlorine content and weak basic
xchange capacity. The adsorption equilibrium, kinetics and col-
mn  dynamics on resin HJ-M01 were performed to evaluate the
fficacy of this promising adsorbent.

The experimental results indicated that longer Friedel–Crafts
eaction times led to lower residual chlorine content, higher BET
urface area and pore volume, and lower amino groups upload-
ng after further amination reactions. It was possible to improve
he adsorption capability and selectivity of the resins towards
-naphthol, phenol and salicylic acid from aqueous solution by
djusting the pore textural property (i.e. BET surface area, pore
olume) and surface polarity. The sample HJ-M01 has shown sig-
ificantly higher adsorption capacity for salicylic acid than its
recursor HJ-01 and many commercial resins.

The Langmuir and Freundlich models correlate well the
dsorption isotherms of salicylic acid on the resins, the pseudo-
econd-order rate and the micropore diffusion models describe
ell the adsorption kinetic data, and the Thomas model fits

he adsorption breakthrough curve well. The dynamic adsorp-
ion capacity of salicylic acid on resin HJ-M01 was  found to be
56.4 mg/L at a feed concentration of 1000 mg/L and 294 K, which
atches well with the equilibrium adsorption capacity predicted

y the Langmuir and the Freundlich models. The HJ-M01 column
oaded with salicylic acid could be fully regenerated by purging

ith de-ionized water followed with 1% NaOH solution. A sec-
nd adsorption breakthrough run on the regenerated resin HJ-M01
olumn was found to be similar as that of the first run. The poly-
eric adsorbents being developed have a great potential to replace

ommercial polymeric or activated carbon adsorbents for organic
ompounds removal from wastewater treatment.
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