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� A novel macroporous amination resin
(GMDA) was employed to remove H-
acid from water.

� GMDA owns advantage in the rapid
adsorption equilibrium and high
adsorption capacity.

� The reliable regeneration capacity of
GMDA proves its practical
applicability.

� The desired behaviors of GMDA is due
to its suitable structural design.
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The novel macroporous amination resin exhibits lower equilibrium time and better regeneration
performance.
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In this study, a novel macroporous amination resin (named as GMDA) with the matrix of divinylbenzene
and glycidyl methacrylate was synthesized and utilized to remove 8-amino-1-naphthol-3,6-disulfonic
acid (H-acid) from water. The adsorption behaviors of the synthetic resin were studied systematically
and compared with three commercial resins (the hypercrosslinked resin NDA-88, the anion-exchange
resin D-301, and the macroporous resin XAD-4) in terms of adsorption capacity, equilibrium time, iso-
therm adsorption, the effect of existing inorganic ions and regeneration properties. The characteristic
methods of BET surface area, pore size distribution, SEM, FTIR, XPS and Zeta potential were investigated
to analyze the resins and adsorption process. The GMDA resin has wider pore diameter than the NDA-88
resin to attract H-acid more quickly with higher adsorption amounts; the larger BET surface area of the
GMDA resin ensures more binding sites than the D-301 resin in the adsorption process; the functional
groups on the surface of the GMDA resin is more effective than the hydrophobic matrix of the resin
XAD-4 in the removal of H-acid. Especially, the regeneration and dynamic experiments indicate the
anti-fouling performance of GMDA resin is much better than the others. This research not only provides
guidance for understanding the adsorption mechanism of H-acid onto the four resins, but also gives the-
oretical basis for the design of resin structure according to the targeted contaminants.
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Fig. 1. The molecular structure and physicochemical properties of H-acid.
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1. Introduction

8-Amino-1-naphthol-3,6-disulfonic acid (H-acid), one of the
most typical naphthalene sulfonic organic compounds, has been
widely used as an industrial intermediates. H-acid has been
employed to synthetize various acidic, direct and reactive dyes
because of its simple molecular structure in many factories [1].
However, the wastewater from the production process of H-acid
with a lot of naphthalene sulfonic organic matters, inorganic salts
and dark color, could not be treated thoroughly by the present
wastewater treatment technology. This means that once in the
water system, wastewater can cause negative impacts on the envi-
ronment and human’s health. In addition to the above mentioned
harm, the price of H-acid in the market is seriously affected by
the treatment of H-acid manufacturing process wastewater. These
factories have to stop producing H-acid that will affect the local
economic environment greatly, which can create a frustrating
cycle. Therefore, it is important to find out a better treatment
method for the wastewater from the manufacturing process of
H-acid.

Many reports have displayed that the advanced oxidation tech-
nology was proverbially used to treat the industrial H-acid
wastewater. Zhang et al. tried to use a microwave catalytic wet
air oxidation of H-acid in aqueous solution under the atmospheric
pressure using activated carbon as catalyst [2]. Liu et al. used the
Fenton process to treat the wastewater, adjusted the relation of
Fenton’s reagent doses to reduce COD and TOC of the solution
[3]. Noorjahan et al. degraded the molecular of H-acid onto a
TiO2 fixed bed reactor in the aqueous solution [4]. However, there
is few literature about the adsorption of H-acid onto adsorbents,
while the cost-effective adsorption technology for the industrial
wastewater has been widely applied in many countries all over
the world [5–9]. Previous researchers have made many efforts to
deal with wastewater using various adsorbents, including resins,
chitosan, and silica [10–13]. The adsorbents can be designed with
binding sites with high selectivity and regenerated effectively,
which could decrease the cost of the treatment and allow the pro-
cess to be continuous. Due to the complex physicochemical prop-
erties of H-acid, authors had employed three commercial resins
to adsorb H-acid from the aqueous solution, such as the hyper-
crosslinked resins (NDA-88), the anion-exchange resin (D-301)
and the macroporous resin (XAD-4) [14–17]. Because of their
unique advantages, they have been widely used in the wastewater
treatment. However, the experimental results were not satisfac-
tory because of their inevitable shortcomings that the possibility
of engineering application was affected by their own limited char-
acteristics: the mesopore and micropore of NDA-88 affects the con-
tinuous adsorption process; the smaller surface area of D-301
reduce the initial adsorption rate; the single hydrophobic interac-
tion of XAD-4 is unable to reach the purpose of the adsorption of
polar adsorbate onto the adsorbent. Therefore, authors expect to
synthesize a novel resin that comprises the above advantages
and avoids the disadvantages of the commercial resins.

In this research, based on the suspension polymerization tech-
nology for synthetic resins, a macroporous resin (GMDA) was syn-
thesized and employed to remove H-acid in the aqueous solution.
Taking the advantage in the adsorption of sulfonic groups onto
amination resin into account, amine group was selected to modify
resins [18–20]. The electrostatic attraction between H-acid and the
resins defined the process of molecules accumulating from aque-
ous solution onto the exterior and interior surface of resins. The
designed GMDA resin has the targeted functional groups, the wider
pore diameter and the appropriate surface area. These characteris-
tics would play an important role in the process of adsorption and
regeneration adsorption–desorption cycles. Various characteristic
analysis method of the scanning electron microscope (SEM), the
Zeta potential, the Fourier transform infrared spectroscopy (FTIR)
and the X-ray photoelectron spectroscopy (XPS) were used to
explain the adsorption experiment and mechanism. Improving
the adsorption performance, simplifying synthetic process of resins
and reducing the environmental pollution of wastewater contain-
ing H-acid are the main goals of this research. Moreover, effects
of pH, time, temperature and inorganic anions were systematically
investigated.

2. Materials and methods

2.1. Materials

8-Amino-1-naphthol-3,6-disulfonic acid monosodium salt was
obtained from Aladdin Industrial Inc., China. The molecular struc-
tures and selected physicochemical properties of H-acid were
shown in Fig. 1. Divinylbenzene (DVB, 80%), glycidyl methacrylate
(GM, 97%), dimethylamine (DA, 40%), trimethylamine (TA, 33%),
diethylamine (DE, 99.0%), ethanol and methanol were purchased
from Aladdin Industrial Inc., China. Benzoyl peroxide (BPO), 2,2-
azobis (AIBN), FeCl3, 1,2-dichloroethane, gelatin, toluene, NaNO3,
NaCl, Na2SO4, Na3PO4, Na2HPO4 and NaOH were purchased from
Sinopharm Chemical Reagent Co., Ltd.

2.2. Preparation of adsorbents

Commercially available resin D-301 and XAD-4 were supplied
by the Shanghai Office, Purolite International Co., Ltd. Hyper-
crosslinked polymeric adsorbent resin NDA-88 was obtained from
Nanjing University.

The GMA resin was synthesized through a suspension polymer-
ization process with 12.5 g of GM and 12.5 g of DVB as monomers
and 25.0 g of toluene as porogen in a glass flask with 1 g BPO and
1 g AIBN as the initiator. 2 g gelatin, 1.05 g Na3PO4, 4.2 g Na2HPO4,
32 g NaCl and 200 mL deionized water employed as the dispersion
phase. The mixture was stirred in the 500 mL flask at 368 K for
12 h. Resins were collected and rinsed with deionized water at
343 K and then washed by methanol to remove the unreacted
monomers and porogen. The resins were vacuum dried at 333 K
for about 12 h. After drying, the microspheres were modified with
the different volumes of DA/TA/DE solution at 338 K for 12 h to
introduce amine groups, respectively. After washing with
deionized water several times the effluent was neutral, all of the
ammonium groups microspheres were cross-linked by reaction
with 1,2-dichloroethane and FeCl3 at 353 K for 24 h. The resin
was rinsed repeatedly with methanol and HCl until the effluent
was clarified, then washed with deionized water to neutral and
dried at 333 K for 12 h.

Before the conventional experiments, the better substitution
degree had been investigated; the series of resins were synthesized
with the different dosage of 5 mol/L DA/TA/DE and the resin GMA.



Fig. 2. The structure of the GMDA resin and three commercial resins: NDA-88, D-301 and XAD-4.
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20 g resin GMA was modified with 25 mL, 75 mL, 150 mL and
250 mL of 5 mol/L DA/TA/DE solution. The exchange capacities
and adsorption amounts were measured (Table S1), and then the
resin with the maximum adsorption capacity was selected and
named as GMDA. The structures of the resin GMDA and commer-
cial resins were shown in Fig. 2.
2.3. Instrument analysis

The exchange capacity of the synthetic resin was determined by
the Chinese measurement standard (GB/T 5760-1986, Method for
the determination of exchange capacity of anion exchange resin).
The resins and H-acid solution were thoroughly mixed and the
flasks were completely sealed and placed in the incubator shaker
(New Brunswick, Model G25) at the specific temperatures. The
aqueous samples were taken out at preset time intervals to deter-
mine the remaining concentrations of the adsorbates. A Perkin–
Elmer 240C Elemental Analytical Instrument (Wellesley, MA,
USA) was used to perform the elemental analysis of four resins.
Fourier transform infrared (FTIR) spectra before H-acid adsorption
were recorded using a Nicolet 170 IR spectrometer (Madison, WI,
USA) at ambient temperature. An automatic analyzer (Micromerit-
ics ASAP-2010C, USA) was used to determine the BET surface area
and pore diameter of resins with N2 as the adsorbent. The pH
values were tested with a pH meter (Thermo 520M-1, USA). Zeta
potential and X-ray photoelectron spectroscopy (XPS) were
measured by a Malvern Nano-Z Zetasizer and a ULVAC-PHI 5000
VersaProbe XPS spectrometer, respectively. 0.05 g of resin was
milled into powder and added into 100 mL deionized water to
shake uniformly, than adjust pH to measure potentials. The
morphology of resins was investigated by SEM images, which
was obtained from a field emission SEM (ZEISS, Germany). Before
measured, all of the samples were freeze-dried prior.
2.4. Adsorption assay

The synthetic resin with amine groups was used in this adsorp-
tion study. For the adsorption kinetics, four 1000 mL flasks with
500 mL of 200 mg/L H-acid aqueous solution were shaken respec-
tively with 0.250 g selected resins under constant stirring with a
shaking speed of 140 r/min. The adsorption equilibrium experi-
ments were performed at 303 K for 48 h. Meanwhile, 0.05 g resin
was introduced to each 150 mL conical flasks. 100 mL of H-acid
aqueous solution were then added to each flask and the initial con-
centrations of the solution were 100, 150, 200, 250 and 300 mg/L,
respectively. The pH of solution was adjusted to 2–8 using 1 mol/
L HCl or 0.1 mol/L NaOH solution, respectively. 0.01–0.1 mol/L NaCl,
Na2SO4 and NaNO3 was added separately in the H-acid aqueous
solution to study the effect of ions strength on adsorption capaci-
ties. At last, the flaskswere completely sealed and placed in the sha-
ker at 288, 303 and 318 K for 48 h. The concentrations of adsorbate
in the solutions were obtained by measuring the UV adsorption at
235 nm for H-acid (UV analyzer, Mapada UV3100-PC, China) [21].
Adsorption data were collected for all the above experiments. The
adsorption amount, qe (mg/g), was calculated using Eq. (1):

qe ¼
VðC0 � CeÞ

m
ð1Þ

where C0 and Ce are the initial H-acid concentration (mg/L) and the
concentration at equilibrium (mg/L), respectively. V is the volume of
solution (L), andm is the weight of the dry adsorbent (g). All adsorp-
tion experiments were repeated three times. The error rate of the
adsorption capacity was less than 3%.

2.5. Regeneration and dynamic adsorption

In order to study the practical application of the resins, adsorp-
tion regeneration and continuous column-mode experiments were
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carried out. 100 mL of 200 mg/L H-acid solution and 0.050 g resin
were shaken at 303 K until the adsorption equilibrium was
reached. The GMDA resin was desorbed by various mixed desorp-
tion solution at 303 K. After the desorption equilibrium, the solu-
tion concentration of H-acid was determined by UV
measurements. The better desorption solution was chosen to des-
orb the GMDA resin in the regeneration experiments. For dynamic
adsorption, a complete system of a glass column (10.0 mm in
diameter and 100 mm in length) with water baths to the temper-
ature stable in 303 K that experiment picked up with GMDA,
NDA-88, D-301 and XAD-4 for the aqueous solution containing
H-acid. The initial concentration of H-acid is 1000 mg/L, and the
initial pH is 2.96. The flow rate was 4 BV/h (1 BV = 7.85 cm3, that
was the volume of adsorption column).
3. Results and discussion

3.1. Characterization of resins

The adsorption amount is an important parameter to evaluate
the resin. The effects of the molar ratio of DA/TA/DE and GMA on
the adsorption of H-acid onto resin was firstly evaluated. The
exchange capacities of these resins were characterized in
Table S1 in Supporting information. The scheme of preparation
was exhibited in Fig. S1 in Supporting information, then named
as GMDA and used in the following experiments.
3.1.1. FTIR
FTIR is a useful tool to identify the presence of certain functional

groups of adsorbents. In this study, the changes of groups on the
resins are found by FTIR analysis. FTIR of resin GMA and GMDA
(Fig. 3) are complex due to the presences of different functional
groups on the surfaces of these two resins. Among the FTIR spectra
of two synthetic resins, the main peaks at 1732 (C@O stretching),
1609 (ester groups), 1473 (CAH), 1347 (CH3 from methacrylate
structure), 997 (C@C), 910 (epoxy groups) and 711 cm�1 (benzene)
mean that the GMA resin was synthesized successfully. In the spec-
tra of GMDA, the peak occurred a displacement from 1201 to
1276 cm�1 obviously, indicating CAN was introduced into the
resins. Thus, GMDA resin was confirmed to be synthesized success-
fully. Similarly, the FTIR spectra of NDA-88 and D-301 indicate the
presence of amine functional groups in 2779 and 1270 cm�1,
respectively. The carbonyl and hydroxyl groups are detected on
the surface of NDA-88 relating to its hypercrosslinked structure.
Fig. 3. FTIR spectra of GMA, GMDA, NDA-88, D-301 and XAD-4.
3.1.2. Selected characteristics
The physicochemical properties of the four selected resins and

the adsorption capacity of H-acid onto resins are presented in
Table 1. Although the BET surface area of the macroporous resin
XAD-4 is the larger than the resin GMDA that would provide more
active region for adsorption theoretically, the adsorption capacity
of H-acid onto XAD-4 is minimum, which means the hydrophobic
interaction is not the main contributor to the adsorption of H-acid.
The smaller BET surface area of GMDA should result from the lar-
ger average pore diameter. Interestingly, the GMDA resin has the
maximum adsorption capacity among the four resins as listed.
The presence of a relatively great mount of nitrogen (2.90%) on
the surface of GMDA mean that the existence of tertiary amine
functional groups. Moreover, the anion-exchange resin D-301 also
presents the removal of H-acid. Resin D-301 is composed of styr-
ene divinylbenzene copolymer, then is modified by tertiary amine
groups and possesses anion-exchange mechanism. Due to the min-
imum surface area, the nitrogen (2.43%) from amine functional
groups is gathered on the surface of resin D-301. H-acid will be
mainly adsorbed on the surface of D-301 rather than diffuse into
the internal pore of resins. The adsorption capacity and rapid
adsorption speed of D-301 may be influenced by the above charac-
teristics. This should be attributed to the interaction between the
amine groups on the resins and the sulfonic groups of adsorbate
H-acid. Although NDA-88 contains rich amino groups on its sur-
face, its micropores apparently restrict adsorption diffusion and
interaction. These specific disadvantages will be further discussed
in the next step.

3.1.3. Pore structure
The pore size distributions of the four resins are shown in Fig. 4.

The pore size distributions of GMDA and D-301 is similar to that of
XAD-4: The macropore and mesopores in the range of 5–17 nm
dominate the pore of GMDA and no obvious micropores are
observed; the pore diameter distribution of NDA-88 resins is in a
narrower micropore region (1–2 nm) and a large amounts of
micropores are emerged. The micropore structure of NDA-88
should result in its lower adsorption amount as H-acid molecules
are likely to congregate at the micropore entrance after the initial
rapid adsorption process. Although the approximate pore struc-
ture, the BET surface area of D-301 is much less than that of GMDA,
which would affect the available groups, exposed in the internal
pore of the resin D-301 and GMDA. So dense amine group precip-
itate the strong molecular affinity on the surface of D-301 that
makes two possible disadvantages, the easily blocked pore by H-
acid molecules, and the lower desorption efficiency [22,23]. The
resin GMDA can be treated as the special resin with amine group,
wider pore diameter and cross-linked properties, the comprehen-
sive characteristics contribute to the advantage in initial rapid
adsorption process and regeneration adsorption in the following
study.

3.2. Effect of pH on the adsorption

As one of the most important characteristic methods for adsorp-
tion mechanism, Zeta potentials (ZPs)–pH profiles of four resins
and H-acid were measured and illustrated in Fig. 5(A). Considering
the pH of wastewater containing H-acid is usually lower than 7,
ZPs was investigated within the pH of 2–8. The resins GMDA,
NDA-88 and D-301 with amine groups exhibit the positive charge
with protonation appearance in the acid environment while the
XAD-4 presents corresponding isoelectric points due to the non-
functional group structure. So, large amounts of free-state sulfonic
acid groups make the charge of H-acid below the isoelectric point,
which causes a strong charge interaction with the resins of amine
group [24]. According to the Zeta potential–pH profiles, the best



Table 1
The BET data and selected characteristics of synthetic resins and three commercial resins.

Properties GMDA NDA-88 D-301 XAD-4

The adsorption amount of H-acid onto the resins, mg/g 327.91 220.93 288.10 35.94
Main functional groups –N(CH3)2 –NH2 –N(CH3)2 –
BET surface area, m2 g�1 218.13 531.12 38.20 898.63
Micropore area, m2 g�1 14.97 278.01 9.03 223.36
Average pore diameter, nm 11.3 1.20 8.94 5.61
Nitrogen, % (wt/t) 2.90 1.98 2.43 –
Particle size, mm 0.3–0.5 0.3–0.5 0.3–0.5 0.3–0.5

Fig. 4. The pore diameter distribution of GMDA, NDA-88, D-301 and XAD-4.

Fig. 5. (A) Zeta potential–pH profiles and (B) the effect of pH on the adsorption
capacities of 200 mg/L H-acid onto four resin at 303 K.
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adsorption performances might occur within the pH 2–4 due to the
electrostatic interaction. Moreover, the adsorption performance
would be weakened with the increasing pH value. Hence, the
adsorption experiments were carried out within the above pH
range.

As shown in Fig. 5(B), the adsorption capacity of H-acid onto the
resins at different pH values was different with each other. The
adsorption capacity of the four reins as follows: GMDA >
D-301 > NDA-88 > XAD-4.

At the common pH value, the greater adsorption capacity of
resin GMDA and D-301 in contrast with the resin NDA-88 indicates
that the tertiary ammonium group has a more positive effect on
the adsorption of H-acid than amino groups of NDA-88 [15]. When
pH is in the range of 3–4, the adsorption amounts stay at the high-
est level. Adsorption amount is minimum when pH is 2. The pres-
ence of 0.01 mol/L chloride ions could be the main influencing
factors, and competitive adsorption occurs between H-acid and
chloride ion. This adsorption phenomenon will be confirmed in
the following discussion of coexisting ions. On the other hand, a
small amount of sulfonate groups takes off the protons in the con-
dition of lower pH value, and the amine group forms quaternary at
the same time. With the pH increasing, a large of number of sul-
fonate groups are deprotonated. Therefore, the adsorption capaci-
ties obviously decrease when pH increase to 8 that validates our
previous inference in the analysis of ZPs. Interestingly, the pH of
aqueous solution containing 100–300 mg/L of H-acid is within
3.84–3.58, which is within the best region to the adsorption of
H-acid onto the GMDA and commercial resins. Similarly, this pH
range will be employed in the following discussion.
3.3. Adsorption kinetics

Adsorption kinetics is very important in the characterization
and study of the efficiency and feasibility of the resins on the prac-
tical application. The adsorption kinetics of the four resins in the
aqueous solution containing 200 mg/L of H-acid were studied.
The data is displayed in Fig. 6. It can be clearly seen from the
parameters that the rate constants for adsorption of H-acid onto
all the adsorbents change in the same order with the maximum
adsorption capacity: GMDA > D-301 > NDA-88 > XAD-4, indicating
that the adsorbate molecules was adsorbed more faster in the
wider pore region of resin with larger adsorption capacity. The
affinity of adsorbate onto adsorbent depends on the interactions
between the surface of the adsorbent and the structure of the
molecule by p–p interactions, hydrophobic interaction, electro-
static interactions and so on. Molecules containing different phys-
ical properties could interact in many ways with an adsorbent and
the liquid phase. In terms of the acrylic matrix of the resins, p–p
interactions should be less important because such interactions



Fig. 6. The adsorption kinetics of H-acid onto four resins at 303 K, the initial
concentration of H-acid aqueous solution is 200 mg/L.
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are restricted to aromatic rings. The presence of sulfonate groups of
H-acid results in a negative charge on molecules under both acidic
and basic conditions appears anion-exchange with tertiary amine
resins positively charged [25]. As shown in Fig. 6, the adsorption
capacity of H-acid onto the resin XAD-4 is far less than the adsorp-
tion amount onto the resin GMDA. The adsorption amounts of the
resin XAD-4 should originate from less contribution of hydropho-
bic interaction in this process. The electrostatic interaction
between amine group and H-acid displays the significant role.
The adsorption of H-acid onto the resin GMDA demonstrated rela-
tively fast speed and rapid adsorption occurred within the first
90 min. In fact, for the resin GMDA, with amine groups and macro-
porous matrix, adsorption can be believed to occur mainly in the
macroporous region. For four resins listed in this work, the effect
of the mesopore and micropore region can be negligible in H-
acid adsorption, and the higher surface area of GMDA than D-301
doesn’t play a positive role legitimately. This phenomenon also
confirms our speculation that the adsorption performance of
adsorbent is constrained by structure characteristic consisting of
the surface area, pore diameter, effective functional group and so
on. The adsorption capacity onto the resin D-301 is close to the
resin GMDA, but the D-301 consumes longer time to reach adsorp-
tion equilibrium. The smaller BET surface area and pore diameter
seem to be the major factors. Although the adsorption efficiency
of H-acid onto the resin NDA-88 is similar to GMDA, its mesopore
and micropore hinder the diffusion of more molecules into resin
surface when a great number of molecules are adsorbed on the
pore entrance. Comparing with pore diameter of GMDA, macrop-
ore could ensure the molecules of H-acid continuously entering
into the resin.

To analyze the kinetics of adsorption further, the pseudo-first-
order model and pseudo-second-order model were used to confirm
the H-acid adsorption onto the four resins. The equations are listed
as follows:
Table 2
The kinetic data for the adsorption of H-acid onto four resins.

Resins Pseudo-first-order model

Qe (mg/g) k1/10�2 (min�1) R2

GMDA 314.43 1.723 0.896
NDA-88 213.31 1.028 0.929
D-301 269.81 0.218 0.984
XAD-4 32.12 0.461 0.949
Pseudo-first-order : Qt ¼ Qeð1� expð�k1tÞÞ ð2Þ

Pseudo-second-order : Qt ¼
k2tQ

2
e

1þ k2tQe
ð3Þ

where Qe (mg/g) is the capacity of resins adsorbed H-acid at equilib-
rium time, and Qt (mg/g) is the capacity of resins adsorbed H-acid at
time t. k1 (min�1) and k2 (g/mg�min) are the pseudo-first-order
model and pseudo-second-order model rate constants, respectively.
The fitting data were listed in Table 2. The pseudo-second-order
model better described the adsorption behavior of H-acid onto
the resin GMDA, and certifying the effect between resin and H-
acid being chemical adsorption [26,27]. The value of the constant
of k2 for H-acid adsorption onto GMDA (0.0079 � 10�4 g/mg�min)
is obviously greater than those onto NDA-88 (0.0006 � 10�4 g/
mg�min) and D-301 (0.0007 � 10�4 g/mg�min), which may directly
relate to the adsorption rate. The H-acid molecules may be able to
easily diffuse in the macropore surface than enter the mesopore
area, even wedge into the smaller micropores. Therefore, the diffu-
sion of H-acid within the resin NDA-88 is slower as the adsorption
rate listed, the equilibrium time for NDA-88 are greater than GMDA.
The difference of k2 between the resin GMDA and D-301 was stud-
ied, and the cause of this difference was not similar to the different
diffusion between NDA-88 and GMDA. H-acid molecules will get
more opportunities to be adsorbed by the ordered amine group
on the surface of the resin GMDA, which has greater surface area
than D-301. In contrast, D-301 has concentrated, intensive amine
groups in the smaller surface, thus hindering rapid molecule diffu-
sion in the exterior and interior surface of D-301 equably. A conclu-
sion can be summarized that the amine groups, wider pore
diameter and proper surface area are important factors in the H-
acid adsorption process. There interesting findings are also consis-
tent with the goal of this work [18].

3.4. Adsorption isotherm and thermodynamics

The adsorption isotherms of H-acid onto the GMDA and com-
mercial resins at different temperatures are depicted in Fig. 7. As
hydrophobic interaction didn’t play a major role, the adsorption
capacity of H-acid onto XAD-4 was weaker than the other three
resins. It can be seen that the equilibrium adsorption amounts of
H-acid onto the same resin have a small increase with the increase
of temperature. This means the higher temperatures intensify
molecular motion and expand the channels in the interior of resins.
The similar characteristics of adsorption behavior might result
from the same adsorption mechanism between the adsorbent
and adsorbate.

The Langmuir and Freundlich isotherms are two typical iso-
therms for describing the adsorption on adsorbents from aqueous
solutions. To further assess the significance of the resin properties
in the adsorption process of H-acid, Langmuir isotherms (Eq. (4))
and Freundlich isotherms (Eq. (5)) models were used to fit the
experiment data.

Qe ¼
QmKLCe

1þ KLCe
ð4Þ

Qe ¼ KFC
1=n
e ð5Þ
Pseudo-second-order model

Qe (mg/g) k2/10�2 (g/mg�min) R2

335.07 0.0079 0.980
231.15 0.0006 0.954
328.03 0.0007 0.990
36.77 0.0148 0.983



Fig. 7. The adsorption isotherms of H-acid onto resins at the different tempera-
tures: 288, 303 and 318 K.
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where Qe (mg/g) and Ce (mg/g) are the adsorbate concentration and
the concentration of H-acid aqueous solution at adsorption equilib-
rium, respectively, and Qm (mg/g) and KL (L/mg) represent the max-
imum adsorption amount and the affinity of the binding sites,
respectively. KF (L/g) and n are the Freundlich adsorption parame-
ters, which indicate adsorption amount and intensity, respectively.
According to Table 3, the Langmuir model provides a better match
for model most of the experimental parameters than the Freundlich
model for GMDA according to R2 value. The Langmuir model
assumes that resins have a limited number of adsorption sites in
the ideal condition. This adsorption model could be described as
the monolayer adsorption. Electrostatic attraction between sulfonic
group and functional groups make the adsorption process occurred
rapidly. When the temperature increases, the adsorption capacity of
the above adsorbents increases a little, which is the special charac-
teristic of electrostatic interaction without a great change with tem-
perature. With the concentration increasing, the surface and
internal of adsorbent become saturated when maximum concentra-
tion is reached. Moreover, some other obvious information could be
known from the fitting data. According to the 1/n value (1/n < 0.1),
H-acid is adsorbed onto the resin GMDA easily [28]. The anion-
exchange mechanism and electrostatic interactions are essential
to the adsorption behavior of H-acid onto the resin GMDA. The com-
mercial resins don’t show such strong affinity. This phenomenon
confirms the applicability of the resin GMDA in industrial
wastewater treatment.

To describe the thermodynamic behavior of adsorption of H-
acid onto four resins, the thermodynamic parameters of the
adsorption process can be calculated as free energy (DG), enthalpy
change (DH), and entropy change (DS). Free energy of sorption was
calculated with use of equation:

DG ¼ �RT lnKL ð6Þ
where R is the gas constant (8.314 J/(mol * K)) and T is temperature
(K). The partition coefficient KL (dm3/mg) varied with change of
temperature. KL parameter was calculated by plotting Ce/qe versus
Ce (Langmuir mathematical model).

lnKL ¼ DS
R

� DH
RT

ð7Þ

where DH (kJ/mol) and DS (J/(mol * K)) were calculated from the
slope and intercept of lnKL versus 1/T plot. The thermodynamic
parameters for the adsorption of H-acid onto four resins at various
temperatures are enumerated in Table 4. The negative DG value
indicate that the adsorption of H-acid onto GMDA, NDA-88 and
D-301 is spontaneous at 288, 303 and 318 K. The positive DH sug-
gests that the adsorption reaction is endothermic surface reaction
[29–31]. However, the adsorption capacity of H-acid increased a lit-
tle with the increased temperature that may be affected by the prin-
ciple of expansion and contraction and kinetic molecular theory.
The DS is positive, which indicates that the increased randomness
at the solid-solution interface during the adsorption of H-acid onto
three resins [32]. For XAD-4, DS of the process is negative, and upon
reaction is a decrease of randomness at the solid–liquid interface.

3.5. Effect of the coexisting ions

Effect of the coexisting ions on adsorption capacity of H-acid
onto resins was displayed in Fig. 8. In many previous studies,
cations have no discernible effect on the adsorption process of sub-
stances with negative charges onto anion exchange resins [17].
Previous publications show that the effects of anions on contami-
nants removal by tertiary ammonium resin is different [33,34].
Due to the existence of different ions concentration and species,
the adsorption capacities decreased in the order: SO4

2� > NO3
� > Cl�.

The existence of anions impedes the exchange of the adsorbates
with the resins, then a competitive adsorption may occur [35,36].
More sites are combined with more inorganic ions and spare amine
groups are less. This evidence could be applied in the regeneration
adsorption process. With the further analysis of twice dissociation,
a characteristic was observed that more amine groups are occupied
by sulfate ion with two negative charges than Cl� with only one
negative charge under the equal concentration and the amount
of charges plays an important role in this comparative test. The
previous studies reported various resins with amine groups had
high efficiency adsorption behavior of inorganic anions [37,38].
The increasing electrostatic interactions between the negatively



Table 3
The adsorption isotherm model constants for the adsorption of H-acid onto four resins at 288, 303 and 318 K.

Resin T (K) Langmuir model Freundlich model

KL (L/mg) Qm (mg/g) R2 KF (L/g) n R2

GMDA 288 2.631 326.76 0.992 234.03 12.832 0.805
303 2.586 331.70 0.996 237.49 12.863 0.777
318 3.556 335.52 0.993 246.21 13.892 0.751

NDA-88 288 0.010 422.52 0.956 18.327 1.917 0.904
303 0.011 424.43 0.994 21.690 1.986 0.974
318 0.011 426.99 0.999 20.915 1.96 0.987

D-301 288 0.048 334.57 0.744 87.020 4.095 0.590
303 0.274 335.05 0.964 169.513 7.764 0.799
318 0.163 336.61 0.772 158.77 6.749 0.588

XAD-4 288 0.001 62.357 0.801 0.200 1.236 0.776
303 0.001 78.031 0.880 0.20 0.999 0.657
318 0.001 78.169 0.789 0.24 1.298 0.853

Table 4
Values of thermodynamic parameters evaluated for H-acid adsorption onto four
resins.

Resin T (K) DH (kJ/mol) DS (J/(mol * K)) DG (kJ/mol)

GMDA 288 18.07 7.31 �2.09
303 18.86 7.59 �2.28
318 22.32 7.81 �2.46

NDA-88 288 10.76 13.01 �3.74
303 11.30 13.14 �3.97
318 11.82 13.31 �4.22

D-301 288 11.82 7.73 �2.21
303 13.00 7.76 �2.34
318 13.33 7.84 �2.48

XAD-4 288 13.40 �12.10 3.50
303 14.02 �9.99 3.04
318 14.71 �9.97 3.19
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charged ions and positively charged amine groups cause an
increase in the anions adsorption. Therefore, the general trend is
obtained that anion concentration has a negative effect on the
H-acid removal by anion-exchange mechanism [39].
3.6. Characterization after adsorption

As the speculation we presented through the structure analysis,
the adsorption can also be observed by the scanning electron
microscope (SEM) on the surface of the samples in Fig. S2 in Sup-
porting information. Fig. S2(A–D) mainly reveal the macropore
structure of GMDA, the micropore region of NDA-88, the meso/-
macropore structure of D-301 and XAD-4 before the adsorption,
respectively. As shown in Fig. S2(E–H), the resins’ surface present
different adsorption state, except for XAD-4, which shows no sig-
nificant adsorption. From the Fig. S2(E), a large amount of H-acid
molecules focus on the surface, and a part of the duct is not blocked
completely that means GMDA keeps the adsorption until the
adsorption equilibrium was stayed. Contrarily, compared with
Fig. S2(B and C), the H-acid on the surface of NDA-88 and D-301
in Fig. S2(F and G) that sheet successfully covered on the surface.
Most of the holes are hidden so that there are no obvious pore
observed on exterior of two resins [40–42]. By electron microscopy
observation above, the macropore structure of GMDA is very ideal.

The FTIR spectra of the four resins before and after adsorption is
shown in Fig. S3 in Supporting information. A conclusion could be
drawn that H-acid is adsorbed by GMDA, NDA-88 and D-301: The
special peaks at 1192, 1195 and 1189 cm�1 (S@O from sulfonic
acid group of H-acid) and the peaks at 675, 674 and 673 cm�1

(SAC stretching) are revealed in the spectra of three resins after
adsorption. However, there are no obvious S@O and SAC stretching
peak detected in the spectra that should be caused by the very low
adsorption capacity.

XPS characterization of the resins was performed to further
investigate the change of chemical structure before and after
adsorption. Fig. 9 shows the survey data, indicating that the above
resins contain two element N and S. The XPS spectrum of N1s and
S2p of GMDA is shown in Fig. 9(a), which can be analyzed as two
peaks of free tertiary amine group and protonated tertiary amine
group centered at 398.55 and 401.38 eV, respectively. Although
washed by deionized water until the effluent was neutral, HCl pro-
tonated free tertiary amine group, and neutral environment can’t
make all the tertiary amines to deprotonation effect. After H-acid
was adsorbed by GMDA, the peak of protonated tertiary amine
groups shifted to higher peak with stronger intensity, and a new
peak was detected in 398.46 eV. Amino group signals may be cov-
ered with protonated tertiary amine group, and then the stronger
peak emerged. Moreover, with the adsorbed H-acid, the peak posi-
tion is enhanced towards the original peak signal in N1s (GMDA).
The only N1s spectrum is revealed in N1s (NDA-88) of Fig. 9(b),
then two peaks centered at 398.46 and 401.4 eV are shown after
adsorption. However, as shown in Fig. 9(c), a weak peak at
401.04 eV means the protonated tertiary amine group on the sur-
face of D-301, although tertiary amine group is the major func-
tional group on its surface. In terms of the adsorption of GMDA,
the stronger peak at 401.15 eV illustrates superimposed of proto-
nated tertiary amine group and the amino group of H-acid [43].

All S2p spectra of four resins before adsorption were not decon-
voluted to any peaks. Nevertheless, after adsorption, the S2p spec-
tra of GMDA, NDA-88 and D-301 were revealed at the increased
peak of 167.28, 166.98 and 166.76 eV, respectively. This illustrates
that H-acid was adsorbed on the surface of the above resins [43]. In
Fig. 9(d), no peak is shown in the N1s and S2p spectra of XAD-4
before and after adsorption that attributes to the chemical struc-
ture of XAD-4 without any amine functional group and much less
adsorption capacity.

To sum up, FTIR and XPS analysis were employed, showing that
the H-acid molecule was adsorbed on the surface of resins. The
parameter at special peaks can be described as our speculation
from the experimental phenomenon.
3.7. Regeneration and column-mode experiment

From the above experiment phenomenon, the resin GMDA has
been successfully applied in the removal of H-acid in various exper-



Fig. 8. The effect of coexisting ions Cl�, NO3
� and SO4

2� on the removal of 200 mg/L
H-acid by resins at 303 K. The concentrations of salt solution are 0.01, 0.03, 0.05,
0.07 and 0.1 M.
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iment conditions. In order to further investigate the practicability of
the GMDA resin, the regeneration experiments and column-mode
experimentwere conducted from the viewpoint of static adsorption
and dynamic adsorption, respectively. The commercial resin NDA-
88,D-301andXAD-4wereusedas the referenceobjects. After reach-
ing the adsorption equilibrium, 0.05 gNDA-88 andD-301 resinwere
eluted by 0.5 mol/L NaOH solution [44,45]; 0.05 g XAD-4 resin was
desorbed by 50% (v/v) ethanol aqueous solution [46]. Compared
with the other three resins, GMDA occurs as quaternary amine
groups in acidic environment. Nevertheless, amine functional
groups were deprotonated in the strong basic environment. As a
strong base, the sodium alkoxide (Na-OR) produced in the solution
of ethanol and NaOH speeds up the process of deprotonation. An
inspiration from the above desorption solvent was taken into
account that differentmixed desorption solvents can be used to des-
orb the H-acid molecular from the surface of the GMDA resin, and
the ratio of desorption are shown in Table S2 in Supporting informa-
tion. The results showed that the ratio of desorption of 4% (w/w)
NaOH, 6% (w/w) NaCl and 50% (v/v) ethanol was higher than the
others elution solvents. After desorption, the surface area of GMDA
in Table S3 in Supporting information is close to the BET parameter
of resin before adsorption. This shows that the experimental scheme
is suitable for desorption of the GMDA resin.

Fig. 10 illustrates a 20 times-static regeneration adsorption
cycles of H-acid onto four resins. As a common anion-exchange
resin, D-301 resin maintains excellent performance on regenera-
tion adsorption capacity in 20 times adsorption–desorption cycles,
decreased from 288.10 to 146.10 mg/L. The resin GMDA exhibits a
better property in regeneration with the adsorption amount after 3
times decreasing from 327.91 to 258.07 mg/L. Although some ups
and downs of regenerative adsorption amount occur in the follow-
ing 17 times, the curve maintains so stable trend that the practical
application of GMDA resin can actually be an asset. On the con-
trary, for the hypercrosslinked resin NDA-88 with the mesopore
and micropore, the adsorption capacity kept continuous and obvi-
ous decreasing from 220.93 to 106.30 mg/L. Moreover, because
there were no functional groups on the exterior and interior sur-
face, the adsorption amount of H-acid onto XAD-4 is minimum.
The removal effect of H-acid molecular by the hydrophobic
interaction is limited.

This adsorption equilibrium time is lower because of the wider
pore structure and higher surface area than D-301 resin on the
basis of the same functional groups [45,47]. This means the func-
tional groups in the surface of GMDA resin can be fully desorbed
by the desorption solvent. Unlike the matrix structure of D-301
resin, the regular and symmetrical amine functional groups of
GMDA resin that widely spread on the surface can get the similar
opportunities to be desorbed. Moreover, the high regeneration
adsorption amount is a powerful proof of the anti-fouling perfor-
mance of the novel adsorbent [18,47]. Wider pore diameter played
an irreplaceable role in cycling process, and this characteristic
reduced the possibility of pore occluded with the molecules of H-
acid. The resin D-301 contains common functional group N(CH3)2
and its regeneration capacities kept reposefully which was not less
than 200 mg/L, without obvious decrease after first desorption
cycle. From the aspect of regeneration ability, the resin GMDA is
deemed to be an ideal adsorbent to remove H-acid from the
aqueous solution.

The complete system of a column experiment picked up with
the four resins in the aqueous solution containing 1000 mg/L H-
acid. The saturation adsorption (Ct/C0 > 98%) of H-acid onto GMDA,
NDA-88, D-301 and XAD-4 was obtained at around 280, 176, 217
and 7 BV, respectively. Furthermore, as one of the most widely
used models in column-mode experiment theory, Thomas model
was used to calculate the maximum concentration of H-acid on
resins, and the adsorption rate constant from the experiment data
obtained in dynamic adsorption [48,49]. The fitted curves of
dynamic adsorption are shown in Fig. 11. The expression of
Thomas model is listed as follow:



Fig. 9. XPS spectra of N1s and S2p of four resins before and after adsorption.
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Ct

C0
¼ 1

1þ expðKT=FðQTM � C0VNÞÞ ð8Þ

where KT (mL/(min * mg)) is Thomas rate constant, QT (mg/g) is the
calculated theoretical saturate adsorption capacity by Thomas
model, F (mL/min) is the flow rate of the H-acid solution, M (g) is
the mass of resins, V (mL) is the effluent volume, C0 (mg/L) is the
concentration of H-acid solution, Ct (mg/L) is the H-acid solution
concentration at time t and N is the bed volume number. The value
of Ct/C0 is the ratio of residual concentration at time t and initial H-
acid concentrations, and the parameters were listed in Table 5.
From the fitted data, the fitted curves of Thomas model fit the
experiment data in a good form, and the four fitting degree R2 are
very close to 1. In addition, in the column adsorption, the theoretic
adsorption capacities of H-acid onto resins are very close to their
homologous experiment data. The aforementioned discussion indi-
cated that the Thomas model is suitable to describe the adsorption
of H-acid onto the four resins by the column experiment [50]. More-
over, although the same bed-volume weight of GMDA is heavier
than that of three other resins, it’s proved once again that the
adsorption performance of GMDA is better than the others.

Consequently, the results of regeneration experiments and
dynamic adsorption proved that the adsorption performance of
H-acid onto the GMDA resin is the best among the four resins
revealed in this work, both from an operational and an environ-
mental viewpoint.



Fig. 10. The adsorption capacity of static regenerated resins at 303 K.

Fig. 11. The column-mode breakthrough curves of 1000 mg/L H-acid adsorption by
GMDA, NDA-88, D-301 and XAD-4 at 303 K.

Table 5
Thomas model parameters of resins for the adsorption of H-acid in column systems at
303 K.

Resin M (g) KT (mL/(min * mg)) Qm (mg/g) QT (mg/g) R2

GMDA 4.71 0.056 327.91 359.17 0.999
NDA-88 3.45 0.373 220.93 261.93 0.999
D-301 4.11 0.370 288.10 305.31 0.998
XAD-4 2.75 0.011 35.94 29.02 0.992

1532 Z. Zhang et al. / Chemical Engineering Journal 283 (2016) 1522–1533
4. Conclusions

In the current work, a novel dimethylamine modified porous
polymeric resin GMDA, containing the advantages of commercially
available hypercrosslinked, anion-exchange and macroporous
resins, is successfully synthesized. The resin GMDA brought the
greater adsorption amount and rapid adsorption rate for H-acid
than other three commercial resins (the hypercrosslinked NDA-
88, the anion-exchange D-301 and the macroporous XAD-4), owing
to its structural characteristics of wider pore diameter, higher
selective functional amine groups and appropriate surface area.
Zeta potential–pH profiles illustrate that no significant pH effect
on the adsorption behaviors of H-acid onto the GMDA resin was
observed in the pH range from 2 to 8, and electrostatic attraction
is the major adsorption mechanism. The analysis of BET and SEM
explain that the reasonable structure is the advantage source in
adsorption process. From the FTIR and XPS, we can summarize a
conclusion that H-acid molecule is adsorbed by resins very well.
Finally, the new resin demonstrated desired regeneration capacity
in adsorption–desorption cycles and better realistic adsorption
performance in dynamic experiment. In summary, the resin GMDA
can be considered an applicable adsorbent for the removal of H-
acid. Meantime, the present study offers remarked guidance for
not only further study of the adsorption behaviors of other naph-
thalene sulfonic acids onto polymeric resins, but also the structural
design of resins according to the targeted contaminants.
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