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A B S T R A C T

Efficient removal of phthalate esters (PAEs) is of considerable concern since they pose serious ecological and
human health risks. In this study, a magnetic strong base anion-exchange resin named MAER-OH was pre-
pared and used as a solid basic catalyst and effective adsorbent. The MAER-OH was systematically character-
ized by scan electron microscopy, Fourier transform infrared spectroscopy, X-ray diffraction, thermos-gravi-
metric analyses and vibrating sample magnetometer. Various factors influencing the removal of dimethyl ph-
thalate (DMP) such as initial DMP concentration, resin dosage and temperature were investigated. The DMP
can be completely converted to far less toxic phthalate at the final treatment stage, and more attractively, the
potential hydrolysis intermediates were ion-exchanged by the resin simultaneously without obvious change of
solution pH. The co-existing chloride was found to obviously enhance the DMP removal efficiency but result
in an obvious increase of solution pH and formation of much more hydrolytic intermediates. The exhausted
MAER-OH could be regenerated by 8.0% NaOH solution with negligible efficiency loss, and maintain its
virgin removal efficiency for 20 successive cycles. Sequencing batch jar tests indicated that more than 5000
bed volumes of DMP solution (10 mg L−1) were efficiently treated by the MAER-OH and the saturated ca-
pacity of MAER-OH for DMP removal was 134.9 mg g−1. Taken together, this highly effective and reusable
MAER-OH can be easily modularized and separated, promising its huge potential for industrial-scale PAEs
wastewater treatment.

© 2017.

1. Introduction

Water pollution by phthalic acid esters (PAEs) has become a seri-
ous environmental concern in recent decades as they can disturb the
endocrine system of human and wildlife, even at trace concentration
levels (Abdel daiem et al., 2012; Ayranci and Bayram, 2005). Be-
cause of the excessive use in manufacturing of plastics, PAEs are ca-
pable of migrating into the environment and have been frequently de-
tected in environmental water streams (Bodzek et al., 2004; Gao and
Wen, 2016; Zhang et al., 2016). Furthermore, PAEs are highly sta-
ble in natural environment (hydrolysis half-lives ranging from 3.2 to
2000 years), and have been listed as top priority pollutants in USA and
China (Abdel daiem et al., 2012; Özer et al., 2012a; Gao and Wen,
2016). Therefore, it is highly desirable to get rid of PAEs from waste-
water to meet regulatory requirement prior to discharge or for reuse
purpose.

Many studies have reported different methods to remove PAEs
from global waters, including biodegradation (Boonnorat et al., 2014;
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Reyes-Contreras et al., 2011), oxidation (Wen et al., 2011), adsorp-
tion (Li et al., 2015; Shi et al., 2014; Wu et al., 2013), and hydrolysis
(Xu et al., 2014). Over the last decades, sorption-based water treat-
ment techniques have been increasingly popular to remove and re-
cover organic contaminants compared to other techniques due to their
associated techno-economic and environmental advantages. Khan et
al. (2015) investigated the adsorption of phthalic acid (PA) and di-
ethyl phthalate (DEP) from aqueous solution with zeolitic imidazo-
late, which exhibited much higher removal efficiency than activated
carbon. Huang et al. (2008) prepared the octadecyl-modified meso-
porous SBA-15 silica molecular sieves for adsorption of dimethyl ph-
thalate (DMP) and DEP. The results showed that alkyl SBA-15 par-
ticles could efficiently enrich the DMP and DEP from water sam-
ples. Zhang et al. (2007) used a hydrolytic hyper-crosslinked polymer
resin NDA-702 for removal of DMP and found that the adsorption
amount of DMP by using NDA-702 was much higher than that by us-
ing commercial XAD-4 resin and granular activated carbon AC-750.
Recently, hydrolytic degradation and adsorption of esters by using
strongly basic anion exchange resin has been reported. The hydrolytic
role in degradation of targeted materials, such as ethyl acetate, ethyl
phenylacetate, shikonin ester derivatives, and aziridines, has been
well demonstrated (Abdel daiem et al., 2012; Miyazaki et al., 1996;
Samelson and Hammett, 1956). Importantly, the resultant intermedi-
ates were preferably adsorbed by anion-exchange resin, suggesting

https://doi.org/10.1016/j.jclepro.2017.11.121
0959-6526/© 2017.
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that organic acids may form during the hydrolysis reaction and be si-
multaneously removed via electrostatic attraction (Elwakeel and Atia,
2014; Kanazawa et al., 2004; Xu et al., 2010). Due to the advantages
of no chemical sludge, clean operation and high removal efficiency,
the treatment of PAEs wastewater by anion-exchange resin may be a
promising approach. According to the report by Xu et al. (2014, 2010),
a macroporous strongly basic anion-exchange resin (OH-type) named
D201-OH was used for efficiently catalytic degradation of DMP. The
hydrolysis products were completely removed by the resin and the re-
moval process exerted negligible adverse effects to the environment.
However, this resin has a hydrophobic matrix and may cause serious
resin fouling during hundreds to thousands of adsorption-regeneration
cycles in real applications (Deng et al., 2010; Li et al., 2014; Mergen
et al., 2008; Zaki et al., 2000; Zhu et al., 2013). The polyacrylic resin
has been reported to have much better anti-fouling performance for or-
ganic matters removal (Fu et al., 2015; Li et al., 2014; Ysla, 2012), but
its reusability for degradation and adsorption of PAEs has rarely been
reported.

On the other hand, the treated volume is considerably limited in
the form of traditional fixed-bed resin column, along with the high
capital cost (Cheng et al., 2014; Li et al., 2017a). The applications
of magnetic adsorbents have received considerable attention in recent
years for their advantage of easy separation (Boyer, 2015; Ma et al.,
2014). MIEX resin, developed by Orica Co. Ltd., is currently the most
widely applied magnetic adsorbent for multiple water treatment pro-
jects, which are mainly owing to its recognized advantages: good sta-
bility, high exchange capacity, improved kinetics and feasible regener-
ation (Arias-Paic et al., 2016; Boyer and Singer, 2008). Furthermore,
due to its high density and excellent settling property, MIEX resin
could be applied in the form of fluidized bed reactor in a continuous
process, which could greatly improve the treatment flux and get a high
recovery rate (>99.9%) (Indarawis and Boyer, 2012). As a result, the
resin amount is reduced to only 2–12% of conventional fixed-bed col-
umn resin dosage (Boyer, 2015; Boyer and Singer, 2008). In this sce-
nario, catalytic degradation of PAEs by using OH-type magnetic anion
exchange resin seems more attractive. However, very limited studies
are performed in this regard.

The main objective of this study was to effectively remove PAEs
in aqueous phase by using the prepared magnetic strongly basic an-
ion exchange resin (MAER-OH) act as a solid basic catalyst and ad-
sorbent. The MAER-OH was systematically characterized before use.
DMP was chosen as the representative PAE for it is one of the top-pri-
ority pollutants and has been widely detected in aqueous environ-
ment (Xu et al., 2010). The removal mechanism and effects of vari-
ous factors for DMP removal, such as initial DMP concentration, resin
dosage, and reaction temperature were systematically investigated. In
addition, desorption and reusability performances of MAER-OH were
evaluated.

2. Material and methods

2.1. Materials

Glycidyl methacrylate (GMA, > 99%), divinylbenzene (DVB,
63.3%), benzoyl peroxide (BPO), trimethylamine hydrochloride,
toluene and polyvinyl alcohol (PVA, GH20) were all industrial prod-
ucts and supplied by J&K Chemical Co. Ltd., China. Commercial
γ-Fe2O3 was obtained from Tangyin Zhongke magnetoelectric Co.,
Ltd. Tetraethoxysilane (TEOS) and dimethyldiethoxylsilane
(DMDES) were purchased from Nanjing Capture Chemical Co., Ltd.
The mono-methyl phthalate (MMP) and PA were obtained from Nan-
jing Chemical Reagent Company. DMP (≥98.7%) was purchased from
Sigma-

Aldrich Chemical Company. All these chemicals were used as sup-
plied.

The magnetic resin MAER was prepared by suspension polymer-
ization and subsequent amination reaction. The detailed preparation
steps were shown in Supplementary Text S1. The resultant strongly
basic anion resin MAER-Cl (in chloride form) was then converted to
OH-form (denoted MAER-OH). About 50 mL MAER-Cl was rinsed
with 500 mL of NaOH solution (2.0 M, 1 BV min−1), and then washed
by DI water to near neutral. Prior to use, the resins were purified
with methanol and acetone for 12 h by Soxhlet extraction, and vac-
uum-dried at 323 K to constant weight.

2.2. Characterization

The morphologies of microbeads were characterized via scanning
electron microscopy (SEM, S-3400, Hitachi). FTIR analysis was car-
ried out by a FTIR spectrophotometer (Nexus 870, USA). The crys-
tal structure of MAER-OH was assessed by X-ray diffraction (XRD)
analysis with 2θ ranging from 10° to 70° (Shimadzu XRD-6000,
Japan). Thermo-gravimetric analyses (TGA) were carried out on Pyris
1 DSC with the heating rate of 20 °C/min (PerkinElmer, USA). The
magnetic characteristics of MAER were estimated by a vibrating sam-
ple magnetometer (VSM, LS 7307-9309). The specific surface area
and pore distribution of the resins were measured by N2 adsorp-
tion-desorption experiments at 77 K (ASAP, Micromeritics, USA)
based on the standard Brunauer–Emmett–Teller (BET) method.

2.3. Batch removal experiments

Batch DMP removal experiments were performed with a given
amount of MAER-OH (0.10–0.90 g) and 500 mL DMP solution of
known concentrations (10, 20, 40 and 50 mg L−1) in 1000 mL con-
ical flasks, and shaken in an incubator shaker at different tempera-
tures (283, 293 and 318 K) and 150 rpm. At pre-settled time inter-
vals, 1 mL of the solution was extracted and detected by HPLC (Ag-
ilent 1200, DAD detector, USA) with the mobile phase consisting of
55% methanol and 45% 0.2 M KH2PO4. The detective wavelength
was 228 nm and column temperature was fixed at 303 K.

2.4. Desorption and reusability

The desorption and regeneration performance of MAER-OH could
directly reflect its reusability. Batch parallel DMP removal experi-
ments (0.10 g MAER-OH, 100 mL of 50 mg L−1 DMP solution) were
conducted at 318 K for 12 h. The saturated resins were then regener-
ated by 20 mL of 8.0% NaOH solution at 150 rpm and 318 K for 1 h.
Afterwards, the microbeads were rinsed by an excess amount of deion-
ized water to neutral pH, and then used for next operation run. Succes-
sive cycles were undertaken for 20 times to verify the loss of virgin
removal efficiency, and alternatively to know the extent of resin re-
generation. The desorption efficiency (DE) was calculated as follows:

where Vd (L) is desorption agent volume, and Cd (mmol L−1) is the
adsorbate concentration in desorption solution. W (g) and qe are the
weight of dried resin and removal adsorbate amount, respectively.

Continuous DMP removal jar tests were carried out with 1 mL
resin and 100 mL DMP solution of 10 mg L−1 at 318 K and 150 rpm.
At pre-determined time intervals, 1 mL solution was withdrawn and
analyzed. After 3 h, the MAER-OH beads were separated by a mag

(1)
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net and transferred into another 100 mL untreated solution, which was
similar as the former operation run.

3. Results and discussion

3.1. Characterization

The essential physicochemical characteristics of MAER-OH were
shown in Table 1. The BET surface area and total pore volume of
MAER-OH were 1.30 m2 g−1 and 4.86 mm3 g−1 respectively, both
were lower than that of traditional polystyrene anion-exchange resin
(Wang et al., 2010; Xu et al., 2010). With the addition of γ-Fe2O3
in resin matrix, the MAER-OH exhibited high density and mechani-
cal strength. Furthermore, the modification of γ-Fe2O3 on the surface
was of great benefits for protection of magnetic cores under acid con-
ditions. Besides, the MAER-OH possessed a polyacrylic matrix and
high moisture content, suggesting a better anti-fouling performance
during continuous adsorption-desorption operation cycles (Li et al.,
2014).

The surface morphologies of obtained resin beads are observed
in Fig. 1a. It is clearly seen that the microbeads are satisfactorily
monodisperse in spherical form of 100–250 μm, much smaller than
conventional resins. Besides, the magnetic resins appear regular but
not smooth, with 1–2 μm rod-like bulging on their surface, which
confirms the combination of needle-shape γ-Fe2O3 within the resin
skeleton. The FTIR spectra presented in Fig. 1b display the charac-
teristic peaks of γ-Fe2O3, precursor resin and MAER-OH. The typi-
cal adsorption band belonging to Fe O stretching vibration is ob-
served at 553 cm−1. The absorption bands at 904 and 844 cm−1 of
precursor resin are corresponding to the epoxy groups, which disap-
peared after the amination reaction. The peak at 1481 cm−1 is attrib

Table 1
The primary physicochemical characteristics of MAER-OH.

Matrix Polyacrylic-divinylbenzene

Functional group CH2N
+(CH3)3·OH−

Anion exchange capacity (mmol g−1) 3.20
Moisture (%) 50–60
BET surface area (m2 g−1) 1.30
Pore volume (mm3 g−1) 4.86
Average pore diameter (nm) 14.91

uted to the C N stretching of quaternary ammonium group of the fi-
nal MAER-OH. With this functional group in resin, the MAER-OH
is positively charged and maintains relatively stable over a wide pH
range, which is demonstrated by the zeta potentials of MAER-OH
(+25–30 mV) and shown in Supplementary Fig. S1. In Fig. 1c, the
characteristic diffraction peaks of XRD patterns for γ-Fe2O3 and
MAER-OH are shown. These peaks are in agreement with the planes
of (220), (311), (400), (422), (440) and (551) respectively, which are
in accordance with the inverse spinel structure of the maghemite (Li
et al., 2017a). The thermal stability of MAER-OH can be seen in
Fig. 1d. The main weight loss is ranging from 250 to 450 °C, which
is ascribed to the decarboxylation and carbonization reaction of the
polymer chain. At temperatures higher than 650 °C, the resin is fur-
ther decomposed to inorganic ash. The magnetic characteristics of
MAER-OH are displayed in Fig. 1e. The saturation magnetization of
the resin is 9.71 emu/g. Notably, the MAER-OH microbeads show
a hard magnetic behavior and could easily agglomerate with others
without an external magnetic field, which results in the rapid settling
of resin in aqueous solution.

3.2. Removal kinetics

Fig. 2 shows the DMP removal and variation of solution pH as
a function of time by using MAER-OH and MAER-Cl. The control
test without any resin was also performed in our preliminary exper-
iment, and no DMP loss was found at 318 K during 24 h. It is evi-
dent that little variation of DMP concentration was observed in the
presence of MAER-Cl, suggesting the resin matrix was useless for
DMP removal. However, by using MAER-OH, an efficient removal
of DMP was observed, which confirmed the essential roles of hy-
droxyl counter-anion for the hydrolytic degradation of DMP. Dur-
ing the first 4 h, the DMP content declined quickly and more than
80% of DMP was removed, while it was undetected in the final solu-
tion. According to previous literature, the DMP could be hydrolyzed
to MMP and PA under basic condition (Xu et al., 2014). Surpris-
ingly, these potential hydrolysis intermediates were not detected dur-
ing the experiment, which was attributed to the fact that the resultant
intermediates MMP and PA had high adsorption affinity to anion ex-
change resin and thus could be simultaneously removed from the so-
lution. This finding was extremely important since no aromatic pollu

Fig. 1. Characterization of MAER-OH microbeads: (a) SEM micrographs, (b) FTIR spectra, (c) XRD patterns, (d) TGA curves and (e) hysteresis loop.
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Fig. 2. The DMP removal and variation of solution pH as a function of reaction time
(1.0 g resin L−1, 318 K, 20 mg L−1 DMP).

tants were released during the DMP hydrolysis. Besides, with the use
of MAER-OH, the solution pH increased from 6.6 to about 8.2 within
60 min and maintained stable thereafter, indicating that the DMP re-
moval process did not need additional neutralization treatment. Taken
together, this process can achieve both the goals of degrading DMP
and simultaneous removal of resultant pollutants from aqueous solu-
tion.

For further investigating the DMP removal processes, the effects
of initial DMP concentration, resin dosage and temperature were eval-
uated and presented in Fig. 3. For all set of experiments, the removal
amount of DMP increased quickly with time at initial stage and gradu-
ally attained a plateau. The final pH values of the treated solution were
all near neutral.

As can be seen in Fig. 3a, the DMP removal efficiency decreased
with an increase of initial DMP concentration. This was most likely
due to the limited number of available active sites. However, the hy-
droxyl anion was concentrated within the resin phase and declined
slightly during the DMP catalytic degradation, resulting in a negligi-
ble impact of initial DMP concentration on the removal performance.

The resin dosage is one of the most effective factors for DMP re-
moval. It was shown in Fig. 3b that the DMP removal efficiency in-
creased gradually with the increasing resin dosage, which was mainly
because of the more abundant reactive sites. In addition, increas-
ing resin dosage beyond 1.4 g L−1 did not result in an obvious en-
hancement of the DMP removal efficiency. Therefore, resin dosage of
1.4 g L−1 was recommended to save operation expenditure.

From Fig. 3c, it can be seen that the removal processes were
strongly dependent on the reaction temperature. The final DMP re-
moval efficiency increased from 81.6% to 100% within 24 h as the
temperatures increased from 283 to 318 K, demonstrating that higher
temperature was more favorable for DMP removal. This phenomenon
could be explained by the fact that the increasing temperature greatly
improved the driving force, and on the other hand, diminished the re-
sistance of the mass transfer of adsorbate (Cheng et al., 2014; Jia et al.,
2016). Similar results were also found in the literature by Thompson
et al. (2008) for basic hydrolysis of esters such as poly (2-aminoethyl
methacrylate).

To elucidate the removal behaviors at different conditions, the
pseudo-first-order and pseudo-second-order models are applied
(Supplementary Text S2). The theoretical values of RE and constants
k1, k2, and R2 are summarized in Tables S1–S3. Based on the corre-
lation coefficients, the experimental data fitted better by the pseudo-

Fig. 3. Removal kinetics of DMP using MAER-OH and their modeling by
pseudo-first-order and pseudo-second-order model with different (a) resin dosage, (b)
initial DMP concentration, and (c) reaction temperature.
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second-order kinetic model at most experimental conditions, which
were in accordance with their chemisorption nature (Özer et al.,
2012b; Wang et al., 2015). However, the theoretical REs calculated
by the pseudo-first-order kinetic model were more close to the experi-
mental results. On the other hand, it was found in Supplementary Fig.
S2 and Table S4 that the removal kinetics of PA and MMP by the
MAER-OH were also more favorably described by the pseudo-sec-
ond-order kinetic model. Especially, the initial adsorption rates h for
PA and MMP removal were about two orders of magnitude larger
than that for DMP removal (complete removal of MMP and PA within
30 min), confirming that hydrolytic degradation was the rate-control-
ling step.

3.3. Mechanism

The FTIR spectra could shed light on the nature of adsorptive inter-
actions between DMP and MAER-OH. The fresh and exhausted resins
were examined by FTIR characterization and shown in Fig. 4a. An
obvious peak belongs to carboxylic group is observed at 1562 cm−1

for the saturated resin, which directly confirms the electrostatic in-
teractions between the carboxylic group of hydrolytic intermediates
(MMP and PA) and quaternary ammonium group of MAER-OH (Fu
et al., 2015). Furthermore, the peak intensity in the range of
1400∼1500 cm−1 attributed to the C N stretching vibration is ob-
viously weakened for the saturated resin, which also demon

strates the variation of electron cloud density for the quaternary am-
monium group.

Meanwhile, XPS characterizations of virgin and saturated resin
were also conducted to elucidate the removal mechanism. The wide
scan of XPS spectra was shown in Fig. S3 and the high-resolution N1s
spectra of resin samples were presented in Fig. 4b. The N1s spectrum
of fresh MAER-OH has a single peak at 401.77 eV for the quaternary
ammonium group (–N+(CH3)3). As the quaternary ammonium type-N
maintains stable during the ion exchange process, the shift of this peak
is negligible, confirming the electrostatic attraction mechanism of re-
sultant intermediates removal.

Based on above discussion, it can be reasonably proposed that the
DMP was removed via an MAER-OH induced hydrolytic degradation
and simultaneous ion-exchange process. The removal mechanism was
shown in Fig. 5. In the basic resin phase, the DMP was first de-ester-
ified to MMP and methanol, and then further decomposed to PA and
another methanol. As the pH in resin phase (>13) was much higher
than the pKa of MMP (5.41) and PA (2.95, 5.41), the hydrolytic inter-
mediates MMP and PA were in negative form and had high adsorption
affinity to the anion exchange resin, and thus could be easily removed
through a preferable anion exchange process, which was similar to the
adsorption of fulvic acid (Jutaporn et al., 2016), humic acid (Li et al.,
2014) and other organic acids (Kanazawa et al., 2004) by using anion
exchange resin.

Fig. 4. The FTIR spectra (a) and N1s XPS spectra (b) of virgin and saturated MAER-OH.

Fig. 5. Proposed mechanisms for the DMP removal by using MAER-OH.
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3.4. Effects of co-existing anion

As electrostatic attraction is the main driving force to remove nega-
tively charged hydrolysis intermediates in our experiments, the co-ex-
isting anion may seriously hamper the DMP removal (Deng et al.,
2010; Li et al., 2017b). As can be seen in Fig. S4a, the presence of
NaCl in solution could substantially quicken the DMP removal rate
with the NaCl concentration increasing from 0 to 150 mg L−1. How-
ever, a further increase in NaCl concentration did not bring about any
improvement. These results were associated with the variation of so-
lution pH. It was evident in Fig. 6a that the pH enhanced quickly
with the increase of NaCl concentration and the maximum pH main-
tained stable at near 11. This was because the additive Cl− in solution
could quickly ion-exchange with OH−, leading to an increase of solu-
tion pH. However, when the concentration of NaCl was higher than
150 mg L−1, the hydroxyl counter-anion in resin phase was completely
transferred into the solution, thus the solution pH changed slightly
with further Cl− addition.

On the other hand, in the presence of NaCl, the hydrolytic interme-
diate MMP was detected and increased with time in the initial stage
and then decreased gradually to near zero, as shown in Fig. S4b. Fur-
thermore, the concentration of MMP increased with the increasing Cl−
in solution, which was because the co-existing Cl− could compete with
MMP for adsorption and decrease its adsorption speed. As the DMP
removal by the use of MAER-OH was a base-promoted hydrolysis re-
action, the increasing Cl− concentration could result in a burst of OH−

in solution, which helped to hydrolyze the DMP and result in the for-
mation of more MMP. Notablely, nearly no PA was found in solution,
which might be due to the fact that the relatively lower solution pH
cannot further convert the MMP to PA. The total removal kinetics of
DMP and its hydrolytic products were shown in Fig. 6b. A continuous
increase in total removal efficiency was observed with the NaCl con-
centration increasing from 0 to 150 mg L−1. However, further increase
of NaCl concentration led to a decline in total removal efficiency. This
phenomenon may be explained as the competitive adsorption between
co-existing chloride and hydrolytic intermediates, and was consistent
with their respective initial removal rate, as shown in Fig. S5. Similar
results were also reported in other literature (Jing et al., 2017; Xu et
al., 2010).

As real effluents often contain a large amount of salt and this point
is primordial for a potential application in real condition, the effects
of ionic strength were further investigated at high concentration levels
(500–5000 mg L−1). At such high NaCl concentrations, the hydroxyl
counter-anion in resin matrix was completely ion-exchanged with Cl−

and transferred into the solution, resulting in a quick increase of solu-
tion pH (from neutral to nearly 11.0) within 30 min and fast removal
of DMP in solution, which could be seen in Fig. S6a. However, the to-
tal removal efficiencies of DMP and its hydrolytic intermediates were
greatly decreased with increasing NaCl concentration due to the com-
petition adsorption between high concentration of co-existing anion
and hydrolytic products. As shown in Fig. S6b, within 12 h, the total
removal efficiency decreased from 99.85% (with 50 mg L−1 NaCl) to
56.62% and 24.73% in the existence of 1000 mg L−1 and 5000 mg L−1

NaCl, respectively. Therefore, high ionic strength was considered as
the limiting factor for a wide application of this method.

3.5. Desorption and reusability

From the viewpoint of large-scale applications, the reusability of
MAER-OH was considered as one of the most important criteria (Wan
Ngah et al., 2008; Wang et al., 2010). In this study, NaOH solution
was utilized for the regeneration of exhausted resin as it can replace
the adsorbed anionic adsorbates. As can be seen in Fig. S7, the DE
of the resins enhanced gradually with the increase of NaOH concen-
tration and kept stable at concentrations higher than 8.0%. More im-
portantly, only PA was detected in the desorption agent, suggesting
all DMP was converted to much less toxic PA at the final treatment
stage. Such high conversion efficiency was explained by the fact that
hydroxyl anion was highly concentrated in the resin phase and desorp-
tion solution. Hence, 8.0% NaOH solution was used as the desorption
agent in adsorption-desorption experiments.

In the previous researches of our group (Li et al., 2014, 2017a;
Wang et al., 2012), the magnetic strongly basic anion-exchange resin
(NDMP-2) and magnetic weak acidic cation-exchange resin (MCER)
have been successfully applied in the advanced treatment of domes-
tic sewage and electroplating effluent (Fig. S8) due to their excel-
lent treatment performance and simple operation, as well as recov-
ery of valuable compounds from wastewater. To access the reusability
of MAER-OH for DMP treatment, continuous 20 cycles of DMP re-
moval and resin regeneration were conducted. As can be seen in Fig.
7, the exhausted MAER-OH could be regenerated and repeatedly used
with negligible efficiency loss, which greatly facilitate the scale-up of
resin applications.

As depicted in Fig. 8a, an efficient removal of DMP was observed
within more than 5000 bed volume (BV) before a significant break-
through occurred. The gradual loss of removal efficiency (2% per 100
BV on average) was attributed to the progressive loss of resin capac-
ity during multiple cycles of DMP removal. Furthermore, the pH val

Fig. 6. Effects of NaCl concentration on (a) solution pH and (b) total removal efficiency at different time intervals.
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Fig. 7. Effects of adsorption-desorption cycles on the removal amount of DMP for 20
times (1.0 g L−1 MAER-OH, 50 mg L−1 of DMP solution, 318 K).

ues of resultant solution maintained stable at near 8.0, suggesting no
need of further neutralization process. More importantly, the MMP
and PA were undetected in the supernatant, confirming that hydrolytic
products were simultaneously adsorbed by the resin. The saturated
capacity of MAER-OH for DMP removal was 134.9 mg g−1. On the
other hand, as shown in Fig. 8b, the treated volume declined substan-
tially (lower than 20% of previous volume) in the presence of chloride,
while the saturated capacity for DMP removal was only 30.2 mg g−1.
These results were in accordance with the increasing solution pH
(higher than 10) during the DMP removal process, which meant most
of the active sites were ion-exchanged by the co-existing chloride.

Overall, the process can satisfactorily fulfill the objective of simul-
taneous DMP degradation and immediate pollutant removal in aque-
ous matrices. With the advantages of superior reusability and conve-
nient separability, the MAER-OH could be considered as a good can-
didate and provide a sustainable and environmentally-friendly option
to deal with PAEs wastewater.

4. Conclusions

In this study, a highly efficient procedure for catalytic degrada-
tion of DMP and simultaneous removal of intermediate products from
aqueous solution by using self-prepared magnetic resin MAER-OH as
the solid basic catalyst and adsorbent was performed. The MAER-OH
was about 50–150 μm in size with uniform grain diameter and ex-
hibited high rate of settlement in aqueous solution due to its superior
magnetic characteristics. Batch kinetic studies showed that the DMP
removal process was limited mainly by DMP hydrolysis. The DMP
removal performance and solution pH were seriously affected by the
co-existing chloride content, while a satisfactory degradation and re-
moval efficiency was also achieved. At the final treatment stage, all
DMP was converted to far less toxic PA. The proposed mechanism
responsible for DMP removal relies on its catalytic degradation by
MAER-OH combined with selective adsorption of the intermediates
MMP and PA through a preferable anion exchange process. The ex-
hausted MAER-OH was easily regenerated by 8.0% NaOH solution,
and could be reused during 20 cycles with negligible capacity loss.
More than 5000 BV DMP solution (10 mg L−1) was efficiently treated
in sequencing batch jar test, and the saturated capacity of MAER-OH
for DMP removal was 134.9 mg g−1. Overall, MAER-OH was proved
to be a viable approach for effectively degrading and removing po-
tential PAEs from contaminated waters, and importantly, the satisfac-
tory reusability of MAER-OH could considerably extend the lifetime
of resin for real applications. This technique had advantages of less
investment in equipment (minimal cost) and simple operation, which
made it possible to industrialize the techniques with economic and en-
vironmental benefits.
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