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A novel polyimide-inlaid amine-rich porous organic block copolymer (PI-b-ARPOP) was
prepared via one-step polymerization by using different molar ratios of melamine (MA)/
terephthalaldehyde (TA)/pyromellitic dianhydride (PMDA), at molar ratios of 4/3/1, 4/2/2
and 4/1/3. The copolymer contained both aminal groups belonging to ARPOP and imide
groups belonging to PI, and the bonding styles of the monomers and growth orientations of
the polymeric chains were diversiform, forming an excellent porous structure. Notably, MA/
TA/PMDA (4/2/2) had a surface area and pore volume of 487.27 m2/g and 1.169 cm3/g,
respectively. The adsorption performance of the materials towards 2,4-dichlorophenol (2,4-
DCP) in ultra-pure water was systematically studied. The pH value of 7 was optimal in
aqueous solution. Na+ and Cl− ions did not negatively affect the adsorption process, while
humic acid (HA) slightly decreased the capacity. The equilibrium time was 40 sec, and the
maximum adsorption capacity reached 282.49 mg/g at 298 K. The removal process was
endothermic and spontaneous, and the copolymer could maintain its porous structure and
consistent performance after regeneration by treatment with alkali. Moreover, to further
assess the practical applicability of the material, the adsorption performance towards 2,4-
DCP in river water was also investigated. This paper demonstrated that the PI-b-ARPOP can
be an efficient and practical adsorbent to remove chlorophenols from aqueous solution.
© 2018 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

In recent years, the excessive discharge of chlorophenols from
households, agriculture and industry has posed serious
potential threats to human health and our living environment
(Guo et al., 2017). Chlorophenols are widely applied in our
daily life, such as in bleaching of pulp or textiles, pesticides
and drinking water disinfection, and possess strongly conju-
gated structures containing a benzene ring and chlorine
atoms (Tandjaoui et al., 2016; Cho et al., 2017). In conse-
quence, they are highly toxic, poorly biodegraded, easily fat-
soluble and biologically accumulated, and cause carcinogenic
and mutagenic effects to organisms by damaging the consti-
tution of cellular bilayer phospholipids (Makinde et al., 2017).
Thus, it is urgently necessary to find ways to suitably and
efficiently remove these discharged chlorophenol pollutants
from wastewater.

In view of this severe situation, many kinds of methods
have been developed to treat chlorophenols in aqueous
solution. Adsorption, which is highly efficient, low-cost and
simply implemented, has been widely applied in the industry
(Yang et al., 2011). Many traditional adsorbent materials have
been utilized to recover chlorophenols. For example, Peng
et al. (2017) used a zeolite with a surfactant to adsorb 2-
chlorophenol from the aqueous phase, Chen et al., (2017)
removed 4-chlorophenol by using nano-sized activated car-
bons, and Hadjltaief et al., (2018) studied the adsorption of 2-
chlorophenol on natural clay. However, the performance of
these adsorbents showed serious inadequacies owing to
deficiencies in their spatial structures. Therefore, there is an
urgent need to develop novel adsorbent materials with high
surface area and excellent porosity to improve their adsorp-
tion properties.

Covalent porous organic polymers, such as Schiff-base
polymers, polyimides, phenolic resins, etc., have recently
received growing attention because they possess the merits
of low density, excellent chemical and physical stability,
strong covalent bonding, and easy pore size control and
functional modification (Ding and Wang 2013; Weston et al.,
2014; Tong et al., 2014). In particular, an amine-rich porous
organic polymer (ARPOP) was synthesized via a Schiff-base
reaction between an amine and phthaldehyde, which had the
potential to be easily available, low-cost, and massively
produced. The new material was endowed with many
valuable qualities including outstanding porosity, high sur-
face area, flexible chemical tailoring and abundant active sites
(Zhao and Yan 2015; Yang et al., 2010, 2016). However, some
defects unavoidably existed, such as the poor porosity of its
stereoscopic skeleton and a tendency to agglomerate, which
limited the porosity and adsorption performance. Various
methods were employed to remedy these shortcomings. For
example, Meng et al., (2018) prepared a hybrid layered
complex derived from ARPOP intercalated with zinc oxide
(molar ratio 1/1), and the results showed that the photocat-
alytic degradation efficiency of Rhodamine B was increased
from 41.5% to 74.2% under visible light irradiation at 298 K. In
our previous work, a complex porous polymer was synthe-
sized by doping an appropriate dosage of g-C3N4 into ARPOP,
and the surface area increased from 368.05 to 540.36 m2/g and
adsorption capacity of 2,4-DCP increased from 188.70 to
270.27 mg/g (Ou et al., 2018).

Block copolymers, which are complex high-molecular-
weight organic polymers, are constituted of polymeric
segments of various polymer types, for which the bonding
styles and growth orientations of nanoparticles are both
suitably diversiform (Hwang et al., 2018; Xu et al., 2018). The
resulting three-dimensional framework with ordered or
unordered interconnected nanoparticles can be properly
controlled by selecting different monomers and establishing
diverse assembly pathways, which all combine to signifi-
cantly improve the pore structure and intrinsic properties (Le
et al., 2018; Yang et al., 2017; Diao et al., 2018). Therefore, the
inlay of a suitable polymeric segment into ARPOP was
attempted to form an ARPOP-based block copolymer with
larger specific surface area and improved adsorption perfor-
mance. Porous polyimide (PI), synthesized via polymerization
between amines and anhydrides, possesses low density,
excellent thermostability and chemical stability, large spe-
cific surface area and versatile application nature (Chu et al.,
2013; Wang et al., 2016). More importantly, the manipulation
procedures and reaction conditions for the polymerization of
PI are extremely similar to those of ARPOP (Othman et al.,
2015), which strongly suggests that inlaying of PI into ARPOP
will be successful. Wang et al., (2014) prepared a porous
microsphere by incorporating PI fragments into a triblock
copolymer, and a promotion of pore size was exhibited from
15 – 240 nm to 500 nm. Thus, PI is seen to be a suitable
choice to improve the microstructure and application ability
of ARPOP. In the ARPOP synthesis process, some drawbacks
of its porous structure inevitably existed: the bonding style
only involved the formation of aminal groups, and the
nanoparticles had a strong tendency to aggregate owing to
the uniform growth orientation of polymer chains, and these
factors seriously limited the development of porosity and
high surface area (Hu et al., 2014). Upon inlaying of PI, the
presence of not only aminal groups belonging to ARPOP but
also imide groups belonging to PI meant that the growth
direction of copolymer chains was diversiform, which
thoroughly controlled the formation of excessive nanoparti-
cles aggregates, and a porous spatial framework was formed
(Mong and Kim, 2016). Therefore, the inlay of PI into ARPOP
provided a promising pathway to the formation of an
architecture with an excellent pore structure.

Herein, novel block copolymers PI-b-ARPOP were pre-
pared by varying the molar ratios of MA/TA/PMDA with
ratios of 4/3/1, 4/2/2 and 4/1/3; as a comparison, ARPOP was
synthesized from MA and TA with a molar ratio of 4/4. To
assess the adsorption properties of the as-prepared mate-
rials towards chlorophenols, 2,4-DCP was chosen as the
model contaminant. Batch adsorption experiments in ultra-
pure water were carried out to investigate the effects of
solution pH, adsorbent dosage, ionic strength, contact time,
system temperature and addition of humic substances on
the 2,4-DCP adsorption process. Moreover, the adsorption
kinetics, isotherms and thermodynamics were studied to
explore the intrinsic principles of the process, and the
recycling performance of the copolymers was evaluated.
Lastly, the adsorption performance in river water was also
investigated.
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1. Materials and methods

1.1. Materials

Melamine (MA), terephthalaldehyde (TA) and pyromellitic
dianhydride (PMDA) were dried at 100 °C in vacuum. Dimethyl
sulfoxide (DMSO) was distilled in vacuum after drying over
CaH2. 2,4-Dichlorophenol (2,4-DCP) was purchased from Alad-
din, and other reagents were analytical grade and obtained from
Sinopharm Chemical Reagent Co.

1.2. Preparation of ARPOP and PI-b-ARPOP

The ARPOP and PI-b-ARPOP samples were synthesized by
thermal polycondensation (Schwab et al., 2009; Zhang et al.,
2015). In order to obtain amine-rich copolymers and explore the
effect of PI dosage on the structure and performance of the
copolymers, themolar ratiosofMA/TAwere4/4andthoseofMA/
TA/PMDAwere 4/3/1, 4/2/2 and 4/1/3. In detail, MA (0.0100 mol),
TA (0.0100, 0.0075, 0.0050, 0.0025 mol), PMDA (0.0000, 0.0025,
0.0050, 0.0075 mol) andDMSO (50 mL)were added into a 100-mL
single-necked flask, and stirred 3 hr at 100 °C, 2 mL of toluene
was addedand the reactionmixturewasheated 72 hr in aDean-
Stark apparatus at 180 °C, under aN2 atmosphere. The synthetic
routeofPI-b-ARPOPisdisplayedinFig.1,andtheblockcopolymer
product was a complex material consisting of polymeric seg-
ments of various types. In the synthesis process of PI-b-ARPOP,
the dosage of MA was in excess, because it not only actively
polymerized with TA to form aminal groups via a Schiff-base
reaction, but also powerfully reacted with PMDA to form imide
groups belonging to PI. The lower-dosage monomers of TA and
PMDAwere completely expended. Then, the reactionwascooled
Fig. 1 – Synthetic route for polyimide-inlaid amine-ri
to room temperature, and the product was poured into 30 mL
acetone and stirred for 3 hr. Finally, the resulting coarse solid
was successively washed by acetone, tetrahydrofuran and
methylene chloride, and dried at 100 °C, in vacuum for 12 hr.
Theyieldsof theobtainedyellowpowders reached65%,76%,81%
and 71%, respectively.

1.3. Characterization

Fourier transform infrared spectroscopy (FT-IR) was per-
formed using a Vertex 70 spectrometer (Bruker, USA). FE-
SEM images were obtained using a FEI Sirion 200 (FEI Co., the
Netherlands) field emission scanning electron microscope
(FE-SEM) at a voltage of 10 kV. TEM images were obtained
using a Tecnai G220 transmission electron microscope (TEM)
(FEI, Netherlands). Thermogravimetric analysis (TGA) was
performed by using a Pyris 1 TGA (PerkinElmer Instruments)
thermal analyzer at a 10 °C/min heating rate under N2

atmosphere. X-ray photoelectron spectroscopy (XPS) was
performed by a Vacuum Generator Multilab 2000 spectrome-
ter with monochromatic Al Kα radiation at 298 K. Solid-
state13C nuclear magnetic resonance (13C-NMR) was per-
formed on an Agilent DD2 600 spectrometer equipped with a
14.1T magnet. N2 adsorption–desorption isotherms were
measured on a Micrometrics 2020HD88 (Micromeritics Instru-
ment Co., USA) apparatus at 77 K. The surface area was
calculated by the Brunauer–Emmett–Teller (BET) method.

1.4. Adsorption experiments

To research 2,4-DCP adsorption in ultra-pure water, the
effects of solution pH, adsorbent dosage, ionic strength,
ch porous organic block copolymer (PI-b-ARPOP).
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contact time, system temperature and addition of humic acid
(HA) were investigated; all experiments were performed in 50-
mL quartz vessels. Before experiments, the copolymers were
dried at 100 °C in vacuum for 12 hr.

To evaluate the effect of solution pH, 10 mg samples of the
adsorbents were added into 40 mL 20 mg/L 2,4-DCP solutions
(pH from 2 to 10), which were shaken in an orbital shaker at
298 K and 180 r/min for 2 min, to ensure adsorption satura-
tion was attained. The pH values were adjusted by 0.1 mol/L
HCl and 0.1 mol/L NaOH, and measured by a Mettler-Toledo
FE20 pH meter. Lastly, the supernatant was collected by using
a 0.45-mm syringe filter, and 2,4-DCP concentrations were
detected by a Persee TU-1901 UV–Vis spectrophotometer at
284 nm. The adsorption capacities qt (mg/g) were calculated
by the following equation (Ou et al., 2016):

qt ¼
C0−Ct

m
V ð1Þ

The removal rates were calculated as follows:

Removal rates %ð Þ ¼ C0−Ct

C0
� 100% ð2Þ

where C0 (mg/L) and Ct (mg/L) are the 2,4-DCP concentrations
before and after adsorption, respectively; m (mg) is the
adsorbent mass and V (L) is the solution volume.

To determine the optimum adsorbent dosage, different
weights (1–20 mg) of ARPOP and PI-b-ARPOP were respectively
added to 2,4-DCP solutions (pH 7, 40 mL, 20 mg/L) for 2 min.
The effect of ionic strength was obtained by adding different
concentrations of NaCl (2–10 g/L) in 2,4-DCP solutions. To
explore the adsorption rate, 10 mg samples of the adsorbents
were added into 2,4-DCP solutions (pH 7, 40 mL, 20 mg/L), and
the 2,4-DCP concentration was measured at different times.
To research the effect of temperature, the adsorbents were
added into 2,4-DCP solutions (pH 7, 40 mL) with different
initial concentrations (10, 20, 50, 100, 150, 200 mg/L) for 2 min
at 298 K, 308 K and 318 K, respectively. To investigate the
effect of humic substance addition, varying dosages of HA (30–
150 mg/L) were added to the 2,4-DCP solutions, and a
Teledyne Tekmar TOC analyzer was used to measure the
TOC of the HA solutions. Lastly, to regenerate the adsorbed
materials, the spent PI-b-ARPOP and ARPOP were washed
with 0.5 mol/L NaOH solution till no 2,4-DCP was determined
in the eluent.

To study 2,4-DCP removal in river water, 10 mg PI-b-ARPOP
was added into 2,4-DCP solutions (pH 7, 40 mL) of various
concentrations (10, 20, 50, 100, 150, 200 mg/L) in river water,
and reacted 2 min at 298 K. River water sample was obtained
from the East Lake located in Wuhan City (east longitude
114°23′57″, northern latitude 30°31′16″), and filtered by a sand
core funnel.
2. Results and discussion

2.1. Characterization of ARPOP and PI-b-ARPOP

The microstructures of the copolymers were observed by FE-
SEM and TEM. From Fig. 2a and b, it can be observed that
ARPOP was composed of interconnected nanoparticles with
diameters of 20–40 nm, and possessed a micro/meso/
macroporous stereoscopic network skeleton (Zhao and Yan
2015; Schwab et al., 2009). According to Fig. 2c–h, it can be seen
that PI-b-ARPOP has a porous three-dimensional framework,
also, the particle size was increased to 30–60 nm and the
formation of nano-agglomerates was greatly reduced, sug-
gesting that incorporation of PI segments into ARPOP im-
proved the pore structure. Because the size and shape of PI
and ARPOP polymer blocks were completely different, the
growth direction, stacking mode and folding style of the PI-b-
ARPOP nanoparticles were properly diversiform, which dra-
matically decreased the excessive formation of agglomerates
to form a structure with superior porosity (Wang et al., 2014).

The FT-IR spectra of the samples are shown in Fig. 3A. In
the ARPOP spectra, the characteristic peaks of 1477 and
1546 cm−1 represented the quadrant and semicircle stretching
of the triazine ring, the peak at 1600 cm−1 was attributed to C-
N stretching vibration, and that at 3439 cm−1 corresponded to
the amine bending vibration (Elwakeel et al., 2018; Cegłowski
and Schroeder 2015; Vadivela and Dhamodaran 2016), sug-
gesting that ARPOP was successfully polymerized. For the
spectra of PI-b-ARPOP (Fig. 3A, line b–line d), it was clear that
all absorption bands of ARPOP were retained. In addition,
adsorption peaks of PI were found at 1350 and 1025 cm−1

corresponding to the C–N stretching and C=O bending
vibrations of imide groups (Chu et al., 2013; Suzuki et al.,
2012). These all proved that the PI had been significantly
incorporated into ARPOP to form a copolymer.

The elemental compositions and mass content of the PI-b-
ARPOP were analyzed by XPS, and the results are shown in
Table 1. It was clear that the copolymers contained the
elements C, N, and O, with C constituting the largest
proportion. With the increase of PI content in the copolymer,
the weight percentage of O was gradually enhanced, while
those of C and N were partly reduced. Especially for MA/TA/
PMDA (4/2/2), the mass contents of C, N and O reached 44.69%,
26.13% and 29.18%, respectively. This was caused by the
incorporation of anhydride groups from the PMDA monomer.
The XPS spectrum of MA/TA/PMDA (4/2/2) is shown in Fig. 4.
From the survey scan (Fig. 4a), it was obvious that three peaks
were presentwhich respectively corresponded to the elements
C, N and O. According to the high-resolution C 1 s spectrum
(Fig. 4b), the four peaks at 284.6, 285.4, 286.9 and 288.0 eV could
be attributed to the aromatic ring (–C=C–), linkage (–N–C–N–),
triazine ring (–C=N–) and carbonyl group (–C=O), respectively,
implying that the monomers were sufficiently reacted (Yang
et al., 2010, 2017). In the high-resolution N 1 s scan (Fig. 4c),
the peaks at 398.0, 398.7, 399.4 and 400.0 eV, respectively
corresponded to the triazine ring (–C=N–), amine group (–NH2),
tertiary amine group (–N–(C)3) and imine group (–NH–) (Zhang
et al., 2015). In the high-resolution O 1 s pattern (Fig. 4d), the
peaks at 531.5 and 532.7 eV resulted from the carbonyl group
(–C=O) and hydroxyl group (–OH), respectively (Kondo et al.,
2017). These results all indicated that the MAwas successfully
polymerized with TA and PMDA to form the novel PI-b-ARPOP
copolymer. To further demonstrate the chemical structure of
the block copolymer, MA/TA/PMDA (4/2/2) was analyzed by
solid-state13C-NMR spectroscopy (Fig. 5). It was clear that six
resonances appeared in the spectra, which represented six
carbon positions of the block copolymer. The resonance at



Fig. 2 – Field emission scanning electron microscope (FE-SEM) and transmission electron microscope (TEM) images of ARPOP
(a, b) and PI-b-ARPOP with MA/TA/PMDA molar ratios of 4/3/1 (c, d), 4/2/2 (e, f) and 4/1/3 (g, h).
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166 ppmwas assigned to the carbon atoms in the triazine ring
of melamine. The 54 ppm resonance was derived from the
tertiary carbon atoms, resulting from the primary amine
groups of melamine reacting to form aminal groups. The
resonance at 129 ppm originated from the –CH aromatic
carbons in the benzene rings of TA (Schwab et al., 2009). The
resonance of carbonyl carbons in the imide groups was
observed at about 173 ppm. The resonance at 155 ppm
belonged to the –CN3 group in the triazine ring of melamine
and the resonance of the aromatic carbons in benzene rings of
PMDA was at 110 ppm (Chu et al., 2013).

The thermostability of the copolymers was explored by
TGA, and the results are displayed in Fig. 3B. Below 250 °C,
both ARPOP and PI-b-ARPOP showed slight weight loss, which
may be attributed to the out-gassing of trapped carbon
dioxide, solvent and moisture. Starting at 400 °C, more
substantial weight loss was observed owing to the partial
breaking of chemical bonds of the copolymers to release
residual amine and some nitrogen atoms. The results showed
that the materials manifested superior thermal stability.
Similar results were also exhibited by other melamine-based
polymers (Yang et al., 2010; Chu et al., 2013).

N2 adsorption–desorption isotherms were measured to
study the pore structures of the copolymers (Fig. 3C), and the
specific parameters are shown in Table 2. Type II isotherms
with H3 hysteresis loops were observed for all materials,
indicating the presence of aggregated nanoparticles with
abundant slit-shaped pores. At P/P0 < 0.1, a high upward-
sloping trend appeared in the isotherms, representing the
presence of micropores. At P/P0 > 0.9, a sharp uptake of
nitrogen occurred, indicating the existence of macropores,
derived from the interstices between the interconnected
nanoparticles (Xia et al., 2016). According to Table 2, ARPOP
hadaBETsurfaceareaof 368.05 m2/g anda total porevolumeof



Fig. 3 – (A) Fourier transform infrared (FT-IR) spectra of ARPOP (MA/TA) (a) and PI-b-ARPOP with MA/TA/PMDA molar ratios of
4/3/1 (b), 4/2/2 (c) and 4/1/3 (d). (B) Thermogravimetric analysis (TGA), (C) N2 adsorption–desorption isotherms and (D) pore size
distributions of ARPOP and PI-b-ARPOP.
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0.651 cm3/g, calculated by non-local density functional theory.
Compared with ARPOP, the PI-b-ARPOP samples possessed
outstanding porosity and excellent nanoparticle consistency.
For MA/TA/PMDA ratios of 4/3/1, 4/2/2 and 4/1/3, BET surface
areas of 429.63 m2/g, 487.27 m2/g and 415.19 m2/g and total
pore volumes of 1.067, 1.169 and 0.945 cm3/g were attained,
respectively. Presumably, the copolymers contained both the
aminal groups of ARPOP and imide groups of PI, the bonding
Table 1 – Chemical elemental analysis of ARPOP and PI-b-
ARPOP.

C (wt%) N (wt%) O (wt%)

ARPOP MA/TA
(4/4) 62.76 27.04 10.20

PI-b-ARPOP MA/TA/PMDA
(4/3/1) 51.23 26.68 22.09
(4/2/2) 44.69 26.13 29.18
(4/1/3) 39.79 24.46 35.75

ARPOP: Amine-rich porous organic polymer.
PI-b-ARPOP: Polyimide-inlaid amine-rich porous organic block
copolymer.
MA/TA: Melamine/Terephthalaldehyde.
MA/TA/PMDA: Melamine/Terephthalaldehyde/Pyromellitic
Dianhydride.
chains of the nanoparticles were suitably diverse, and abun-
dant unreacted amine groups contributed to the formation of
hydrogen bonds between the terminal amines, which all
resulted in forming structures with superior porosity (Yang et
al., 2016; Li et al., 2016). From the pore size distribution (Fig. 3D),
the difference between ARPOP and PI-b-ARPOP was very clear.
ARPOP showed a predominance of micro- andmesopores, and
the average pore size determined by the Barrett–Joyner–
Halenda (BJH)methodwas4.23 nm.By contrast, theproportion
of macropores in PI-b-ARPOP gradually rose with increasing
molar ratios of PI, and the BJH average pore size of 4/3/1, 4/2/2
and 4/1/3 MA/TA/PMDA of reached 5.09 nm, 5.62 nm and
4.96 nm, respectively (Table 2). These again demonstrated
that the incorporation of PI into ARPOP to form the copolymers
could markedly improve the pore structure, giving higher
surface area and pore volume, which was consistent with the
FE-SEM and TEM results shown in Fig. 2.

2.2. Investigation of adsorption conditions

2.2.1. Solution pH
In aqueous solution, pH plays a pivotal role in the adsorption
of organic contaminants, because the surface charge of the
polymeric adsorbent and dissociation degree of the organic
pollutant are sharply affected by varying pH values, thus the



Fig. 4 – X-ray photoelectron spectroscopy (XPS) spectra of the copolymer (MA/TA/PMDA (4/2/2)) on survey scan (a) and high-
resolution scans of C 1 s (b), N 1 s (c) and O 1 s (d).
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adsorption capability is altered accordingly. The effect of
solution pH is displayed in Fig. 6a. PI-b-ARPOP had a larger qe
than ARPOP, especially the MA/TA/PMDA (4/2/2) copolymer,
which obtained the largest qe in all pH ranges. These results
implied that the incorporation of PI into ARPOP to form the
Fig. 5 – 13C nuclear magnetic resonance (13C-NMR) spectra of
the copolymer MA/TA/PMDA (4/2/2).
copolymers could substantially improve the adsorption prop-
erties, while the qe values declined slightly when the molar
ratio of PI was excessive. The high porosity and abundant
residual amine groups on PI-b-ARPOP greatly contributed to
the adsorption. When PI was incorporated into ARPOP, the
bonding chains of PI-b-ARPOP were favorably diverse, owing
to the copolymers containing both the aminal groups of
ARPOP and imide groups of PI. The resulting pore structure
was well-formed, and also brought in vast numbers of amine
groups and active sites, so that the interaction force between
the copolymers and 2,4-DCP became stronger, thus the
adsorption capacity was enhanced (Wang et al., 2014; Yang
et al., 2011). However, when the proportion of PI was
excessive, the adsorption amount was slightly reduced since
the pore structure of the copolymers was partly degraded and
the number of active sites was reduced (Mong and Kim, 2016).
Therefore, the optimal molar ratio to prepare PI-b-ARPOP was
MA/TA/PMDA (4/2/2).

As shown in Fig. 6a, relatively high adsorption amounts
were achieved at pH values from 2 to 7, while adsorption
decreased substantially when the pH exceeded 7. When pH
values ranged from 2 to 7, the adsorbent surface had a positive
charge, while the weak acid 2,4-DCP (pKa = 7.9) was un-
ionized and uncharged (Ou et al., 2018). As a result, the
adsorption of 2,4-DCP on the copolymers was not related to
electrostatic interaction. When the pH was greater than 7, the
surface of the materials was negatively charged, and 2,4-DCP



Table 2 – Specific surface areas and pore volume parameters of ARPOP and PI-b-ARPOP.

SBET a(m2/g) Smic
b(m2/g) Vmic

c(cm3/g) Vmeso
d(cm3/g) Vt

e(cm3/g) Dp
f(nm)

ARPOP MA/TA
(4/4) 368.05 160.92 0.084 0.567 0.651 4.23

PI-b-ARPOP MA/TA/PMDA
(4/3/1) 429.63 213.61 0.109 0.958 1.067 5.09
(4/2/2) 487.27 264.17 0.141 1.028 1.169 5.62
(4/1/3) 415.19 176.72 0.089 0.856 0.945 4.96

a Determined by N2 adsorption using the Brunauer–Emmett–Teller (BET) method;
b Micropore Area, determined by DFT;
c Micropore volume, calculated using the Dubinin–Astakhov method;
d Mesopore volume, calculated by Vt − Vmic;
e Total pore volume, determined at P/P0 = 0.9923;
f Adsorption average pore width (4 V/A by BET).
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anions were formed concurrently due to its dissociation in
basic solution. Therefore, the adsorption amounts were
reduced rapidly because of the strong electrostatic repulsion
between the identically charged copolymer and 2,4-DCP.
Thus, the optimal pH value of 7 was applied in the subsequent
experiments.

Under these conditions (pH 7), the adsorption of 2,4-DCP
on the adsorbents was mainly attributable to the π–π
interaction and hydrogen bonding interaction, while the
Fig. 6 – Effects of solution pH (a), ionic strength (b), contact time (
ARPOP and PI-b-ARPOP (dosages: 10 mg, solutions: 20 mg/L 40 m
electrostatic interaction was unimportant. The adsorption
mechanism is shown in Fig. 7. The structures of ARPOP and
PI-b-ARPOP contain abundant aromatic rings, and the
backbone of 2,4-DCP is a benzene ring, which help to
form a π–π conjugated system. Meanwhile, the amines
(–NH2) of the copolymer and hydroxyls (–OH) of 2,4-DCP
enable the formation of hydrogen bonds (Yang and Xing
2010). When 2,4-DCP molecules approach the copolymer
surface, hydrogen bonds are formed between hydroxyls and
c) and humic substances (d) on the 2,4-DCP adsorption by
L, temperature: 298 K).
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amines. Simultaneously, the π–π interaction occurs between
π electrons in 2,4-DCP and aromatic rings in the copolymer,
all of which cause 2,4-DCP to be firmly adsorbed on the
adsorbent surface. Therefore, the intrinsic porous structure
of the copolymer facilitated adsorption, and the π–π
interaction and hydrogen bonding interaction between the
copolymers and 2,4-DCP were mainly responsible for the
adsorption process.

2.2.2. Adsorbent dosage
The effect of adsorbent dosage is displayed in Appendix A
Fig. S1. When the adsorbent dosages were increased, the
removal rates rose sharply, but the qe decreased. The number
of adsorption sites and surface energy values may play a
crucial role in the observed result. With the increase of
adsorbent dosage in aqueous solution, the number of adsorp-
tion sites and surface energy values declined, largely owing to
the rising collision probability with the nanoparticles, which
resulted in the adsorption amount decreasing gradually.
However, with the enhancement of the apparent adsorption
amount on the copolymers, the removal rates increased
sharply. At the same time, the qe values of the adsorbents
varied in the order MA/TA/PMDA (4/2/2) > MA/TA/PMDA
(4/3/1) > MA/TA/PMDA (4/1/3) > MA/TA (4/4), which implied
that the incorporation of PI into ARPOP to form PI-b-ARPOP
made a prominent contribution to the adsorption performance.

2.2.3. Ionic strength
In aqueous solution, various charged ions may interfere with
the active groups on the adsorbent surface and take part in
Fig. 7 – Mechanistic illustration for the a
the adsorption process. Therefore, it is necessary to investi-
gate the effect of ionic strength on pollutant adsorption. Since
Na+ and Cl− are commonly present in wastewater, the effect of
NaCl on chlorophenol adsorption was investigated. As shown
in Fig. 6b, the qe values of the adsorbents did not change
noticeably with increasing NaCl concentration. This sug-
gested that the covalent bonds were irrelevant and the
adsorption process was pH-dependent and ion-independent,
while 2,4-DCP removal was mainly attributable to π–π inter-
actions, hydrogen bonds and electrostatic interaction (Yang
and Xing, 2010). Thus, there was no competition between ions
and 2,4-DCP in the adsorption process, and PI-b-ARPOP can
successfully remove chlorophenol from salt-containing
wastewater.

2.2.4. Contact time
Adsorption rate is a crucial factor that decides the large-scale
applicability of an adsorbent in the wastewater treatment
process. The effect of contact time is presented in Fig. 6c. As
can be seen, the removal of 2,4-DCP proceeded rapidly for the
adsorbents, reaction was rapid in the first 20 sec, and reached
saturation at 40 sec. The number of active adsorption sites
may be related to the results. In the beginning, the adsorption
process was fast due to vast number of unoccupied adsorption
sites. As the adsorption process proceeded, the rates became
gradually slower because the 2,4-DCP molecules occupied the
remaining adsorption sites and reached the interior pore
surface of the copolymers (Tian et al., 2013). Equilibrium was
reached when the adsorption sites were saturated. Further-
more, the apparent adsorption rates varied as follows: MA/TA/
dsorption of 2,4-DCP on PI-b-ARPOP.
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PMDA (4/2/2) > MA/TA/PMDA (4/3/1) > MA/TA/PMDA (4/1/
3) > MA/TA (4/4), which suggested that the incorporation of
PI into ARPOP to form PI-b-ARPOP could speed up the 2,4-DCP
adsorption in comparison to ARPOP.

2.2.5. System temperature
The temperature of a reaction system is a significant param-
eter which radically influences the adsorption process. Gener-
ally speaking, high temperature increases the diffusion
probability of nanoparticles and lowers the activation energy
for adsorbate adsorption, finally changing the equilibrium
adsorption amount of the adsorbent (Subbaiah and Kim, 2016).
The effect of system temperature is displayed in Fig. 8. With
the rise of temperature, the qe values increased gradually
because the concentration of the residual 2,4-DCPwaspartially
decreased. Specifically, at 200 mg/L, the qe of MA/TA/PMDA
(4/2/2) copolymer increased from 281.16 mg/g to 293.43 mg/g
and 309.15 mg/g as the temperature increased from 298 K to
308 K and 318 K. This indicated that 2,4-DCP adsorption was
endothermic and was more favorable at higher temperatures.

2.2.6. Addition of humic substance
Humic substances mainly derive from the decomposition of
plants and animals, and are present in large proportions in
discharged wastewater. HA is the most common catabolite,
which may compete with the adsorbates in the adsorption
process, finally reducing the adsorption capacity. The effect of
addition of HA is plotted in Fig. 6d. All the qe values were
decreased slightly. For MA/TA (4/4), MA/TA/PMDA (4/3/1), MA/
TA/PMDA (4/2/2) andMA/TA/PMDA (4/1/3), the virgin qe values
were 63.87 mg/g, 75.16 mg/g, 80.19 mg/g and 71.70 mg/g,
respectively. With the increase of HA concentration from 0.0
to 150.0 mg/L, the qe initially declined quickly and finally
reached saturation at 53.01 mg/g, 66.04 mg/g, 71.07 mg/g and
62.30 mg/g, respectively. Given that HA is composed of
aromatic rings, carboxyl groups (–COOH) and phenolic hy-
droxyl groups (Ar-OH) (Kong et al., 2017; Wang et al., 2017), it
could affect the 2,4-DCP adsorption through hydrophobic
interaction, π–π interaction, hydrogen bonding and electro-
static interaction with the adsorbent. In the adsorption
process of 2,4-DCP, the HA ions with negative charge
competed with free 2,4-DCP molecules in the solution to
occupy active adsorption sites, and bonded with the 2,4-DCP
through the formation of complexes.

2.3. Adsorption theory discussion

2.3.1. Adsorption kinetics
Kinetic performance is a main indicator which relates to the
feasibility and efficiency of an adsorbent, and determines
whether it can be widely applied in practical wastewater
treatment. Pseudo-first-order and pseudo-second-order
models were used to evaluate the adsorption kinetics and
explore the essential mechanism. The nonlinear forms of the
models are expressed as follows (Zhang et al., 2018):

qt ¼ qe 1−e−k1t
� �

ð3Þ

qt ¼
k2q2e t

1þ k2qet
ð4Þ
where qe (mg/g) is the equilibrium adsorption amount, qt (mg/
g) is the adsorption amount at time t, t (sec) is contact time,
and k1 (sec−1) and k2 (g/mg/sec) are the of pseudo-first-order
and pseudo-second-order rate constants, respectively. The
fitting curves and the parameters qe, k, and R2 are given in
Table 3 and Appendix A Fig. S2.

As can be seen, the R2 values calculated from the pseudo-
second-order model were all higher than those calculated
from the pseudo-first-order model. According to the experi-
mental data (qe(exp)), the pseudo-second-order model exhib-
ited more realistic values of the equilibrium adsorption
amounts (qe2(cal)) for the four adsorbents. These results
indicated that 2,4-DCP adsorption on ARPOP and PI-b-ARPOP
could be well described by the pseudo-second-order model,
and reflected that the adsorption rates were proportional to
the square of the number of active sites.

2.3.2. Adsorption isotherm
The Langmuir model assumes the idealized conditions of
an absolutely uniform adsorbent surface, with homoge-
neous adsorption sites and single-layer coverage. The
Freundlich model is based on an empirical hypothesis of
inhomogeneous adsorption energies and no restriction to
single-layer coverage. The linear forms of the Langmuir and
Freundlich models are expressed in the following equations
(Sun et al., 2015):

Ce

qe
¼ Ce

qm
þ 1
bqm

ð5Þ

1nqe ¼ 1
n
1nCe þ 1nKf ð6Þ

where qe (mg/g) is equilibrium adsorption amount, Ce (mg/
L) is equilibrium concentration in solution, qm (mg/g) is
maximum adsorption amount for single-layer coverage, b
(L/mg) is the Langmuir constant representing adsorption
energy, Kf (mg1–1/n·L1/n·g−1) and n are the Freundlich
constants reflecting adsorption capability and feasibility,
respectively. The fitting curves and the parameters qm, b, n,
Kf and R2 are given in Appendix A Fig. S3 and Table 4.

The higher R2 values obtained from the Langmuir model
suggested that the 2,4-DCP adsorption was single-layer and
could be well-described by the Langmuir model, and the
adsorption sites were essentially equivalent. At room tem-
perature, the qm values for MA/TA (4/4), MA/TA/PMDA (4/1/3),
MA/TA/PMDA (4/3/1) and MA/TA/PMDA (4/2/2) were 188.70
mg/g, 220.26 mg/g, 240.96 mg/g and 282.49 mg/g, respectively.
These results implied that adding the optimal dosage of PI
into ARPOP boosted the adsorption capacity. Furthermore, the
n values were all much larger than 1.0, this indicated that the
2,4-DCP removal from wastewater was favorable.

2.3.3. Adsorption thermodynamics
The thermodynamics of adsorption is a key indicator
because it can evaluate the heat change of the adsorption
process and determine whether the adsorptive reaction will
proceed spontaneously in the natural environment. Usually,
the Gibbs free energy change is seen to be the primary
parameter to determine the spontaneity of reaction (Li et al.,
2010). The apparent equilibrium constant (K0) was obtained



Fig. 8 – Effect of system temperature on 2,4-DCP adsorption by ARPOP (a) and PI-b-ARPOP with MA/TA/PMDA of 4/3/1 (b), 4/2/2
(c) and 4/1/3 (d) (dosages: 10 mg, solutions: 20 mg/L 40 mL, pH = 7, time: 2 min).
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as follows:

K0 ¼ Cad;e

Ce
ð7Þ

where Cad,e (mg) is equilibrium adsorption capacity per liter
of solution, Ce (mg/L) is equilibrium concentration. Based on
the value of K0, the values of △G, △H and △S were
calculated as follows:

ΔG ¼ −RT1nK0 ð8Þ

ΔG ¼ ΔH−T:ΔS ð9Þ
where △G (kJ/mol) is Gibbs free energy change, △H (kJ/mol)
is enthalpy change, △S (J/mol/K) is entropy change.

Form the data of △H (Table 5), it can be concluded that
the adsorption reaction was endothermic and was more
favorable at higher temperature. While results of △S and △G
indicated that intimate affinity was established between
the adsorbent nanoparticles and 2,4-DCP molecules, and the
2,4-DCP adsorption would proceed spontaneously in the
natural environment.

2.4. Reusability of PI-b-ARPOP

The recycling performance of an adsorbent is regarded as a
crucial factor to improve the economic efficiency of the
process. In the adsorption process, the pore structure of the
copolymers was maintained since the 2,4-DCP molecules just
occupied the adsorption sites, which implied that the spent
adsorbents can be readily regenerated, such as by desorption,
degradation or catalysis (Meng et al., 2015; Zhang et al., 2016).
As depicted in the plot of the effect of solution pH on
adsorption (Fig. 6a), in basic solution, strong electrostatic
repulsion was presented between the both negatively charged
copolymers and 2,4-DCP, which resulted in the 2,4-DCP
molecules being kept away from the copolymers. This
phenomenon demonstrated that the adsorbents can be
effectively desorbed by using alkali treatment.

The results from successive recycling runs (Fig. 9)
showed that the recycled adsorbents have excellent reus-
ability. The qe values for MA/TA (4/4), MA/TA/PMDA (4/3/1),
MA/TA/PMDA (4/2/2) and MA/TA/PMDA (4/1/3), were de-
creased only slightly from 63.08 mg/g, 74.53 mg/g, 80.19 mg/
g and 71.09 mg/g to 56.52 mg/g, 68.21 mg/g, 74.22 mg/g and
63.99 mg/g, respectively, after the five cycles. Importantly,
the basic skeleton of porous structure of the copolymers
was completely maintained, and the superior porosity,
interconnected pore canals and high surface areas of these
copolymers greatly lowered the blockage of pores by 2,4-DCP
molecules. These factors all combined to give the copoly-
mers remarkable recyclability. Moreover, the alkali treat-
ment positively contributed to the successful regeneration
of the adsorbents. The excellent regenerability of PI-b-
ARPOP demonstrated its promising potential for recovery
and abatement of chlorophenol contaminants in wastewa-
ter treatment.

2.5. Chlorophenol removal in river water

River water contains various inorganic and organic pollutants,
such as heavy metal ions, dyes, phenols, etc. In the natural
adsorption process of a target contaminant, these pollutants



Table 4 – Parameters fitted by Langmuir and Freundlich models.

Langmuir model Freundlich model

T b qmax R2 n Kf R2

(K) (L/mg) (mg/g) (mg1–1/n·L1/n·g−1)

ARPOP MA/TA
(4/4) 298 0.13315 188.70 0.9990 3.02389 39.6107 0.9622

308 0.13545 200.00 0.9978 3.12891 43.3454 0.9712
318 0.13905 212.77 0.9952 3.51741 52.9633 0.9778

PI-b-ARPOP MA/TA/PMDA
(4/3/1) 298 0.12683 240.96 0.9904 3.18380 53.3279 0.9863

308 0.13302 250.00 0.9882 3.34997 59.1952 0.9922
318 0.14524 261.10 0.9857 3.50668 66.2483 0.9883

(4/2/2) 298 0.16503 282.49 0.9894 3.52497 75.5761 0.9930
308 0.17729 292.40 0.9873 3.84793 84.3994 0.9960
318 0.18693 306.75 0.9853 3.98740 92.5566 0.9753

(4/1/3) 298 0.13595 220.26 0.9963 3.10414 54.7731 0.9751
308 0.14132 230.42 0.9945 3.20461 59.2165 0.9809
318 0.15582 242.72 0.9924 3.49675 72.1466 0.9903

Table 3 – Parameters fitted by pseudo-first-order and pseudo-second-order models.

Pseudo-first-order kinetic
model

Pseudo-second-order kinetic model

qe(exp) k1 qe1(cal) R2 k2 (×10−3) qe2 R2

(mg/g) (sec−1) (mg/g) (g/mg/sec) (mg/g)

ARPOP MA/TA
(4/4) 63.99 0.173 60.18 0.9301 4.27 65.88 0.9856

PI-b-ARPOP MA/TA/PMDA
(4/3/1) 78.19 0.162 71.85 0.8856 3.24 79.11 0.9846
(4/2/2) 83.13 0.186 77.10 0.8637 3.67 84.05 0.9819
(4/1/3) 72.96 0.156 68.67 0.9059 3.21 75.79 0.9862
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compete with the adsorbate, which may reduce the adsorp-
tion capacity (Fukuhara et al., 2006; Nam et al., 2014). The
capacities of 2,4-DCP adsorption by ARPOP and PI-b-ARPOP in
river water are plotted in Fig. 10a, and the linear fitting curves
and parameters of the Langmuir model are shown in Fig. 10b.
Compared with the results of adsorption experiments in
Table 5 – Thermodynamic parameters for the adsorption
process.

T(K) △S
(J/mol/K)

△H
(kJ/mol)

△G
(kJ/mol)

ARPOP MA/TA
(4/4) 298 46.346 1.704 −12.107

308 −12.571
318 −13.034

PI-b-
ARPOP

MA/TA/
PMDA
(4/3/1) 298 58.057 5.320 −11.981

308 −12.562
318 −13.142

(4/2/2) 298 58.965 4.915 −12.657
308 −13.246
318 −13.836

(4/1/3) 298 58.717 5.353 −12.145
308 −12.732
318 −13.319
ultra-pure water (Fig. 8 and Table 4), the adsorption amounts
in river water were slightly lowered. In detail, the qmax values
for MA/TA (4/4), MA/TA/PMDA (4/3/1), MA/TA/PMDA (4/2/2)
and MA/TA/PMDA (4/1/3) decreased from 188.70 mg/g,
240.96 mg/g, 282.49 mg/g and 220.26 mg/g to 185.19 mg/g,
234.74 mg/g, 277.78 mg/g and 213.68 mg/g, respectively. This
implied that the micropollutants in river water partly com-
peted with 2,4-DCP in the adsorption process. Hence,
the results show that PI-b-ARPOP can be successfully applied
in the practical treatment of chlorophenols in natural
wastewater.

2.6. Comparison with other adsorbents

The adsorbent capacity were compared with other reported
materials that have also been applied to adsorb 2,4-DCP.
Based on the Langmuir isotherm fitting results at 298 K
(Tables 4 and 6), it is clear that ARPOP and PI-b-ARPOP
demonstrated remarkable performance in terms of 2,4-DCP
adsorption from aqueous solution. In particular, the MA/TA/
PMDA (4/2/2) copolymer achieved the highest adsorption
capacity among comparable adsorbent materials, which
indicated the excellent adsorption ability of PI-b-ARPOP
towards chlorophenols. Hydrogen bonding interactions, π–π
interactions and pore-filling mainly contributed to the excel-
lent adsorption properties achieved. Therefore, the PI-b-



Fig. 9 – Effect of recycling on the 2,4-DCP adsorption by
ARPOP and PI-b-ARPOP.

Table 6 – Comparison of 2,4-DCP adsorption capacities of
various adsorbents.

Adsorbents T (K) pH qmax

(mg/g)
References

Coir pith carbon 298 2.0 19.12 (Namasivayam and
Kavitha, 2004)

Palm pith carbon 298 7.0 19.16 (Sathishkumar et al.,
2007)

Maize cob carbon 303 — 17.94 (Sathishkumar et al.,
2009)

Cattail fiber-based
carbon

293 — 142.85 (Ren et al., 2011)

Oil palm empty fruit
bunch carbon

303 6.0 27.25 (Zahangir et al., 2007)

Multiwalled carbon
nanotube

298 6.0 138.00 (Yang et al., 2008)

β-CD attapulgite
composite

308 7.0 19.04 (Pan et al., 2010)

Rice husk 298 — 40.50 (Vadivelan and Kumar,
2005)

Marine sediment 298 7.0 3.85 (Wu et al., 2003)
Cyclodextrin 298 7.0 15.70 (Li et al., 2010)
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ARPOP block copolymer adsorbent shows great potential for
the adsorption and recovery of chlorophenols from
wastewater.
polymers
3. Conclusions

This work presents the first preparation of a novel PI-b-ARPOP
block copolymer via one-step polymerization by using varying
molar ratios of MA/TA/PMDA of 4/3/1, 4/2/2 and 4/1/3, and
Fig. 10 – The 2,4-DCP adsorption capacities of ARPOP and PI-
b-ARPOP in river water (a) (dosages: 10 mg, solutions: 20 mg/
L 40 mL, pH = 7, time: 2 min), and linear fitting curves and
parameters of the Langmuir model (b).
ARPOP was synthesized from MA/TA at a mole ratio of 4/4 for
comparison. The inlay of PI into ARPOP to form a block
copolymer brought two main benefits: Firstly, the BET surface
areas and pore volumes were markedly enlarged, with the best
properties observed for MA/TA/PMDA (4/2/2), attaining
487.27 m2/g and 1.169 cm3/g, respectively. Secondly, the higher
surface area, improved porosity and plentiful amines jointly
promoted the 2,4-DCP adsorption efficiency in ultra-purewater.
At 298 K, the time to reach equilibrium and maximum
adsorption capacity were 40 sec and 282.49 mg/g, respectively.
In addition, the copolymers demonstrated outstanding reus-
ability after regeneration, and remarkable adsorption perfor-
mance towards 2,4-DCP was successfully achieved in river
water. In consequence,we believe that that this high-efficiency,
feasible, and economical adsorbent can be successfully applied
to treat discharged sewage containing phenolic contaminants.
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