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Synthesis and adsorption performance of a novel
pyridinium-functionalized hypercrosslinked resin
for the removal of chromium(vi) ions

Cardoso Judith,® Ramirez-Arreola Daniel E.©2° and Ortiz-Palacios Jesus*?

This study presents the synthesis and characterization of a novel anion exchange hypercrosslinked resin
(HPR1) designed for the removal of high-concentration hexavalent chromium Cr(v) from agueous
solutions. The resin was synthesized via a one-step Friedel-Crafts alkylation reaction using a low-
crosslinking copolymer of divinylbenzene and vinylbenzyl chloride (DVB-co-VBC), prepared by suspension
polymerization with toluene as a porogen. The successful incorporation of pyridinium groups into the resin
network was confirmed using elemental analysis, FTIR spectroscopy, and solid-state *C NMR
spectroscopy. The adsorption performance of HPR1 was evaluated at various pH (2, 4, and 6.5) and initial
Cr(vi) concentrations. The nonlinear Langmuir isotherm model provided the best fit for the experimental
data compared with tc Freundlich and Redlich—Peterson isotherms. Notably, the adsorption equilibrium
was achieved within 4 min, with a maximum capacity of 207 mg g~ at pH 2. Kinetic studies indicated that
the adsorption process was best described by a pseudo-second-order model, with higher rates observed
at pH 4 than at pH 2. Additionally, intraparticle diffusion has been identified as the mechanism that
controls the adsorption process. The high adsorption capacity of HPR1 at acidic pH values suggests its
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Introduction

Water pollution caused by toxic heavy metals is a significant
global environmental issue. Industrial discharges have led to
the accumulation of non-biodegradable heavy metal ions,
posing serious risks to ecosystems, human health, and animal
life.»> Chromium is widely utilized in various industrial
processes, including corrosion inhibition, leather tanning,
electroplating, dyeing, chromate preparation, and alloying.**®
Hexavalent chromium Cr(vi) is particularly hazardous due to its
high solubility across a wide pH range, making it more toxic
than trivalent chromium Cr(m).” Therefore, controlling Cr(vi)
levels in industrial effluents before discharge into sewage
systems or natural water bodies is crucial to prevent environ-
mental degradation. Numerous methods have been reported for
the removal of Cr(vi) from aqueous solutions, including chem-
ical precipitation, adsorption, membrane separation, reverse
osmosis, electrodialysis, and ion exchange.*™*

However, these techniques often fail to meet the permissible
limit for hexavalent chromium in industrial wastewater
(0.1 mg L™").*> Consequently, there is a pressing need to explore
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potential for treating industrial wastewater containing elevated concentrations of Cr(vi).

alternative methods capable of achieving this standard. Adsorp-
tion has emerged as one of the most effective techniques for
heavy metal removal due to its simplicity and efficiency. Synthetic
porous polymers have gained attention in various fields such as
water purification and gas separation because of their ease of
preparation, well-defined porous structures, high specific surface
areas, low cost, and potential for regeneration.”*'* Macroporous
polymers based on poly(styrene-co-divinylbenzene) (poly(PS-co-
DVB)) are typically synthesized through suspension polymeriza-
tion in the presence of inert solvents (porogens). These resins
often utilize high levels of crosslinking agents—up to 50 vol%—
which can limit the availability of active sites on the adsorbent
polymer.***® Hypercrosslinked polymers (HCPs) represent
another class of adsorbent materials characterized by their high
micropore content and specific surface areas comparable to
activated carbon (up to 2000 m* g~ ').}”2° Recent advancements in
hypercrosslinked polymer synthesis have utilized Friedel-Crafts
reactions to generate materials with diverse
applications.

In this study, we report the synthesis and characterization of
a novel anion exchange hypercrosslinked resin (HPR1) obtained
via Friedel-Crafts alkylation. The low-crosslinking poly(DVB-co-
VBC) copolymer matrix was prepared by suspension polymeri-
zation followed by quaternization of pyridine groups in a single
step. The incorporation of pyridinium groups into the hyper-
crosslinked resin network was confirmed using FTIR spectros-
copy and elemental analysis. The adsorption performance of
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HPR1 was evaluated for the removal of hexavalent chromium
from aqueous solutions at various pH levels (2, 4, and 6.5) and
initial Cr(vi) concentrations. The nonlinear Langmuir isotherm
provided the best fit for the experimental data compared with
the Freundlich and Redlich-Peterson isotherms. Notably, the
adsorption equilibrium was reached within 4 min, with
a maximum capacity of 207 mg g ' at pH 2. Kinetic studies
indicated that the adsorption process followed the pseudo-
second-order model with faster rates observed at pH 4 than at
pH 2. Finally, intraparticle diffusion was identified as the
mechanism control the adsorption process.

Experimental
Materials

All reagents used in the synthesis of the anion exchange
hypercrosslinked resin were purchased from Sigma Aldrich.
Poly(vinyl alcohol) PVA (80-87% hydrolyzed, M,, 85000-124
400) was used as suspension agent without further purification,
pyridine (Py), 1,2-dichloroethane (DCE), zinc chloride (ZnCl,),
and azobisisobutyronitrile (AIBN) were used as received without
further purification. 4-Vinylbenzyl chloride (VBC) and divinyl-
benzene DVB (80% isomeric mixture) were washed with a 5%
NaOH aqueous solution prior to use.

Synthetic route for anion exchange hypercrosslinked HPR1
resin

The synthetic route to the anion exchange hypercrosslinked
resin (HPR1) is shown in Scheme 1. The scheme demonstrates
that the post-crosslinking reaction, involving Friedel-Crafts
alkylation and quaternization of pyridine groups, occurs in
a single step. Initially, the low-crosslinked copolymer was syn-
thetized using vinylbenzyl chloride (VBC) as monomer along

7 7
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70 °C
& Cl
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Scheme 1 Synthesis route of the anion exchange hypercrosslinked
resin (HPR1).
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with an internal crosslinking agent.'®*® Posteriorly, the copol-
ymer R1 was utilized in the post-crosslinked reaction to form of
pyridinium groups.>**°

Synthesis of the low-crosslinked copolymer R1

The low-crosslinked precursor resin R1 was synthetized using
suspension polymerization technique. A four-necked, 1 L reaction
vessel equipped with a thermostat, a mechanical stirrer, water
condenser and nitrogen inlet were used. The organic phase was
prepared by mixing divinylbenzene (DVB) (1.9 g, 14.4 mmol) and
4-vinylbenzyl chloride (VBC) (20 g, 130.7 mmol) and 0.1 wt% AIBN
(0.33 g, 0.60 mmol) and toluene (33 mL) as the porogen agent.
This organic mixture was stirred for 30 min under a nitrogen
atmosphere. The aqueous phase consisted of deionized water
(700 mL), NaCl 8.37 g and polyvinyl alcohol (PVA) (1.40 g, 1 wt%).
The organic phase was then added dropwise to the aqueous phase
while maintaining nitrogen flow. The suspension was then stirred
and heated at 70 °C for 12 h. The resulting poly(VBC-co-DVB)
copolymer was filtered, washed with a methanol-water mixture
and placed in a Soxhlet apparatus for extraction with methanol for
24 h to remove residual monomer and PVA. Finally, the precursor
resin R1 was dried in a vacuum oven at 50 °C for 24 h.

Synthesis of the HPR1 resin

The synthesis of the anion exchange hypercrosslinked resin was
achieved through Friedel-Crafts alkylation. Initially, 18 g of the
low-crosslinked precursor copolymer R1 was placed in a 100 mL
round-bottomed flask, to which 54 mL of 1,2-dichloroethane
was added as the solvent. The mixture was slowly stirred for 12 h
to facilitate the swelling of the beads. Subsequently, 17 mL of
pyridine (Py) and 0.19 g ZnCl, were introduced as catalyst. The
molar ratio used was 2 : 1 concerning the chloromethyl content
and the Friedel-Crafts catalyst (CH,Cl: ZnCl,), as well as and 2 :
1 for the formation of pyridinium groups (Py:CH,Cl). The
solution was then heated to 90 °C for 10 h. Upon completion of
the reaction, the HPR1 resin was filtered, washed with a meth-
anol-water mixture, and subjected to Soxhlet extraction for 24 h
to eliminate residual pyridine. Finally, the resin was dried in
a vacuum oven at 50 °C for 24 h.

Characterization of HPR1 resin

The low-crosslinked precursor R1 and HPR1 anion exchange
resin were characterized using several analytical techniques.
Fourier Transformed Infrared (FTIR) spectroscopy was con-
ducted with a PerkinElmer 1500 spectrometer in Attenuated
Total Reflection mode (ATR). Elemental analysis was performed
using a PerkinElmer CHNSO 2400 Analyzer and Scanning
electron microscopy (SEM) analysis was carried out using a DSM
940 microscope from Zeiss, operated in high vacuum mode at
an acceleration voltage of 10-30 kV with a secondary detector.
The thermal properties of the synthesized resins were analyzed
using thermogravimetric analysis (TGA) over a temperature
range of 30 to 800 °C. The concentration of hexavalent chro-
mium Cr(vi) ions in the solution was quantified using a Perki-
nElmer Lambda 40 ultraviolet-visible spectrophotometer.
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Adsorption experiments

The contact time and the influence of initial concentration of
Cr(vi) ions were investigated at pH values of 2, 4 and 6.5 through
a batch experiment conducted at room temperature (25 °C) with
continuous stirring. A precisely weighed 0.10 g of the HPR1 anion
exchange resin was introduced into flasks containing 10 mL of
chromium aqueous solution. The initial concentration of the
adsorbate C, (mg L") was set to 500, 1000, 1500, 2000, 2250,
2500, 2750 and 3000 mg L~". The pH was adjusted using aqueous
solution of HCI or NaOH. Each flask was completely sealed and
continuously shaken at 200 rpm until equilibrium was reached.

The equilibrium concentration capacity of the adsorbate was
calculated using the following eqn (1).

g = Q=S (1)

m

where C, (mg L") and C. are the initial Cr(vi) concentration and
the concentrations at the equilibrium liquid phase, respectively.
g (mg g~ ") is the amount of Cr(vi) adsorbed per resin unit mass
at equilibrium, V (L) is the volume of the solution, and m (g) is
the mass of dry resin.

Kinetic study

The kinetic study was conducted in a manner similar to the
adsorption equilibrium isotherms at pH values of 2 and 4. The
adsorption capacity at contact time g, (mg g~ ') was determined
in real-time until equilibrium was reached and calculated using
the following eqn (2).

(Co—C)HV

q: = o (2)

where C, (mg L") is the concentration of Cr(vi) at contact time.
To evaluate the ion exchange performance of the hyper-
crosslinked resin, two kinetic models were employed: the
nonlinear pseudo-first-order and pseudo-second-order models.
These models were calculated using the following eqn (3) and (4).**

4= qe(1 — e 3)
quezl

[ 4

a 1 + kaget )

where q. and g, are the adsorption capacities of Cr(vi) (mg g™ ")
at equilibrium time and at any instant ¢ (min), respectively.
Where £k, is the rate constant of nonlinear pseudo-first order
adsorption (1/min) and k, is the rate constant of nonlinear
pseudo-second order (g mg™ " min%).

Additionally, the kinetics parameters were determined using
the linearized form of pseudo-first order, eqn (5) and pseudo-
second order, eqn (6) models.*"*

ln(qe - l]r) =In de — klt (5)
t 1 t
= 4= 6
4 kgl ge ©

where g is the amount of chromium adsorbed at equilibrium (mg
g™ 1), g, is the amount de chromium adsorbed at time ¢ (mg g~ ), &,
is the rate constant of the pseudo-first order adsorption (1/min).
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The Weber-Morris diffusion model was applied to analyze
the intra-particle diffusion mechanisms of the anion exchange
hypercrosslinked resin.*> This model is described by the
following eqn (7).

q = kipt'"? + C 7)

where g, is adsorption capacity at time ¢ (mg g~ %), C is the inter-
cept related to the thickness of the boundary layer (mg g™ ") and
kip is the rate constant of intra-particle diffusion (mg g~ " min™?).

Adsorption isotherm study

The adsorption performance of the HPR1 resin was evaluated
using the Langmuir, Freundlich, and Redlich-Peterson
isotherm models. The Langmuir equation describes monolayer
coverage on a structurally homogeneous adsorbent, where all
the adsorption sites are energetically identical and exhibit equal
affinity for the adsorbate.’® The Langmuir model is represented
by the following eqn (8).

kLCeqm
o= 8
4 1+ Ceky. (8)

where ¢y, is the maximum adsorption capacity (mg g™ "), and &,
is a constant related to the adsorption energy (L mg ™).

In contrast, the Freundlich eqn (9) models multi-layer
adsorption on a heterogeneous surface, indicating that the
amount of adsorbed adsorbate increases indefinitely with
concentration.**

e = kFCel/n 9)

where kp [(mg g7") (L mg ")1/n], and n are the characteristic
constants.

The Redlich-Peterson isotherm is an empirical model that
combines features of both Langmuir and Freundlich
isotherms,** it provides a linear dependence on concentration
in the numerator and a potential function in the denominator,
making it applicable over a wide concentration range; it can be
expressed by eqn (10).

kR Cc

= {5 aCF Gl (10)

qe

This model can be applied in both homogeneous or hetero-
geneous systems due to its adaptability. The mechanism of
adsorption described by this model is hybrid and does not
conform to ideal monolayer adsorption. Where the § constant is
an exponent that lies between 0-1. The constants ki and ai have
units (L g~") and (L mg™"), respectively. While C. is the equilib-
rium liquid phase concentration of the adsorbate (mg L") and g
is the equilibrium adsorbate loading onto the adsorbent (mg g~ *).

Results and discussion
Chemical characterization of HPR1 anion exchange resin

Scanning electron microscopy (SEM) revealed a narrow particle
size distribution for the R1 resin, with an average diameter

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scanning Electron Microscopy (SEM) Images of synthetized
resins. (a) Spherical particles obtained through suspension polymeri-
zation of the R1 resin. (b) The surface of a single particles of the HPR1
resin (c) morphology of cleaved particles after the post-crosslinked of
the HPR1 resin.

ranging from 80 um to 120 pm, obtained through suspension
polymerization (Fig. 1a). After the formation of pyridinium
groups and subsequent crosslinking, SEM micrographs at x27
000 magnification illustrated the development of porous
structure within the HPR1 resin, displaying a rough surface
texture (Fig. 1b). At x9000 magnification, some spherical
particles exhibited signs of cleavage, revealing a smooth surface
with lamellar morphology (Fig. 1c). These observations indicate
structural changes resulting from the synthetic process.

Prior to the post-crosslinking reaction, the poly(VBC-co-DVB)
precursor copolymer contained 18.9% chlorine groups, deter-
mined by elemental analysis (Table 1). After Friedel-Crafts
alkylation, the percentage of pyridinium groups incorporated was
43% as calculated from the elemental analysis data (Table 1).

The FTIR spectrum of the R1 precursor copolymer displays
vibrational bands at 1610, 1510, and 1421 cm™*, corresponding

to the C=C bonds of the aromatic ring and the out-of-plane
1
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Fig. 2 FTIR spectra of the materials synthetized. (a) R1 poly(DVB-co-
VBC) copolymer synthetized by suspension polymerization. (b) HPR1
resin obtained through the Friedel-Crafts alkylation reaction and
subsequent formation of the pyridinium group (R—N*-Cl).

1263 cm ™' and 671 cm™ ' were attributed to the C-Cl bond
(Fig. 2a).*® after the post-crosslinked and the incorporation of
pyridine ring. In the FTIR spectrum, the vibrational bands C=C
of the aromatic rings were shifted to 1484, 1448, and 1424 cm ™"
attributed to the post-crosslinking reaction and the incorpora-
tion of the pyridine ring. In addition, a new band appeared at
1630 cm ™, indicating the successful quaternization of pyridine
groups (R-N'"CI).?* Furthermore, the intensity of the vibra-
tional band at 1213 cm™, associated with the C-Cl bond,
decreased, suggesting that not all chlorine groups reacted
during the post-crosslinking process and that not all pyridine
groups were incorporated in the in situ reaction. Indicated that
only 43% of the chlorine groups participated in this reaction
with pyridine and the post-crosslinking reaction. Finally,
a vibrational band at 802 cm ' was observed, indicating
crosslinking between the aromatic rings of divinylbenzene and
vinylbenzyl chloride (Fig. 2b).*

Solid-state **C CP/MAS NMR spectroscopy confirmed the
results of FTIR spectroscopy and elemental analysis. In the
solid-state ">C CP/MAS NMR spectrum of the R1 precursor
copolymer, the aliphatic region displayed two signals at
45.79 ppm and 39.95 ppm, corresponding to the CICH,Ar and

C-H bond at 813 cm™ . In addition, two adsorption bands at CH,-CHAr-CH, carbons in the copolymer network,
Table 1 Elemental analysis data of the precursor copolymer and anion exchange hypercrosslinked resin

Elemental analysis

% C % H % N % Cl % O
Resin Theoretical Exp Theoretical Exp Theoretical Exp Theoretical Exp Theoretical
R1 73.0 73.8 6.0 7.3 — — 21 18.9 —
HPR1 68.6 68.3 7.0 7.6 4.7 4.7 — 19.4 19.7

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Solid-state (118 MHz) ¥C CP/MAS NMR spectrum. (a) Precursor
copolymer synthetized from divinyloenzene (DBV) and vinylbenzyl
chloride (VBC). (b) Anion exchange hypercrosslinked resin obtained in
a single step.

respectively. In the aromatic region, signals for the aromatic
carbons of divinylbenzene (DBV) and vinylbenzyl chloride (VBC)
were observed at 145.49, 136.46 and 128.29 ppm (Fig. 3a).
Additionally, the signal at 63.70 ppm, corresponding to the
HOCH,Ar, which was also observed in the FTIR spectrum at
3226 cm ', due to presence of water molecules and the hydro-
lysis of the VBC monomer during the polymerization.*

In contrast, in the spectrum of the HPR1 resin showed
a reduction in the intensity of the signal at 45.01 ppm, in the
aliphatic region, due to the post-crosslinking reaction of the
chloromethylated VBC copolymer network and the incorpora-
tion of pyridine units in the formation de pyridinium groups.
The signal at 64.1 ppm was assigned to the quaternization of the
pyridinium groups (R-N'-Cl).* These results collectively
confirmed the successful synthesis of the anion exchange
hypercrosslinked resin in a single step.

Finally, in the aromatic region, the signal at 145.02 ppm
increased in intensity due to the addition of pyridine rings.

Thermal properties of the HPR1 resin

Thermogravimetric analysis is a valuable tool for studying the
thermal behavior and functionalization of synthetized resins.
The R1 resin exhibited thermal stability with a Tse, of 352 °C,
indicating a 5% weight loss at this temperature. The R1
precursor showed a rapid decomposition stage at 466 °C, cor-
responding to a 37% weight loss, attributed to the decomposi-
tion or oxidation of the polymer backbone. The copolymer
precursor retained its residual weight at 538 °C, losing 79% of
its total weight (Fig. 4).

In contrast, HPR1 exhibited three distinct thermal decom-
position stages, which differed from those observed for the R1
resin. At 100 °C, the HPR1 resin exhibited a 7% weight reduc-
tion, which can be attributed to the evaporation of water
molecules or other volatile solvents. The second stage, occur-
ring between 227 °C and 311 °C, involves the decomposition of
pyridinium or chloromethyl 37,38

groups. The maximum

14404 | RSC Adv, 2025, 15, 14400-14409
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Fig. 4 TGA curves of the R1 resin and HRP1 resin synthetized in
a single step.

decomposition was observed at 264 °C, with a weight loss of
19%. The third stage was attributed to the degradation of the
polymer backbone. At 540 °C, HPR1 lost 84% of its total weight

(Fig. 4).

Effect of pH on adsorption performance of the
hypercrosslinked resin

The pH levels is a crucial factor that influences the efficiency of
an adsorbent, as it determines the species present in acidic or
basic media, thereby affecting metal adsorption behavior.>® At
pH < 2, Cr(vi) mainly exists as H,CrO,; in the pH range of 2 to
6.8, Cr(vi) is mainly found as HCrO, and Cr,0,>". At pH > 6.8,
Cr(vi) predominantly exists as CrO,>~.*

Fig. 5 shows a three-dimensional plot illustrating the
adsorption capacity for Cr(vi) ions in the anion exchange
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Fig. 5 Effect of initial concentration hexavalent chromium Cr(v)
concentration as a function of pH of the anion exchange hyper-
crosslinked resin (HPR1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hypercrosslinked resin. The z-axis represents the adsorption
capacity, the x-axis indicates pH values of 2, 4 and 6.5, and the y-
axis shows the initial Cr(vi) concentrations ranging from 500 to
3000 mg L. The plot demonstrates that the selectivity for
different chromate oxyanions varies with pH and initial concen-
tration. The HPR1 resin exhibited high adsorption capacity for
Cr(vi) ions at pH 2. At an initial concentration of 500 mg L™, the
hypercrosslinked resin showed an affinity for the HCrO,
species, which was predominant in the pH range of 2 to 6.8.*
This chromate oxyanion is more readily adsorbed by the hyper-
crosslinked resin because of its smaller ionic size and favorable
diffusion kinetics.

At pH 6.5, the HRP1resin reached a maximum equilibrium
capacity of 1000 mg L™" owing to the presence of dichromate
oxyanions Cr,0,>". The larger ionic size of Cr,0,”~ compared to
that HCrO, is likely responsible for its lower adsorption
capacity. However, at pH 4 and 2, the hypercrosslinked resin
demonstrated enhanced adsorption capacity, achieving an
initial concentration of up to 1500 mg L. It is hypothesized
that higher concentrations of chromium oxyanions facilitate
the formation of more polymerized chromium oxide species. At
PH 2, the HPR1 resin attained a maximum equilibrium capacity
of 2500 mg L', while at pH 4, it reached equilibrium at
2000 mg L™ ". The dependence on metal adsorption is related to
the type and ionic state of the functional groups present in the
hypercrosslinked resin network and the surface characteristics
of the adsorbent.

Kinetic study of the HPR1 resin

Kinetic data are essential to understand whether the adsorption
rate is limited by diffusion or chemical reactions. The HPR1 resin
was evaluated at pH 2 and pH 4 with an initial Cr(vi) concentra-
tion of 300 mg L™'. Kinetic data were analyzed using the
nonlinear forms of both the pseudo-first-order and pseudo-
second-order kinetic models. The parameters are listed in Table 2.

As shown in Fig. 6, The HPR1 resin reaches equilibrium
within 5 min. Both kinetic models exhibited high correlation
coefficients (R> = 0.999) at pH 2 and 4. At pH 2, the rate
constants were k; = 0.797 (1/min) and k, = 0.043 (mg
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Fig. 6 Kinetic curves of the nonlinear pseudo-first-order and pseudo-
second-order kinetic models at pH = 2 and pH = 4 of HPR1 resin.
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Fig. 7 Linear form of the pseudo-second-order model for the HPR1
resin at pH 2 and pH 4 at room temperature of HPR1.

Table 2 Kinetic parameters for nonlinear and linear forms of pseudo-first-order and pseudo-second-order models of anion exchange

hypercrosslinked resin

No linearized form

Linearized form

Pseudo First order ge (mgg ™) & (min™" R* x> ge (mgg™) K (min™" R?

pPH 2 27.9841 0.79703 0.9999 0.08703 1.047 0.4782 0.7202

pH 4 29.5165 1.84212 0.9984 0.15099 1.026 0.5281 0.6561
No linearized form Linearized form

Pseudo Second Order ge (mg g™ k, (g mg™' min™") R x> ge (mg g™ K (g mg~' min™") R

pH 2 29.26 0.04358 0.8059 0.9914 28.08 0.186 0.9997

pH 4 29.93 0.16407 0.9993 0.05998 29.58 2.858 0.9999

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Parameters obtained of the diffusion model associated with
the adsorption of Cr(vi)

kp (mg g~' min™*%)  C(mgg™) R

pH 2
First linear segment 11.3 1.294 0.8677
Second linear 1.405 28.46 0.7687
segment

pH4

First linear segment 24.84 22.85 0.999
Second linear 2.27 2.92 0.999

segment

g " min~") for the pseudo-first-order and pseudo-second-order
kinetic models, respectively.

At pH 4, these values increase to k; = 1.842 (1/min) and &, =
0.169 (mg g~ " min~"). These results indicate that the adsorption
rate of Cr(vi) ions was faster at pH 4 than at pH 2.

To elucidate the adsorption mechanism further, the experi-
mental data were fitted to the linear form of the pseudo-second-
order model, as shown in Fig. 7. The pseudo-second-order rate
equation demonstrated a high correlation coefficient (R> =
0.999) at both pH values, whereas the pseudo-first-order model
exhibited a low correlation coefficient (R*> = 0.720), as shown in
Table 2. This suggested that the adsorption process on the
HPR1 resin is primarily dominated by chemical adsorption
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Fig. 8 Inter-particle diffusion of the anion exchange hypercrosslinked
resin at pH = 2 and pH = 4 at room temperature.
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involving ion exchange.*” The rate constants k, were found to be
0.18 (1/min) at pH 2 and 2.85 (mg g~ ' min~") at pH 4, con-
firming that Cr(vi) ion adsorption is significantly faster at pH 4
compared to pH 2.

To study the diffusion mechanism of the HPR1 resin, the
intraparticle diffusion model established by Weber and Morris
was applied to investigate the mass transfer of adsorbates until
equilibrium was reached. The intraparticle diffusion process
involves three steps:

(1) Transportation of the adsorbate from the solution to the
external surface of the adsorbent.

(2) Intra-particle diffusion: where adsorbate molecules
diffuse from the external surface into the pores or along the
pore walls.

(3) Equilibrium adsorption of adsorbate onto the active sites
of the adsorbent.

The parameters related to this model are summarized in
Table 3. The diffusion mechanism of HPR1 was characterized by
two distinct steps, as shown in Fig. 8. The first step corresponds to
film diffusion, representing the instantaneous adsorption stage,
while the second step involves slower intra-particle diffusion into
the pores, indicating that equilibrium adsorption has been ach-
ieved. The value of the intra-particle diffusion rate constant k;p,
suggest that the adsorption process is faster at pH 4 than at pH 2.
The Cj, values from the intraparticle diffusion model indicate
a significant influence of both the boundary layer and the film
diffusion effect on the overall process.*

Adsorption isotherms

The equilibrium adsorption isotherm is crucial for under-
standing the interactions between the adsorbate and the
adsorbent. The adsorption equilibrium was evaluated using
nonlinear Langmuir, Freundlich and Redlich-Peterson
isotherms at initial Cr(vi) concentrations ranging from 500 to
3000 mg L' at room temperature. The parameters obtained
from the equilibrium isotherms are summarized in Table 4.

As illustrated in Fig. 9a-c, the experimental data fit the
Langmuir isotherm models better than the Freundlich and
Redlich-Peterson model at both pH 2 and pH 4. This suggests
that Cr(vi) ions adsorption occurred uniformly on the active
sites of HPR1. The high Langmuir constant k;, values indicate
strong sorption at pH 2 (ky = 0.454 mL mg ') and weaker
sorption at pH 6.5 (k;, = 0.082 mL mg '), which is attributed to
protonation of pyridine group at lower pH. The maximum
adsorption capacity (¢,,,) also varied with 207 mg ¢~ * at pH 2,
164 mg ¢ ' at pH 4 and 83.6 mg g~ " at pH 6.5.

Table 4 Parameters of nonlinear Langmuir, Freundlich and Redlich—Peterson isotherm models for the removal of Cr(v)

Langmuir model

Freundlich model

Redlich-Peterson model

PH ¢m(mgg™') k (mLmg™) R X n ke (mL mg™") R x* ar (Lmg™) ke(Lg™) B R X

2 207.0 0.454 0.969 254.76 7.843 96.30 0.952 397.51 0.816 124.486 0.923 0.979 167.70
4 164.1 0.119 0.970 109.08 7.846 70.58 0.882 427.39 0.113 19.069 1 0.965 126.93
6.5 83.6 0.082 0.977 34.93 7.200 32.39 0.997 4.92 226.738 7350.17 7350.17 0.997 6.16
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Fig. 9 Adsorption equilibrium isotherms of the HPR1 resin analyzed
using nonlinear Langmuir, Freundlich and Redlich—Peterson isotherm
models. (a) At pH 2, the adsorption parameters were best fit by the
nonlinear Langmuir isotherm model. (b) At pH 4, the data were also well
described by the nonlinear Langmuir model. (c) At pH 6.5 the experi-
mental data were best fit by the Redlich—Peterson isotherm model.

This variation is linked to the different species of chromate
oxyanion present at varying pH levels.** Additionally, the porous
structure of HPR1 and the ionic character of its matrix play
significant roles in its adsorption capacity. Freundlich isotherm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Performance comparison of recent adsorbents for removal of
Cr(vi) ions

Adsorbent dmaxmg g pH  Reference
CS-GO nanocomposite 104.16 2 45
CS/CMC/BAG 195.99 3 46
Montomorillonite/Humic 106.9 2 47
acid/polyvinyl alcohol-polypyrrole

HCNT-C, 191.07 2 48
S-BC40 201 3.5 49

HPR1 207 2 This work

analysis showed that the sorption process between the anion
exchange hypercrosslinked resin and Cr(vi) ions was favorable.
A value of 1/n > 1implies favorable physisorption, while 1/n > 1
indicates favorable chemisorption. At both pH 2 and pH 4,
chemisorption predominated during the adsorption process on
HPR1. The Freundlich constant kr increased with decreasing
pH: 96.30 (mL mg™ ") at pH 2, 70.58 (mL mg ') at pH 4 and 32.34
(mL mg™") at pH 6.5. This suggests that adsorption was more
efficient at pH 2 than at pH 6.5.

The Redlich-Peterson isotherm model serves as a bridge
between the Langmuir and Freundlich models. When the value
of @ approaches 1, the system aligns more closely with the
Langmuir model, whereas a value approaching 0 indicates an
alignment with the Freundlich model. In this study, the
adsorption behavior of the HPR1resin was primarily described
by the Langmuir model.

Comparation with other adsorbents

The HPR1 resin exhibited a high adsorption capacity for Cr(vi)
ions at pH 2, surpassing that of many conventional adsorbents.
A comparative analysis of adsorption capacities is provided in
Table 5, which summarizes the maximum adsorption capacity
gmax as a function of pH. For instance, the chitosan-graphene
oxide composite (Cs-GO nanocomposite), a biosorbent,
demonstrated a gmqay of 104.16 mg g~ . In contrast, the adsor-
bent studied by Revalthi achieved a gumax of 195.99 mg g™,
a value closely approaching that of the HPR1 resin. Other
hypercrosslinked adsorbents, such as thiol-functionalized black
carbon, showed a gpax 0f 201 mg g~ * at pH 3.5. A similar system
reported by Xuanbo, hypercrosslinked nanofibrous tubes
synthesized via Friedel-Crafts alkylation and quaternization
reactions achieved a gpay 0f 191.07 mg g~ at pH 2. Notably, the
HPR1 resin synthesized in this study outperforms all adsor-
bents examined, highlighting its superior adsorption efficiency.

Conclusions

In this study, an anion exchange hypercrosslinked resin was
prepared by the copolymerization of divinylbenzene (DVB) and
vinylbenzyl chloride (VBC) using a porogen agent. The incor-
poration of pyridine units occurred in a single step during the
post-crosslinking reaction. Elemental analysis indicated that
43% of the chloromethyl groups reacted in the Friedel-Crafts

RSC Adv, 2025, 15, 14400-14409 | 14407
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alkylation reaction, which was further confirmed by FTIR and
solid-state ">C NMR spectroscopy.

The resin HPR1 demonstrated a high adsorption capacity for
Cr(vi) ions, particularly at acidic pH values. The nonlinear
Langmuir isotherm model indicated a maximum adsorption
capacity of 207 mg g~ " at pH 2. Kinetic studies revealed that the
adsorption rate was higher at pH 4 that at pH 2, whereas the
overall adsorption process was most efficient at pH 2. Addi-
tionally, intraparticle diffusion was identified as the rate-
limiting step in the adsorption mechanism. These findings
underscore the potential of HPR1 to effectively treat industrial
wastewater containing high concentrations of hexavalent
chromium.
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