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Engineering sulfonated polymers for the removal of ultra-trace
complexed Cr(in) in tris(2-carboxyethyl) isocyanurate
photoresist resin monomers

The concentration of complexed Cr(i) in industrial-grade
tris(2-carboxyethyl) isocyanurate can be reduced to meet
semiconductor-grade standards through an
adsorption-recrystallization process using electron-rich
sulfonated polymers.
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1 Introduction

Engineering sulfonated polymers for the removal
of ultra-trace complexed Cr(in) in tris(2-
carboxyethyl) isocyanurate photoresist resin
monhomerst

Huiyao Huang,? Shiquan Zhong,?° Yawen Chen,? Wangquan Gong,?
Changshen Ye,® Ting Qiu @ *@®< and Jie Chen @*2°

The semiconductor manufacturing industry imposes stringent requirements on the metal ion content of
photoresist resin monomers. Tris(2-carboxyethyl) isocyanurate (Hstci), a critical raw material for photoresist
resin monomers, inevitably incorporates metal ions during production. However, its inherent carboxyethyl
groups form stable coordination complexes with Cr(i), hindering the semiconductor-grade resin monomer
production. To achieve the ultra-deep removal of Cr(i) at ultra-trace concentrations, inspired by the hard-
soft-acid-base theory, we systematically modulated the electron-rich sulfonic acid group on polymers via
controlled sulfonation conditions to achieve a novel series of adsorption materials (St) with ultra-high Cr(in)
adsorption affinity. The adsorption-recrystallization process using 6 g of St-V-15 could reduce the Cr(in)
concentration in a solution containing 1 g of Hstci from 840 ppb to 27.5 ppb. Furthermore, St-V-15
exhibited a maximum adsorption capacity of 145 mg g™* calculated using the Langmuir model and a rapid
initial adsorption rate of 82.92 mg g* min! at 333 K. Additionally, St-V-15 demonstrated exceptional
selectivity for Cr(in) over competing ions (e.g., K(), Mg(i), Na() and Zn(i)) and maintained stable performance
over at least 10 adsorption-desorption cycles. The superior performance originated from the chelation
between Cr(i) and the sites of O atoms (S-O and S=O) combined with the electrostatic interaction
between deprotonated sulfonic acid groups and Cr(i). These results position St-V-15 as a promising
adsorption material for ultra-trace Cr(m) removal in Hstci, offering a cost-effective solution for
semiconductor-grade resin monomer production for the very first time.

Keywords: Tris(2-carboxyethyl) isocyanurate; Complexed Cr(i); Ultra-trace; Cr(i) removal; Sulfonated
polymers.

polymers synthesized from resin monomers through chemical
reactions like free radical polymerization, copolymerization

Photoresist is a critical material in semiconductor fabrication,
and its quality directly determines the final performance of
semiconductor devices. Photoresist relies on film-forming
resins as its core component, which dictates fundamental
properties such as lithographic performance and etching
resistance.” Film-forming resins are typically high-molecular

“College of Chemical Engineering, Fuzhou University, Fuzhou, 350108, China.
E-mail: tingqiu@jfzu.edu.cn, jiechen@fzu.edu.cn

b Qingyuan Innovation Laboratory, Quanzhou 362801, P. R. China

¢ Fuzhou University International joint Laboratory of Thermochemical Conversion
of Biomass, Fuzhou University, Fuzhou, 350108, China

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5im00057b

1 These authors contributed equally to this work.

618 | /nd. Chem. Mater., 2025, 3, 618-630

and  esterification.>®  During  semiconductor  device
fabrication, the quality of resin monomers directly impacts
the chemical properties and application performance of film-
forming resins, thereby influencing the manufacturing
process level and final yield of semiconductor devices."® As
such, photoresist resin monomers are vital raw materials for
semiconductor production.

Among several resin monomers, tris(2-carboxyethyl)
isocyanurate (Hstci) exhibits excellent chemical and thermal
stability due to its nitrogen heterocycle structure and
multiple carboxylic acid groups, offering broad prospects for
applications in film-forming resins.”® However, industrial-
grade Hjtci contains metal jon levels that far exceed
application requirements, failing to meet relevant technical
specifications and quality standards. Meanwhile, the flexible
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Fig. 1 The Cr(mn)-carboxyethyl complexes in Hstci.

ethyl chains and carboxyl groups in Hstci form stable Cr(m)
complexes (Fig. 1), making it challenging to reduce the level
of Cr(m) below 30 ppb using conventional methods such as

recrystallization.

Adsorption, with advantages such as designable
adsorbents, simple operation and scalability, has emerged as
a promising approach for Cr(m) removal in Hstci.”" To

purify Hstci, the monomer is first dissolved in a solvent,
followed by adsorption to metal ions and
recrystallization to obtain semiconductor-grade monomers."?
The current adsorbents we have used, such as activated
carbon,"® molecular sieves'* and polymer gels,"” only reduce
the concentration of Cr(m) to approximately 300 ppb, failing
to meet semiconductor standards. This was attributed to the
steric hindrance from Cr(m) complexes, which reduces
contact between adsorbents and Cr(m), and existing
adsorbents rely on weak binding groups such as -NH,,
-COOH, and -OH, which cannot compete with carboxyethyl-
Cr(m) interactions.'®’” Meanwhile, there is a low mass
transfer efficiency at ultra-trace Cr(m) concentration, coupled
with competitive adsorption from Hjtci, limiting affinity and
removal efficiency. The core challenge lies in developing dual
functional adsorbents capable of both disrupting Cr(ur)
complexes and providing high affinity for Cr(m).

The sulfonic acid group offers a breakthrough solution
due to its unique charge distribution and spatial structure,
which enable strong Cr(m) adsorption via electrostatic
attraction and chelation.’® The negatively charged species
allow positively charged Cr(m) to be electrostatically attracted.
Furthermore, the tetrahedral geometry of the sulfonic acid
group comprises a S atom bonded to three O atoms, two with
double bonds and one carrying a negative charge, which
provides an optimal structure for Cr(m) coordination. The
negatively charged O atom directly coordinates with Cr(im),
while the electron cloud distribution of the sulfonic acid
group enhances charge matching and orbital overlap,
significantly strengthening binding affinity."® Additionally,
the deprotonated sulfonic acid group dissociates protons in
solvents, which competitively disrupts Cr(ur)-carboxyethyl

remove
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complexes by altering the charge distribution and
coordination environment of Cr(ui), thereby releasing free
Cr(m) for subsequent adsorption. The synergistic mechanism
endows sulfonic acid functionalized adsorbents with dual
functionality of breaking Cr(u)-carboxyethyl bonds and
achieving high affinity adsorption, making them ideal
materials for the removal of Cr(m) at ultra-trace concentration
in Hjtci.

Among various reported adsorbents, polymers stand out
due to their structural stability, ease of processing, low cost,
and versatility in functional modification, making them
widely applicated in metal ion removal.>®*" However, the
Cr(m) concentration is ultra-trace (approximately 800 ppb)
and predominantly exists in complexes in Hjtci. Therefore,
achieving deep removal of Cr(m) in Hjtci to below 30 ppb
demands an adsorbent with exceptionally high adsorption
affinity for Cr(m). While existing sulfonated polymers exhibit
promising Cr(m) uptake in the aqueous phase, most research
only focuses on adsorption capacity, with little attention
given to adsorption affinity.>>** To achieve the removal of
Cr(m) at ultra-trace concentration in Hstci, adsorbents must
maximize functional group density, as dictated by adsorption
equilibrium theory:>»**> higher group content strengthens
affinity, driving equilibrium toward adsorption of Cr(m) and
minimizing residual concentrations.

In this work, to achieve high adsorption affinity of
sulfonated polymers for Cr(m), we systematically modulated
the sulfonation conditions, such as sulfonation time,
temperature and sulfuric acid dosage to load varying
amounts of sulfonic acid groups, thereby tailoring the
adsorption affinity of sulfonated polymers. The sulfonated
polymers were applied to the adsorption-recrystallization
process of Hjtci, achieving ultra-trace level removal of Cr(im).
Further investigations into Cr(m) adsorption behavior
included adsorption kinetics and thermodynamics, as well as
the impact of Hjtci addition on adsorption performance
under competitive coordination conditions. Finally, the
adsorption  mechanism and cyclic stability
systematically elucidated. This study provides a cost effective
and efficient strategy for purifying photoresist resin
monomers, addressing critical challenges in semiconductor
manufacturing.

were

2 Results and discussion
2.1 Characterization and structural analysis

The synthesis procedure of sulfonated polymers is shown in
Fig. 2a. We first systematically optimized the sulfonation
reaction conditions in the order of reaction time,
temperature and sulfuric acid dosage. The polymers with
different sulfonation times were named St-t-x (h), those with
different sulfonation temperatures were marked as St-T-x (°C)
and those with different dosages of sulfuric acid were named
St-Vex (mL).

The successful synthesis of St and subsequent sulfonation
were verified through Fourier transform infrared (FTIR)

Ind. Chem. Mater., 2025, 3, 618-630 | 619
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Fig. 2 (a) Synthesis scheme of sulfonated polymers; (b) FTIR spectra; (c) XPS full scan spectra; (d) S 2p spectra; (e) O 1s spectra; (f) content of

sulfonic acid groups of St-V-x; (g) adsorption capacity of sulfonated polymers before and after calcination; (h) SEM images of St-V-x.

analysis (Fig. 2b and $1-S21). The peak at 3026 cm™
corresponded to the C-H stretching vibration, while the peak
at 2918 cm ' could be attributed to the abundant -CH,
groups in the polymer backbone. The characteristic peaks
in the range of 1410 cm™" to 1603 c¢cm™' arose from the
stretching vibrations of C—=C bonds in the benzene rings.
After sulfonation, the above peaks of all sulfonated
polymers remained intact, indicating that the sulfonation
process did not compromise the skeletal structure of St.
Notably, two new characteristic peaks emerged at 1121
em™ and 1030 cm™, which were assigned to the S=O and
S-O stretching vibrations, respectively, indicating the
successful grafting of the sulfonic acid group.”® In addition
to the FTIR results, a new peak corresponding to S 2p at
168.6 eV was observed in the X-ray photoelectron spectra
(XPS) (Fig. 2c), confirming the successful introduction of
sulfur related groups. Further analysis of the S 2p spectra
revealed peaks at 169.90 eV and 168.68 eV (Fig. 2d),
corresponding to S=—O and S-O bonds, respectively.
Meanwhile, the O 1s spectra exhibited peaks at positions
533.50 eV and 532.25 eV (Fig. 2e), assigned to S=0/C=0

620 | /nd. Chem. Mater., 2025, 3, 618-630

and $-O bonds, respectively.>” These findings conclusively
demonstrate the successful sulfonation of St.

Interestingly, as the sulfonation time, temperature and
sulfuric acid dosage increased, the intensities of the S—O
and S-O peaks initially increased and then decreased,
indicating that the content of sulfonic acid groups on the
sulfonation polymers firstly rose and subsequently decreased
with prolonged sulfonation time, elevated temperature and
excessive sulfuric acid dosage. This phenomenon might be
attributed to the carbonization process happened during the
reaction of sulfuric acid with polymers, which could lead to
dehydration of sulfonic acid groups on the polymer surface,
resulting in the formation of other functional groups. To
investigate the reason for the tendency of the peak intensities
of S-O and S=—O, the sulfonic acid group contents of
sulfonated polymers were quantified via titration (Fig. 2f and
S3-S47). It could be observed that the trend in the content of
sulfonic acid groups in sulfonated polymers, as influenced by
sulfonation conditions, aligns with that observed in the FTIR
spectra. Specifically, too harsh sulfonation conditions lead to
a decrease in the content of sulfonic acid groups. Scanning

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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electron microscopy (SEM) images of the sulfonated polymers
are shown in Fig. 2h and S5 and S6.f With increasing time,
temperature and sulfonic acid dosage, the surface of
sulfonated polymers became progressively rougher, which
likely hindered sulfonic acid group grafting and then reduced
content. Notably, all sulfonated polymers exhibited a
spherical bead morphology, indicating that no additional
shaping is required for subsequent processing, enabling
direct industrial use. To explore the origin of roughness,
energy dispersive spectrometry (EDS) point scans were
performed on rough (designated as St-y-x-r) and smooth (St-y-
x-s) regions of the surface of sulfonated polymers (Table 1
and S1f). Taking St-V-x as an example, the results showed
that compared with St-V-x-s, St-V-x-r had higher carbon (C)
and oxygen (O) contents but lower sulfur (S) content. This
phenomenon was attributed to carbonization of the polymer
surface induced by excessive sulfuric acid, which impeded
the grafting of sulfonic acid groups.”® Furthermore, the
carbonization degree induced by excessive sulfuric acid
dosage was less severe compared to that caused by harsher
sulfonation time and temperature. This phenomenon may be
attributed to the increased thermal energy input associated
with elevated temperatures and prolonged times, which
thereby intensifies  dehydrogenation reactions and
crosslinking reactions, ultimately leading to a higher degree
of carbonization.

2.2 The effect of carbonization

To investigate the impact of carbonization on the adsorption
performance of the sulfonated polymers, we calcined St and
St-V-15 at 300 °C for 1 h to achieve complete carbonization,
labeling them C-St and C-St-V-15, respectively. A comparison
of their FTIR spectra revealed that both polymers retained
characteristic peaks of polymers (Fig. S7t), indicating that
the carbonization did not significantly disrupt the
polystyrene skeleton, demonstrating excellent structural
stability. However, the peaks of S-O at 1030 cm " and 829
em™ and O-H at 3395 cm ™" disappeared, while the intensity
of the S=O0 stretching vibration peak at 1121 cm™' markedly
decreased.”® Concurrently, the S and O contents in C-St-V-15
significantly dropped, indicating the elimination of most
sulfonic acid groups during carbonization. Interestingly, the
specific surface areas of St and St-V-15 increased from 0.5665
m?* ¢™" and 0.1456 m* g™* to 0.7082 m> g and 0.2298 m> g*
after carbonization, respectively. This enhancement was

Table 1 The EDS point scan results of St-V-x
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attributed to the thermal decomposition of unstable
components in the polymer during high-temperature
treatment, which generated gas release and subsequent pore
formation.

To evaluate their adsorption capacity,
experiments were conducted using a 200 ppm Cr(ur) solution.
Due to the increased specific surface area, the maximum
adsorption capacity of carbonized St rose from 11.1 mg g™* to
19.9 mg g '. In contrast, the carbonized St-V-15 exhibited a
drastic decline in adsorption capacity from 114.3 mg g™ ' to
25.0 mg g ', primarily due to the removal of most sulfonic
acid groups during carbonization. This once again strongly
demonstrated the crucial role played by sulfonic acid groups
in the adsorption of Cr(m).

maximum

2.3 The relationship between the sulfonic acid group content
and the adsorption affinity

A positive correlation existed between the distribution
coefficient (K3) and adsorption affinity, and elevated Ky
values reflected stronger adsorption affinity. To investigate
the relationship between the sulfonic acid group content and
adsorption affinity, the sulfonic acid group contents of
sulfonated polymers were quantified via titration, and their
adsorption performance was evaluated using a 10 ppm Cr(ur)
solution. As shown in Fig. 3a-c, the Ky values for Cr(u)
adsorption of sulfonated polymers were not constant but
dynamically changed in response to variations in sulfonic
acid group loading. The data demonstrated a significant
positive  correlation between these two parameters.
Specifically, the Ky value steadily increased with rising
sulfonic acid group loading, while a decrease in sulfonic acid
group loading led to a corresponding decline in Kq4. This
strong correlation suggested that the adsorption affinity of
sulfonated polymers for Cr(m) was predominantly determined
by sulfonic acid group loading rather than being affected by
multiple complex factors. This mechanism arises because
sulfonic acid groups serve as critical active sites during
adsorption, where their quantity directly determines both the
probability and intensity of interactions with Cr(um). Higher
loading provided more active sites, enhanced attraction
forces with Cr(m), promoted greater Cr(m) adsorption onto
polymer surfaces, and consequently raised Ky values and
strengthened adsorption affinity. Conversely, reduced loading
diminishes these effects and weakens adsorption affinity.
Notably, St-V-15 exhibited the highest sulfonic acid group

Sample C (Wt%) C (Wt% Sigma) O (Wt%) O (wt% Sigma) S (Wt%) S (Wt% Sigma)
St-V-1-r 73.02 0.24 12.66 0.21 14.32 0.12
St-V-1-s 69.80 0.32 7.26 0.22 22.93 0.23
St-V-15-r 68.07 0.22 22.59 0.21 9.34 0.07
St-V-15-s 55.18 0.49 8.88 0.23 35.94 0.39
St-V-20-r 68.10 0.22 18.44 0.20 13.46 0.10
St-V-20-s 63.86 0.25 22.03 0.22 14.11 0.10
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process results of (d) St-t-x, (e) St-T-x and (f) St-V-x.

content of 4.01 mmol g”* and the maximum K4 value of 10.1
x 107 mL g, which is significantly higher than those of
other reported materials, such as PSSC (0.21 x 10° mL g ),
hPAN/PVPI/GO (0.72 x 10° mL g™ ')*' and APTES (0.11 x 10°
mL g ').** Generally, a Ky value exceeding 10" mL g was
sufficient to demonstrate the exceptional adsorption affinity
for the target adsorbate, underscoring the exceptional
performance of St-V-15 in Cr(m) removal.*

Building on the excellent Cr(m) adsorption affinity, we
applied the sulfonated polymers to a Hjtci adsorption-
recrystallization process, and the results are shown in
Fig. 3d-f. ICP-MS analysis revealed that the 1 g initial Cr(im)
concentration in Hztci dissolved in water was 840 ppb.
However, recrystallization alone without adsorption only
reduced the Cr(m) concentration to 441.7 ppb, achieving a
removal efficiency of 47.42%. In contrast, when 2 g of
sulfonated polymers were employed for adsorption prior to
recrystallization, all sulfonated polymers achieved Cr(im)
removal efficiencies exceeding 70%. Notably, St-V-15 reduced
the Cr(m) concentration in Hstci from 840 ppb to 67.6 ppb,
with a removal efficiency as high as 92.29%, significantly
outperforming all commercial adsorbents we have used
under the same conditions (Fig. S81). Furthermore, as the
parameters of sulfonation (time, temperature and sulfuric

622 | /Ind. Chem. Mater., 2025, 3, 618-630

acid dosage) increased, the Cr(m) removal efficiency of
sulfonated polymers initially improved and then decreased,
aligning with the trends in the sulfonic acid group content
and distribution coefficients. This evidence strongly
supported that the removal of complexed Cr(u) from Hatci
was primarily governed by the sulfonic acid group content, a

The initial concentration is 840 ppb
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Fig. 4 The influence of the dosage amount of St-V-15 on the
adsorption-recrystallization process.
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finding that provided critical guidance for the rational design
of future materials.

2.4 The influence of the adsorbent dosage on purification of
Cr(m) in Hjtci

When investigating the relationship between the sulfonic
acid content and practical Cr(m) efficiency in Hstci, St-V-15
could reduce the Cr(u) concentration from 840 ppb to 67.6
ppb, which still fell short of semiconductor-grade standards.
To address this, we further increased the dosage of St-V-15,
ultimately achieving semiconductor-grade Cr(m) levels in
H;jtei, as demonstrated in Fig. 4. It was observed that as the
dosage of St-V-15 increased, the remaining concentration of
Cr(m) progressively decreased. Notably, when the dosage
reached 6 g, the remaining concentration of Cr(m) in Hjtci
dropped to 27.5 ppb, which demonstrated that St-V-15 could
achieve ultra-trace removal of Cr(u) in the production process
of semiconductor-grade Hjtci, fulfilling the stringent purity
requirements for advanced lithography applications.

2.5 Adsorption isotherms

To further elucidate the influence of sulfonic acid group
loading on the maximum adsorption capacity of Cr(m) and
related thermodynamic parameters, adsorption isotherm
experiments were conducted for St-V-x at 298 K, 313 K and
333 K with initial Cr(m) concentration ranging from 10 to 400
ppm. As shown in Fig. 5a, the adsorption isotherms at all
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three temperatures exhibited the characteristics of type I
behavior, indicating strong interactions between the
sulfonated polymer and Cr(m).** This demonstrated the
potential of the sulfonated polymer to remove Cr(im) at ultra-
trace concentration. Furthermore, as the adsorption
temperature increased, the adsorption capacities of the series
of sulfonated polymers increased accordingly, indicating that
the adsorption of Cr(m) by the sulfonated polymer was an
endothermic process, and higher temperatures were
conducive to the adsorption process.

Meanwhile, the Langmuir and Freundlich adsorption
isotherm models were employed to describe the interactions
between the sulfonated polymer and Cr(m), as illustrated in
Fig. 5b and c¢ and S9,f with corresponding parameters listed
in Table S2.f The results indicated that sulfonated polymers
exhibited higher fitting accuracy to the Langmuir model at
all three temperatures, and the correlation coefficients (R?)
all exceeded 0.99, which suggested that the Langmuir model
was more suitable for describing the adsorption behavior of
Cr(m) on the sulfonated polymer, implying a monolayer
adsorption process.*® The equilibrium constant (k) derived
from the Langmuir model also exhibited the same trend as
the sulfonic group content, further indicating that higher
group content corresponded to stronger adsorption affinity.
Notably, the maximum adsorption of St-V-15 calculated using
the Langmuir model reached a remarkable 126 mg g™ at 298
K, which was higher than that of Fh (22.93 mg g),*® Ti-4BC
(112.4 mg g7"),”” COF@SO;H (105.26 mg g '),'® etc.
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Fig. 5 (a) Adsorption isotherms of St-V-x; (b) Langmuir model and (c) Freundlich model of St-V-15; (d) adsorption thermodynamic fitting diagram

and (e) AG diagram of St-V-x.
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Fig. 6 (a) Adsorption kinetics, (b) pseudo-first-order model and (c) pseudo-second-order model of St-V-x.

Thermodynamic studies were conducted on sulfonated
polymers with varying sulfuric acid dosages to further analyze
the influence of the functional group content on the Cr(im)
adsorption affinity, and the results are shown in Fig. 5d and
Table S3.f All sulfonated polymers exhibited positive AH
values, strongly confirming that Cr(m) adsorption was an
endothermic process and higher temperatures favored the
adsorption process.>® Additionally, the positive AS values
indicated an increase in system disorder during adsorption.
Furthermore, the calculated AG values at all temperatures
were negative, demonstrating the spontaneity of Cr(u)
adsorption on the sulfonated polymers.”> Notably, the AG
values became more negative with rising temperature,
confirming enhanced adsorption affinity at higher
temperatures (Fig. 5e). Further comparison of AG values of
St-V-x polymers revealed that at all temperatures, the AG
values became more negative with increasing sulfonic acid
group content, further underscoring the strong positive
correlation between the sulfonic acid group loading and
adsorption affinity.

2.6 Adsorption kinetics

The adsorption rate is a critical parameter for evaluating
adsorbent materials. To this end, we first investigated the
adsorption kinetics of St-V-x in an aqueous system with a 200
ppm Cr(m) concentration, and the results are shown in
Fig. 6a. The steep slopes of the adsorption capacity versus
time curves of St-V-x with varying sulfuric acid group contents
indicated excellent adsorption rates and affinity for Cr(im).
The adsorption rates of sulfonated polymers with different
sulfuric acid group loadings exhibited consistent trends as
the sulfuric acid dosage varied, strongly suggesting that
sulfonic acid groups played a dominant role in Cr(u)
adsorption. Notably, St-V-15 achieved nearly its equilibrium
adsorption capacity within 30 min, reaching an exceptional
adsorption capacity of 107.42 mg g * at equilibrium.
Subsequently, the kinetic data were fitted using the
pseudo-first-order and pseudo-second-order kinetic models,
and the results are presented in Fig. 6b and ¢ and Table S4.f
The pseudo-second-order model provided a correlation
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coefficient (R*) exceeding 0.999 for all St-V-x, far surpassing
those of the pseudo-first-order model. This confirmed that
the adsorption process was dominated by chemisorption,
further emphasizing the pivotal role of sulfonic acid
groups.*®*" Furthermore, the initial adsorption rates (h =
KZQEZ) exhibited a trend consistent with the sulfonic acid
group content. Remarkably, St-V-15 demonstrated an
exceptional % of 82.92 mg ¢~' min~', highlighting its superior
affinity for Cr(m).

2.7 The influence of H;tci during the adsorption process

To gain deeper insights into the adsorption behavior of
sulfonated polymers for Cr(m) in the presence of competing
coordination by Hjtci, we conducted adsorption isotherm
and kinetic experiments by adding 1 g L™ Hstci to the Cr(m)
solution (Fig. 7a and b). After the addition of Hjtci, the initial
slopes of the adsorption isotherm curves at all three
temperatures decreased compared to the system without
H;tei, and the adsorption capacities were reduced to a certain
extent. However, the adsorption behavior remained
consistent with the Langmuir model (Fig. S10 and Table S57),
although the calculated maximum adsorption capacity
decreased by approximately 30 mg g™ across all conditions,
and the equilibrium constants (K;) reflecting surface affinity
also decreased significantly. Comparative analysis of
adsorption thermodynamic data revealed that the addition of

b 120
120
1 100 ~ Withot
100 4 Without Htci
a5 2 80
‘o 804 [o)) H,tci added
o =)
£ o0 £ 60 -
Ow 40_. T 401
1 IZQBK 20
204 = y
0 T T T T T T o T T T T T T
0 50 100 150 200 250 0 30 60 90 120 150
C. (mg L™ t (min)
Fig. 7 (a) Adsorption isotherms and (b) adsorption kinetics of St-V-15

in a Hstci-containing Cr(m) solution.
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Hjtei to the Cr(m) solution resulted in decreased AH and AS
values, alongside increased AG (Fig. S11f). In kinetic
experiments, the slopes of the curves with Htci addition
were notably lower, and the adsorption capacity at
equilibrium decreased from 107.42 mg g to 83.23 mg g .
Nevertheless, the adsorption behavior of St-V-15 still
conformed to the pseudo-second-order model (Fig. S12 and
Table S6t), albeit with a marked reduction in the initial
adsorption rate & from 82.92 mg g™ min™' to 28.65 mg g
min~'. The Weber-Morris model was applied to describe the
intraparticle diffusion process, and the results are shown in
Fig. S13 and Table S7. It could be observed that in both
Hjtci-added and Hjtci-free systems, the diffusion behavior of
Cr(m) in St-V-15 involved three stages: liquid film diffusion,
intraparticle diffusion and equilibrium stages. In the first
stage, the fitted curves did not pass through the origin of the
plot, indicating that liquid film diffusion was not the sole
rate-limiting step. During the intraparticle diffusion stage,
the k, value remained as high as 5.30 mg g min™*” even in
the presence of Hjtci, demonstrating rapid Cr(m) diffusion
within the St-V-15 particle. These results indicated that the
introduction of Hstci induced competitive interactions
between the carboxyl groups and Cr(m), leading to reduced
adsorption affinity of St-V-15 for Cr(m), but did not alter the
fundamental adsorption mechanism.

2.8 Selective adsorption

To further investigate the potential of the adsorbent for
selective Cr(m) capture and evaluate its anti-interference
capability in practical Hjtci-containing systems, the
sulfonated polymer St-V-15 was tested for Cr(m) adsorption
selectivity in a mixed metal solution containing five
coexisting ions (Cr(m), K(1), Mg(u), Na(1) and Zn(u)) at an
initial concentration of 100 ppm for each metal ion. As
depicted in Fig. 8a, St-V-15 demonstrated exceptional
selectivity for Cr(m) with negligible adsorption of the other
metal ions. Specifically, the adsorption capacity of St-V-15 for
Cr(m) reached 68.2 mg g ', while for the other metals, the
maximum adsorption was only 3.2 mg g', which was
attributed to the higher charge density of Cr(um), enabling
stronger electrostatic interactions with sulfonic acid groups.
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Meanwhile, combined with the concentration of the other
metal ions in Hjtei before and after adsorption-
recrystallization (Table S8f%), it could be observed that the
concentration of the other metal ions exhibited a slight
reduction, which could be attributed to the removal of metal
ions by recrystallization. The selective adsorption experiment
indicated that St-V-15 exhibited strong anti-interference
capability in Cr(m) adsorption.

2.9 The effect of pH

The surface chemical properties of the adsorbent and the
speciation of Cr(ur) are highly pH dependent. Cr species
primarily exist as Cr(m) at a pH of 1.0-4.0 and as Cr(OH),"
and Cr(OH)*" at a pH of 4.0-6.0 and precipitate as Cr(OH); at
a pH exceeding 6.0.*> To investigate pH effects, adsorption
experiments were conducted using the sulfonated polymer
for a 100 ppm Cr(m) solution adjusted to pH 1.0, 3.5, and 5.0
with 1 M HCI or 1 M NaOH and the point of zero charge
(PHp,e) of St-V-15 was determined to be 3.67 through zeta
potential measurement. As shown in Fig. 8b and c, the St-V-x
series exhibited the highest adsorption capacity at a pH of
5.0. At the pH of 1.0 and 3.5 (pH > pHy,), the surface of
sulfonated polymers was protonated due to the high
concentration of H', while Cr species predominantly existed
as Cr(m). The electrostatic repulsion between positively
charged polymer surfaces and Cr(m) ions led to reduced
adsorption. When the pH was adjusted to 5.0 (pH < pHp,),
the surface became deprotonated, carrying a negative charge.
Concurrently, Cr(m) existed as hydrolyzed species. The
electrostatic attraction between the negatively charged
polymer and positively charged Cr(m) hydroxo-complex
enhanced adsorption capacity. Notably, as shown in Fig.
S14,% a turbid solution formed when the pH exceeded 5.5.
Additionally, the equivalent amount of G3-grade TMAH or
HNO; was added to investigate the effect of pH on the
adsorption-recrystallization and the results are shown in Fig.
S15. It was observed that the removal efficiency of Cr(m) in
Hstci was enhanced under alkaline conditions, which could
be attributed to both H' and OH ions disrupting the
complexation between Cr(m) and Hjtci. Under acidic
conditions, the sulfonic acid groups existed as -SOzH,

a b c d
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(a) Adsorption selectivity of St-V-15; (b) effect of pH, (c) zeta potential and (d) reuse time of St-V-15.
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exerting electrostatic repulsion against Cr(m), whereas under
alkaline conditions, they transformed into -SO; , enabling
electrostatic attraction to Cr(m).

2.10 Reusability

The ability of an adsorbent to maintain its structural integrity
and adsorption performance during desorption-regeneration
and repeated use is a critical indicator for evaluating
economic viability and practical applicability. Therefore, to
investigate the stable recyclability of sulfonated polymer St-V-
15, ten consecutive adsorption and desorption cycles were
conducted using a 20 wt% sulfuric acid solution as the
desorption agent for Cr(m) removal from an initial 200 ppm
Cr(m) solution. As shown in Fig. 8d, the adsorption capacity
of St-V-15 for Cr(m) decreased by only 9% after ten cycles,
which may be caused by the incomplete Cr(m) removal
during desorption. In summary, St-V-15 exhibited stable and
efficient regeneration capability.

2.11 Adsorption mechanism

To delve deeper into the adsorption mechanism between the
sulfonated polymer and Cr(m), we characterized St-V-15
before and after the adsorption experiment using FTIR and
XPS, with the post-adsorption material marked as St-V-15-Cr.
It could be observed that after Cr(m) adsorption, the intensity
of the peak referring to the O-H bond in -SO;H at 3395 cm™
decreased, while the original peak at 1120 cm ™" split into a
doublet (Fig. 9a).*® This phenomenon was caused by the O
atoms in -SO;H possessing lone pair electrons, which
coordinate with Cr(m) and alter the electron cloud
distribution of -SO;H. The XPS survey spectrum of St-V-15-Cr
exhibited a new peak corresponding to Cr 2p at 577.69 eV
and the weakened S 2p signal at 169.57 eV was attributed to
surface signal masking by Cr(m) (Fig. 9b), further confirming
successful Cr(m) adsorption. Further comparison of the O 1s
and S 2p XPS spectra of St-V-15 before and after Cr(u)
adsorption revealed significant peak shifts (Fig. 9c and d).
For the O 1s spectra, the peaks assigned to S-O and S=—O
bonds shifted from 533.49 eV and 532.21 eV to 533.12 eV and
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S-O and S=O bonds shifted from 169.91 eV and 168.76 eV to
169.58 eV and 168.40 eV in the S 2p spectra, respectively.
These shifts provided compelling evidence for chelation
between Cr(m) and the sites of O atom (S=O and S-O) on the
sulfonic groups, which combined with the electrostatic
interaction between deprotonated sulfonic acid groups and
Cr(mr) as mentioned in section 2.9, as summarized in Fig. 10.

3 Conclusions

In summary, by systematically optimizing sulfonation
conditions, the sulfonic acid group content on the polymer
was tailored, and St-V-15 showed a high sulfonic acid group
content of 4.01 mmol g ' and achieved a distribution
coefficient (Kq) of 10.1 x 10’ mL g* in a 10 ppm Cr(m)
solution, demonstrating exceptional adsorption affinity for
Cr(m). Furthermore, St-V-15 exhibited a maximum Langmuir
adsorption capacity of 145 mg g™*, a rapid initial adsorption
rate of 82.92 mg ¢~' min~, outstanding selectivity for Cr(m)
and remarkable reusability. When applied to Hjtei
purification by adsorption-recrystallization, 6 g of St-V-15
could reduce the Cr(m) level from 840 ppb to 27.5 ppb in a
solution containing 1 g of Hstci, meeting stringent
semiconductor-grade standards. Mechanistic studies have
found that its interaction with Cr(m) mainly occurred through
synergistic chelation of the O atom in S-O/S=—O and
electrostatic interactions with deprotonated sulfonic acid
groups. This study demonstrated the sulfonated polymer St-
V-15 as an exceptional adsorbent for ultra-trace Cr(in) removal

in Hztci, addressing critical purity requirements for
semiconductor manufacturing.

4 Experimental section

4.1 Chemicals

Methanol, ethanol,  N,N-dimethylformamide, sodium
chloride, hydrochloric acid, sodium hydroxide,
dichloroethane, sulfuric acid, acetone, =zinc nitrate

hexahydrate, potassium nitrate, sodium nitrate, and nitric
acid were acquired from Sinopharm Chemical Reagent Co.,

531.92 eV, respectively. Similarly, the peaks corresponding to ~ Ltd. Polyvinyl alcohol, styrene, divinylbenzene and
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Fig. 9 (a) FTIR spectra, (b) XPS full scan, (c) O 1s spectra and (d) S 2p spectra of St-V-15 and St-V-15-Cr.
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Fig. 10 The proposed mechanism of St-V-15 adsorbing Cr(in).

2,2-azobisisobutyronitrile were purchased from Shanghai
Macklin Biochemical Technology Co., Ltd. Chromium nitrate
nonahydrate was supplied by Shanghai Aladdin Biochemical
Technology Co., Ltd, and tris(2-carboxyethyl) isocyanurate
was produced by Tianjin Fuyu Fine Chemical Co., Ltd. All
reagents were of AR grade and were used without further
purification. The water used was prepared in the laboratory
with a resistivity of 18 MQ cm.

4.2 Synthesis of sulfonated polymers

St was synthesized via suspension polymerization. Initially,
0.1 g of polyvinyl alcohol and 2.0 g of sodium chloride were
dissolved in 100 mL of water, and the aqueous phase was
prepared by stirring at 65 °C for 1 h. Next, 0.84 mL of
divinylbenzene (DVB), 7.6 mL of styrene monomer, and 0.12
g of 2,2"-azobisisobutyronitrile (AIBN) were ultrasonically
mixed to form the oil phase. The oil phase was injected into
the aqueous phase using a constant-flow pump, followed by
mechanical stirring at 65 °C for 2 h. The temperature was
then gradually increased to 75 °C, 85 °C and 90 °C,
maintaining at 75 °C for 2 h, 85 °C for 2 h and 90 °C for 30
min, respectively, to promote polymerization. After cooling,
the liquid phase was removed by filtration, and the product
was alternately washed with water and methanol three times.
The microspheres were then stirred overnight in 100 mL of
DMF at room temperature. Finally, the liquid phase was
removed by filtration, and the product was washed with water
and methanol three times again and dried at 60 °C for 24 h.
20 mL of 1,2-dichloroethane as a swelling agent was added
to 1.0 g of St, and the mixture was stirred at 60 °C and 100
rpm for 0.5 h to allow swelling. Subsequently, we slowly
added concentrated sulfuric acid (in amounts of 1 mL, 5 mL,
10 mL, 15 mL and 20 mL, respectively) and raised the
temperature to a specific value (30 °C, 60 °C, 70 °C, 80 °C
and 100 °C, respectively) for sulfonation, with reaction times
of 1 h,3 h, 5h, 10 h and 24 h, respectively. After sulfonation,
the liquid phase was removed by filtration, and the product
was alternately washed with water and ethanol until neutral,
and then stirred overnight with acetone to remove
1,2-dichloroethane. Finally, the liquid phase was removed by
filtration, and the product was washed with water and
ethanol three times again and dried at 60 °C for 24 h.

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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4.3 Characterization

Fourier transform infrared (FTIR) spectroscopy was performed
using a Nicolet iS50 spectrometer with a scanning range of
400-4000 cm™'. Elemental analysis (EA) was conducted on a
Vario EL Cube analyzer. N, adsorption-desorption isotherms
were measured using an ASAP 2460 analyzer. Scanning electron
microscopy (SEM) images were acquired with a Regulus 8100
microscope. X-ray photoelectron spectroscopy (XPS) data were
collected using an EscaLab 250Xi spectrometer.

4.4 Determination of sulfonic acid group content

25 mL of sulfonated polymers were loaded into a glass
column and washed with deionized water until the effluent
was clear and free of visible impurities. 400 mL of 1 M HCI
solution was passed through the column at 14 mL min",
followed by rinsing with deionized water for 30 min at 14 mL
min~'. Subsequently, 400 mL of 1 M NaCl solution was
passed through the column at 14 mL min~" to convert all
functional groups to the sodium form. The polymer was then
rinsed with deionized water until the effluent remained
colorless upon addition of phenolphthalein.

Two portions of sodium-form sulfonated polymers (1 g
each) were loaded into glass columns, followed by the
addition of 5 mL deionized water. 150 mL of 1 M HCI solution
was passed through each column at 4 mL min". The effluent
was discarded, and the polymer was rinsed with 20 mL
deionized water at 4 mL min~" until the effluent turned yellow
upon testing with a methyl orange indicator. 100 mL of 1 M
NacCl solution was passed through the sulfonated polymer at
2 mL min~" and collected in a 250 mL conical flask. One drop
of phenolphthalein indicator was added to the collected
eluent, which was then titrated with 0.1 M NaOH solution
until a faint pink color persisted for 15 s.

(V1= V2) X Cinaom)

Q=""rxi-x) (1)
x="2"" 100 (2)
ny

where Q (mmol g™") is the content of sulfonic acid group. V;
(mL) and V, (mL) are the volume of NaOH solution consumed
in the blank titration and titrating the exchange effluent,
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respectively. Cnaom) (mol L) is the concentration of the
standard NaOH solution. M (g) is the mass of the
experimental sample. X is the water content of the sodium-
form sulfonated polymer. m; and m, are the mass of the dry
and wet polymer, respectively.

4.5 Adsorption experiment

4.5.1 Batch adsorption. 0.01 g of adsorbent was placed
into 10 mL of a Cr(u) solution with a specific concentration.
The mixture was shaken at 220 rpm and 25 °C for 48 h. After
adsorption, the supernatant was diluted in a predetermined
ratio, and the concentration of Cr(m) in the treated solution
was measured using an ICPE-9000.

4.5.2 Regeneration. After the adsorption experiment, the
polymer was recovered by vacuum filtration and subjected to
desorption treatment using a 20% sulfuric acid solution
under agitation for 24 h. Residual desorption solution was
removed from the polymer, followed by rinsing with
deionized water and drying the polymers. The regenerated
polymer was then reused in the next cycle of the adsorption
experiment.

4.5.3  Adsorption-recrystallization. =~ The  sulfonated
polymer was packed into a chromatography column and
initially rinsed with ultra-pure water until the effluent
became clear. Subsequently, it was eluted with 1 M HCI
until the effluent pH reached 1-2, followed by soaking for
8 h. The polymer was then rinsed with ultra-pure water
until the pH reached 5-6, followed by elution with 1 M
tetramethylammonium (TMAH) solution until the pH
reached 12-14 and soaking for 8 h. Finally, it was rinsed
with ultra-pure water until the pH reached 8-9, and the
entire procedure was repeated until the effluent metal ion
content fell below 1 ppb.

Hstci was loaded into a PFA adsorption reactor and
mixed with ultra-pure water and G3-grade 1 M TMAH
solution, along with the pretreated sulfonated polymer. The
mixture was subjected to adsorption at 60 °C for 48 h at
constant temperature. After adsorption, the solution was
immediately filtered, and the filtrate was transferred to a
PTA crystallization reactor. A specified amount of G3-grade
nitric acid was added, and the solution was
programmatically cooled to 5 °C and held at that
temperature for 4 h. The resulting solids were filtered,
rinsed three times with ultra-pure water and once with G3-
grade isopropanol, and then dried to obtain purified Hjtci.
For Cr(m) concentration analysis, 0.2 g of the purified
product was dissolved in 200 g of water and analyzed by
ICP-MS.

4.6 Calculation

4.6.1 Adsorption capacity and removal rate. The
adsorption capacity Q. (mg g ') and the removal rate R. (%)
of Cr(m) at equilibrium were calculated as follows:

Qe:CO_CeXV/m (3)
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Co=Ce , 100% (4)
0

Re =

where C, (mg L") is the initial concentration of Cr(m), Ce
(mg L") is the equilibrium concentration of Cr(m), V (mL) is
the total volume of the solution and m is the mass of the
adsorbent.

4.6.2 Adsorption kinetics. 1) Pseudo-first-order kinetic
model

In(Qe - Q) = In Qe — kyt (5)

2) Pseudo-second-order kinetic model
t 1 1

I — 6
Qt kZQeZ +Qet ( )

where Q. (mg ¢™") and Q, (mg g™") are the adsorption capacity
of the adsorbent at the contact time ¢ (min) and equilibrium
time, respectively. k; (min™") and k, (g mg™" min™") are the
adsorption rate constant of the pseudo-first-order and
pseudo-second-order, respectively.

3) Weber-Morris model

Qt = kit1/2 + Ci (7)

where k; is the intraparticle diffusion constant, and ¢; is the
thickness of the boundary layer.
4.6.3 Adsorption isotherm. 1) Langmuir model
Ce 1 Ce
Qe OmKL Qm

(8)

2) Freundlich model

1
InQ, = . InCe + InKyp 9)

where Qp, (mg g™") and Q. (mg g™') are the maximum and
equilibrium adsorption capacity of the adsorbent,
respectively. C. (mg L") is the equilibrium concentration. K,
(L mg™") and Ky (mg g (L mg™)"") are the equilibrium
constant of the Langmuir model and Freundlich model,
respectively. n is the constant related to the adsorption
intensity.
4.6.4 Thermodynamics

Qe
Kg =<2 10
e (10)
AG = -RTIn K, (11)
AG = AH — TAS (12)
AS AH
InKg = — - — (13)
R RT

where Ky is the thermodynamic equilibrium constant. Q. (mg
g™") is the adsorption capacity of the equilibrium. C. (mg L™)
is the concentration of the equilibrium. AG (k] mol™) is the
Gibbs free energy change. R (8.314 ] mol™' K') is the
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thermodynamic constant. 7 (K) is the temperature. AH (k]
mol ™) is the standard enthalpy change. AS (k] mol™* K™) is
the standard entropy change.

Data availability

The data that support the findings of this study are available
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