
RESEARCH

Journal of Inorganic and Organometallic Polymers and Materials
https://doi.org/10.1007/s10904-025-04117-4

difficult and their removal has become a crucial process [2, 
3]. Among them, arsenic is particularly concerning due to its 
high toxicity and cocarcinogenic effects on human organs 
such as lung, liver, kidney, and bladder [4]. The World 
Health Organization (WHO) has set a provisional guide-
line of 10 µg L− 1 for arsenic in drinking water, yet much 
higher concentrations are often detected. For instance, in 
the Viterbo area (Italy), levels reach 75 µg L− 1 at Fabrica 
di Roma and 52 µg L− 1 in Bagnoregio (UNESCO site) [5]. 
Arsenic occurs in different oxidation states, most commonly 
as As(III) (arsenite) and As(V) (arsenate). Under oxidizing 
conditions, As(V) predominates, while As(III) prevails in 
reducing environments [6]. The removal of arsenic from 
water is therefore a critical challenge. Traditional methods 
such as ion exchange, adsorption, membrane separation, 
and precipitation are widely investigated but often face 

1  Introduction

The growing demand for safe drinking water, driven by 
population growth and industrial development, has been 
paralleled by an alarming increase in heavy metals in waste-
water [1]. The presence of different toxic, carcinogenic 
heavy metals in the effluents makes their recycling very 

	
 R. Narducci
riccardo.narducci@uniroma2.it

1	 Dep. Industrial Engineering and International Laboratory: 
Ionomer Materials for Energy, Tor Vergata University of 
Rome, Via del Politecnico 1, 00133 Roma, Italy

2	 Prolabin & Tefarm s.r.l., Via dell’Acciaio 9, 06134 Perugia, 
Italy

Abstract
Hybrid polymers based on polysulfone (PSU), covalently functionalized with zirconium-organic moieties, were developed 
and applied for arsenic removal from wastewater. The synthesis strategy involved anchoring a terephthalate moiety onto 
PSU to act as a metal–organic framework (MOF) linker, followed by MOF assembly and subsequent quaternization (QA) 
with trimethylamine (TMA). The covalent incorporation of MOF-like units within the polymer backbone effectively mini-
mized the risk of leaching; indeed, Zr release under highly basic conditions was measured at less than 1% of the total 
Zr content. Two materials, Zr-PSU and Zr-PSU-QA, were synthesized, characterized, and tested for As(III) and As(V) 
adsorption. The adsorption efficiency was assessed using ICP analysis at different pH values (3, 7, and 12) to account 
for variations in the charge of the Zr-organic moieties and the speciation of arsenic. Two arsenic concentrations (0.5 and 
1 mM) were investigated. The results demonstrated that Zr-PSU at pH = 3 achieved a removal efficiency (RE%) of 77% 
for As(V), attributed to the positively charged Zr-framework at this pH. At neutral pH, significant As(III) adsorption was 
also observed. Additionally, Zr-PSU-QA at pH = 12 exhibited an RE% of 35% for As(III) due to the positively charged 
ammonium moieties in the polymer matrix. Kinetic studies for Zr-PSU at pH = 3 (As(V)) showed a plateau within 8 h, 
fitting a pseudo-second-order model. Regeneration with NaCl enabled partial recovery, which increased to 98.9% after 
four cycles when the hybrid material was supported on glass beads (GBs). Compared with previously reported Zr–MOF/
polymer composites, this covalently integrated system exhibits enhanced structural stability, low leaching, and combined 
adsorption–ion exchange functionality. The results demonstrate the potential of Zr-PSU and Zr-PSU-QA as robust, regen-
erable materials for heavy-metal removal and their suitability for integration into flow-through water treatment systems.

Keywords  MOF-like structures · Porous organic polymers · Quaternary ammonium · Regeneration efficiency · 
Wastewater decontamination

Received: 24 September 2025 / Accepted: 14 November 2025
© The Author(s) 2025

Zr-Functionalized Polysulfone Hybrids for Arsenite and Arsenate 
Removal from Aqueous Media

A. V. Montella1 · M. Bastianini2 · M. Sisani2 · I. Ahmed1 · E. Sgreccia1 · M. L. Di Vona1 · R. Narducci1

1 3

https://doi.org/10.1007/s10904-025-04117-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s10904-025-04117-4&domain=pdf&date_stamp=2025-12-2


Journal of Inorganic and Organometallic Polymers and Materials

significant drawbacks, including cost constraints and poor 
regeneration [7]. Metal − organic frameworks (MOFs), 
higly porous materials formed by inorganic metal nodes 
connected by organic ligands, have attracted strong inter-
est as adsorbents thanks to their excellent tunability and 
well-ordered structure. MOFs have been applied in cataly-
sis [8–10] gas separation [11–14], and water purification, 
including arsenic adsorption [15–17]. UiO-66, a Zr-based 
MOF, has been particularly studied for its exceptional sta-
bility and high affinity toward arsenic species, attributed to 
electrostatic interactions, Zr–O–As coordination, and chela-
tion effects [18]. Two binding sites have been proposed for 
arsenic species within the framework: hydroxyl groups and 
benzenedicarboxylate ligands, allowing multiple arsenic 
species to coordinate with each Zr cluster [19–21]. Never-
theless, the practical use of MOFs in water treatment appli-
cations remains limited by their cost, poor processability, 
and challenges in recovery and reuse [18, 22].

Recent strategies to overcome the limitations of conven-
tional MOFs focus on their integration with polymers [23]. 
Hybrid MOF–polymer composites combine the ordered 
porosity and high adsorption capacity of MOFs with the 
mechanical strength, stability, and processability of poly-
mers. Unlike previous studies relying on physical mixtures 
or surface coatings, this work employs a covalent integra-
tion strategy, which enhances robustness, prevents particle 
detachment, and improves long-term aqueous stability. The 
covalent linkage promotes homogeneous dispersion of MOF 
units, minimizes leaching, and induces intrinsic porosity 
in the polymer, forming a porous organic polymer (POP) 
with abundant active sites [24, 25]. The resulting materials 
can be readily processed into membranes, beads, or films, 
offering versatility for various water treatment applications. 
Additionally, the polymer framework can be functional-
ized with specific groups, such as quaternary ammonium 
moieties, that enhance arsenic binding and complement the 
adsorption capability of the MOF structure.

Different strategies for covalent MOF–polymer connec-
tions have been reported, including “polymerization of the 
framework,” where organic ligands simultaneously serve 
as both MOF linkers and polymer chains [26–28]. Cova-
lently linked MOF-polymer composites have been success-
fully applied in various fields including fuel cells [14], CO2 
separation [29, 30], and stimulus-responsive heterogeneous 
catalysis [31, 32].

In our previous work we explored the ability of cova-
lently bonded hybrid polymers to MOF-like structures as 
catalytic electrodes [33]. In this study, polysulfone (PSU) 
was chosen as the polymer matrix due to its availability, low 
cost, and ease of functionalization. Terephthalate ligands 
were grafted onto PSU to serve as linkers for the assembly of 
a Zr-MOF-like framework, generating Zr-PSU. Subsequent 

functionalization with quaternary ammonium (QA) groups 
produced Zr-PSU-QA, an anion-exchange hybrid polymer. 
These materials integrate three key functionalities: poros-
ity from the MOF-like domains, adsorption activity from 
Zr centers, and additional binding sites from QA groups. 
The resulting hybrid polymers were thoroughly character-
ized and tested for the removal of arsenite and arsenate 
across a range of pH values and concentrations. Experi-
ments evaluated both powdered forms and coatings on glass 
beads (GBs), facilitating integration into flow-through car-
tridge systems. Regeneration tests showed that while simple 
NaCl treatment provided partial recovery, GB-supported 
materials achieved 98.9% regeneration efficiency after four 
cycles. These results, combined with material stability and 
compatibility with cartridge operation, demonstrate that Zr-
PSU and Zr-PSU-QA are promising candidates for practi-
cal, scalable arsenic removal from wastewater, with further 
optimization potential.

2  Experimental Section

2.1  Materials

Polysulfone UDEL P-1800 NT11 (PSU), terephthalic acid 
98% (1,4-BDC), diethyl 2,5-dihydroxyterephthalate 97%, 
trimethylamine (TMA, 4.2 M in ethanol), 1-methyl-2-pyr-
rolidone (NMP), dimethyl sulfoxide (DMSO), N, N-dimeth-
ylformamide (DMF), chloroform (CHCl3), ZrCl4 99.5%, 
As2O3 ACS reagent, Na2HAsO4*7H2O ≥ 98%, NaOH 
98%, Glass beads 1 mm, and other chemicals were used as 
received from Sigma-Aldrich without further purification.

2.2  Synthesis

2.2.1  PSU-Precursor

PSU-CH2Cl was obtained by the procedure already 
described [34]. Two separate solutions were prepared [33]. 
(A) 2.0 g (3.8 mmol) of PSU-CH2Cl (1.7 degree of chloro-
methylation, DCM) were dissolved in 50 mL of anhydrous 
DMF under N2 flux at 50 °C, then 0.10 g of KI (0.64 mmol) 
were added under stirring. (B) in 20 mL of anhydrous DMF 
were dissolved 0.82 g (3.2 mmol) of diethyl 2,5-dihy-
droxyterephthalate (in molar ratio 0.5 with respect to the 
chloromethyl groups) and 0.45 g, (3.2 mmol) of K2CO3. 
The mixture was heated overnight at 80 °C under nitrogen 
flux. The A and B solutions were combined and reacted at 
70 °C for 72 h. The solution was then treated with 10wt% 
of NaOH in 50:50 H2O/MeOH at 60 °C for 2 h to hydrolyze 
the residual esters. To obtain the H-form, the solution was 
precipitated with 30 mL of 2 M HCl and 30 mL of ethanol 
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and digested overnight. The PSU-precursor was filtered and 
washed several times with water/ethanol and stored on P2O5 
at RT. Yield = 75%.

2.2.2  Zr-PSU

(A) In 40 mL of anhydrous DMF, 1.0 g (1.74 mmol) of 
PSU-precursor was dissolved under N2 flux and 0.250 g (1.5 
mmol) of terephthalic acid were added and mixed for 30 
min. (B) In 10 mL of anhydrous DMF, were added 0.1 mL 
of double distilled water and 0.4 g of ZrCl4 (1.5 mmol) and 
stirred for 30 min. The two solutions were mixed for 30 min, 
placed in a Teflon bottle and put in the oven for 16 h at 120 
°C. The product was washed with HCl 0.1 N and acetone 3 
times and stored on P2O5. Yield = 100%. The percentage of 
Zr estimated by XPS was 1.4 atom% [33].

2.2.3  Zr-PSU-QA

0.8 g (1.2 mmol) of Zr-PSU were dissolved overnight under 
N2 flux in NMP, then 0.48 mL of TMA (2.0 mmol) were 
added and left to react at 80 °C for 3 days under stirring. The 
product was dried under high vacuum and washed with H2O 
and dried again [34]. The degree of amination, estimated by 
NMR, was 1.15.

2.2.4  Glass Beads (GBs) Coated with Zr-PSU

Glass beads (1 mm diameter) were coated with PSU or a 
PSU/Zr-PSU mixture following the method described in 
[35]. For all coatings, the active material (Zr-PSU) was 
maintained at 10 mg. PSU was included to improve adhe-
sion of the polymer to the GB surface. Coated GBs were 
subsequently tested in As(V) adsorption and regeneration 
experiments and intended for integration into flow-through 
cartridges.

Blank GBs (PSU only): 150 mg of GBs were combined 
with 15 mg PSU dissolved in 10 mL CHCl₃. The solvent 
was evaporated at 90 °C over 24 h.

GBs with PSU/Zr-PSU: 150  mg of GBs were coated 
with a solution of 15 mg PSU and 10 mg Zr-PSU in 10 mL 
CHCl₃. The solvent was evaporated at 90  °C over 24  h, 
yielding uniformly coated GBs suitable for adsorption and 
regeneration studies.

2.3  Batch Adsorption Studies

Appropriate amounts of As₂O₃ and Na₂HAsO₄·7 H₂O were 
dissolved in double-distilled water to prepare As(III) and 
As(V) solutions at 0.5 and 1 mM. Samples containing 
10 ± 0.3 mg of Zr-PSU or Zr-PSU-QA powders were pre-
pared. The pH of each solution was adjusted according to 
Table 1 using 37wt% HCl or 1 M NaOH. As(III) solutions 
at pH = 12 were prepared under a nitrogen atmosphere to 
prevent OH⁻ carbonation.

For adsorption experiments, the Zr-PSU and Zr-PSU-QA 
powders were added to the prepared arsenic solutions. The 
mixtures were stirred in closed vessels at room temperature 
for 24  h. After adsorption, the suspensions were filtered 
using polyamide membrane filters (0.2 μm pore size, What-
man) prior to further analysis.

The removal efficiency (RE%) and the adsorption 
capacity (q, mg/g) of each system was evaluated using the 
formula:

RE (%) = c0 − c

c0
· 100� (1)

q = c0 − c

m
· V � (2)

Where c0 and c are the concentration, before and after sorp-
tion, m the absorbent mass and V of treated solution.

Table 1  Results of as (V) and (III) uptake by Zr-PSU and Zr-PSU-QA. The quantity of the sample added for each batch (15 mL) was 10 ± 0.3 mg
System Metal Sample pH/ [As] mM RE % q (mg/g) mg As per mg Zra)

a As (V) Zr-PSU-QA 3/[0.5] 31.1 17.0 267.5
b As (V) Zr-PSU-QA 3/[1.0] 25.4 28.5 448.5
c As (V) Zr-PSU 3/[0.5] 77.0 43.3 681.4
c’ As (V) GB/PSU 3/[0.5] 0.3 0.17 2.6
c’’ As (V) GB/PSU + Zr-PSU 3/[0.5] 62.5b) 35.1 552.3
d As (V) Zr-PSU 3/[1.0] 58.9 66.2 1041.7
e As (V) Zr-PSU-QA 12/[0.5] 5.2 2.97 46.7
f As (V) Zr-PSU-QA 12/[1.0] 9.9 11.0 173.1
g As (III) Zr-PSU 7/[0.5] 27.2 15.2 239.2
h As (III) Zr-PSU 7/[1.0] 35.5 39.9 627.9
i As (III) Zr-PSU-QA 12/[0.5] 34.5 19.4 305.3
a Normalized adsorption (based on Zr = 63.55 ppm); b Considering only the active material (e.g. Zr-PSU, see below)
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then back-titrated with 0.02 M NaOH. The IEC was 1.93 
meq/g.

2.4.2  1H-NMR Spectroscopy

1H-NMR spectra were recorded with a Bruker Avance 700 
spectrometer operating at 700.18  MHz using deuterating 
solvents (DMSO-d6, CDCl3). A small portion of synthesized 
materials were treated under vacuum before NMR analysis.

2.4.3  FTIR Spectroscopy

FTIR spectra were recorded in transmission mode in the 
range of 4000–500  cm− 1 using a Perkin Elmer Spectrum 
2 IR spectrometer equipped with an ATR Zinc Selenide 
(ZnSe) crystals.

2.4.4  Inductively Coupled Plasma–Optical Emission 
Spectroscopy (ICP-OES)

The heavy metal ion concentrations were determined by 
ICP-OES Perkin Elmer, Avio 200. The solutions were ana-
lyzed after a proper dilution.

2.4.5  2.4.5. Brunauer-Emmett-Teller (BET) Analysis

The BET surface area was determined via nitrogen gas sorp-
tion at 77 K. The samples were vacuum-degassed at 250 °C 
before the analysis. The BET surface area of Zr-PSU was 
269 m2/g and for Zr-PSU-QA 192.5 m2/g.

2.4.6  X-ray Diffraction (XRD) Analysis

XRD patterns were collected using a Panalytical X’Pert 
PRO diffractometer with CuKα radiation, a step size of 
0.033°, and a step scan of 50  s. The XRD diffractograms 
show an amorphous pattern for both samples.

3  Results and Discussion

The synthesis routes of PSU-precursor, Zr-PSU, and Zr-
PSU-QA are illustrated in Fig. 1. Chloromethyl groups 
present in polysulfone (DCM = 1.7) were reacted with 
phenolate groups of terephthalic ester via an SN2 reaction. 
As detailed in the Experimental section, the stoichiometry 
was carefully controlled to ensure that only a fraction of the 
-CH₂Cl groups reacted with the phenolate. This approach 
leaves a portion of the chloromethyl groups unreacted, mak-
ing them available for a subsequent quaternization reaction. 
The PSU linked with the synthon molecule was used to 
assemble the MOF by reaction with further terephthalic acid 

2.3.1  Stability of Zr-PSU and Zr-PSU-QA

The chemical stability of the hybrid materials was evaluated 
by monitoring zirconium release under different pH condi-
tions. Samples of Zr-PSU and Zr-PSU-QA (10 mg) were 
immersed in 10 mL of aqueous solutions adjusted to pH 
3, 7, and 12, respectively, and maintained under stirring at 
room temperature. Aliquots were collected after 1 h, 2 h, 16 
h, and 24 h, filtered, and analyzed by ICP-OES to determine 
the Zr concentration in solution. For Zr-PSU, the Zr con-
centrations were 0.043 ppm (1 h) and 0.044 ppm (24 h) at 
both pH 3 and 7, while at pH 12, the Zr concentration after 
24 h reached 0.51 ppm. For Zr-PSU-QA, the Zr concentra-
tions at pH 12 were 0.044 ppm (1 h), 0.055 ppm (2 h), 0.081 
ppm (16 h), and 0.084 ppm (48 h). Considering the total Zr 
content of 63.55 ppm (determined after complete digestion 
in 25 M NaOH at 80 °C for 96 h and in agreement with 
XPS results [33]), these values correspond to less than 1% 
Zr leaching even under strongly basic conditions, confirm-
ing the high stability of the covalently linked hybrid systems 
in aqueous environments.

2.3.2  Kinetic Measurements

The kinetic measurements were performed for the sample 
Zr-POP at pH = 3 (0.5 mM, As(V)), at 30 min, 1, 2, 4, 8, 16, 
and 24 h of immersion.

2.3.3  Regeneration

The Zr-PSU sample was chosen for the regeneration tests. 
The system was placed at pH = 3 in 0.5 mM As(V); after 
24  h the powder was filtered and regenerated with 1  M 
NaCl solution overnight. The material was then filtered and 
washed with dd water several times, dried over P2O5 and 
weighted. The renewed sample was inserted again into the 
same volume of fresh As(V) solution. Regeneration was 
performed for 3 cycles. The same procedure was used with 
PSU/Zr-PSU-coated GBs. Regeneration was performed for 
4 cycles.

2.4  Characterization Techniques

2.4.1  Ion Exchange Capacity

The IEC (milliequivalents per gram of dry polymer) was 
determined by potentiometric acid–base titration. For OH− 
form, the finely ground powder of Zr-PSU-QA was treated 
in NaOH 0.1 M solution for 24 h and washed with bidis-
tilled water to remove the excess of NaOH for 48 h. After 
drying for 3 days over P2O5, the powder was weighed and 
immersed in 0.02 M HCl for 2 days. The acid solution was 
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moiety accounts for approximately 1.3 H. Upon assembly 
of the Zr-MOF-like structure (Fig. 2b), the peak areas and 
overall spectral features remain largely unchanged, apart 
from further splitting of the ether signal due to interac-
tion with the metal. In the final spectrum of Zr-PSU-QA 
(Fig.  2c), the presence of CH2​ linked to the ammonium 
group is confirmed, and it is split into three peaks centered 
at 4.4 ppm. Additionally, the CH3 groups attached to the 
ammonium appear at approximately 2.9 ppm, also show-
ing a three-peak pattern. The ratio of the areas of the ether 
bonds, benzylammonium groups and methyl groups of PSU 
remains constant.

Figure 3 compares the FTIR spectra of PSU-precursor, 
Zr-PSU, and Zr-PSU-QA. In the PSU-precursor, the pres-
ence of the peak at 1730 cm− 1 is due to the C = O stretch 
of terephthalic acid linked by ether bond to PSU. Other 
signals are due to the typical absorptions of PSU [34] and 

via solvothermal method, adapting the procedure used in the 
synthesis of UiO-66 [13]. The quaternization of unreacted 
CH2Cl groups was carried out in the presence of TMA.

The 1H-NMR spectra of PSU-precursor, Zr-PSU, and 
Zr-PSU-QA are shown in Fig. 2, despite their low solubil-
ity, particularly for the Zr-PSU sample. All spectra exhibit 
characteristic signals of PSU, including the aromatic region 
(6.7–8.1 ppm) and the two methyl groups linked to the qua-
ternary carbon at 1.6 ppm. The signals corresponding to the 
ether bond between the phenolic group of terephthalic ester 
and the chloromethyl groups of PSU appear as a split peak 
between 5.30 and 5.42 ppm (Fig. 2a), reflecting the reaction 
occurring at two distinct chloromethyl groups. The residual 
chloromethyl groups are observed at 4.4 ppm.

Considering 6 H for the methyl groups of PSU, the ether 
bond integration corresponds to 0.6 H, indicating a degree of 
functionalization of 0.3, while the remaining chloromethyl 

Fig. 1  Reaction sequence of the synthesis of: A PSU-precursor, B Zr-PSU, C Zr-PSU-QA
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within the amorphous polysulfone matrix hinder long-range 
order, resulting in uniformly dispersed, short-range Zr–car-
boxylate domains below the XRD detection limit.

Arsenate exists in several forms, such as H3AsO4, 
H2AsO4

−, HAsO4
2−, and AsO4

3−. H2AsO4
− is the predomi-

nant species at pH from 2 to 6, while HAsO4
2−, AsO4

3− are 
the main ions as pH increases from 7 to 10 [39]. As(III) 
exists in neutral form (H3AsO3) at pH < 8.0 and negatively 
charged (H2AsO3

−) at pH >8.0 [39, 40]. The dissociation 
reactions and the corresponding equilibrium constants 
(pKa) of H3AsO4 and H3AsO3 are shown below [41]:

As(V):

terephthalic acid. For the Zr-PSU compound, the peak at 
1730 cm− 1 disappears, and the shift of the signal from 1670 
cm− 1 (carboxylate) to 1650 cm− 1 is observed. In fact, as 
a result of the Zr coordination, carboxylates present two 
peaks, asym and sym stretches at 1650 and 1400 cm− 1, 
respectively [36]. The peaks at 750 and 650 cm− 1 belong 
to Zr─O bonds [37]. The methyl groups linked to nitrogen 
ion (-N+Me3) overlap with the methyl groups of PSU [38].

XRD patterns of both Zr-PSU and Zr-PSU-QA show 
broad amorphous halos without distinct Bragg peaks. 
Although MOFs are typically crystalline, the low MOF load-
ing (≈ 0.3 unit per PSU repeat unit) and covalent integration 

Fig. 2  1H-NMR of a PSU-precursor, b Zr-PSU, c Zr-PSU-QA in DMSO-d6
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charged, which can reduce electrostatic attraction depend-
ing on the oxidation state of arsenic.

Anion exchange mechanism in Zr-PSU-QA. The quater-
nized nitrogen groups carry a permanent positive charge, 
ensuring a consistently favorable Donnan effect, except 
for neutral arsenic species. The exchanged ion depends 
on the solution pH: in acidic and neutral media, chloride 
is exchanged, whereas under basic conditions, hydroxide 
becomes the primary exchanging ion:

HCl : PSU − CH2N (CH3)+
3 Cl− + H2AsO−

4

→ PSU − CH2N (CH3)+
3 H2AsO−

4 + Cl−

NaOH : PSU − CH2N (CH3)+
3 OH− + H2AsO−

3

→ PSU − CH2N (CH3)+
3 H2AsO−

3 + OH−

 Porosity of the materials: The porosity of the hybrid 
materials shows a clear influence on their arsenic adsorption 
performance. The pristine PSU polymer, with a low sur-
face area (6.1 m² g⁻¹) and pore volume (0.025 cm³ g⁻¹) [43], 

H3AsO4 + H2O ⇌ H2AsO−
4 + H3O+|pKa = 2.24

H3AsO−
4 + H2O ⇌ H2AsO2−

4 + H3O+|pKa = 6.69
HAsO2−

4 + H2O ⇌ AsO3−
4 + H3O+|pKa = 11.50

As(III):
H3AsO3 + H2O ⇌ H2AsO−

3 + H3O+|pKa = 9.20
H3AsO2−

3 + H2O ⇌ H2AsO2−
3 + H3O+|pKa = 12.10

HAsO2−
3 + H2O ⇌ AsO3−

3 + H3O+|pKa = 13.40
Several factors influence the arsenic sorption capacity of 

Zr-PSU and Zr-PSU-QA systems:
 Surface charge of MOF-like structures. The charge pres-

ent on the MOF framework strongly affects its interaction 
with arsenic species. UiO-66, as reported in the literature, 
has a pKa of 3.52 [20], an isoelectric point (pHiep) of ~ 5.5, 
and a point of zero charge (pHPZC) of ~ 5 [42]. At pH values 
below 5, the MOF surface is positively charged, promoting 
adsorption of anionic species such as H₂AsO₄⁻. Conversely, 
at pH values above 5, the surface becomes negatively 

Fig. 3  FTIR spectra of a PSU-precursor, b Zr-PSU, c Zr-PSU-QA
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together promote strong interactions with hydroxyl and car-
boxyl groups. Sample d exhibited a slightly lower RE but a 
higher adsorption capacity (q), due to the increased initial 
arsenic concentration.

The coated glass bead systems provided interesting 
insights. PSU-coated GBs (c’) showed negligible adsorp-
tion, while GBs coated with PSU + Zr-PSU (c’’) displayed 
significant uptake, confirming the central role of Zr-PSU 
in arsenic capture. The RE values reported for c’’ are nor-
malized to the Zr-PSU content, underlining the hybrid’s 
effectiveness.

In contrast, Zr-PSU-QA displayed lower adsorption 
efficiency, despite the potential for ion-exchange. At alka-
line pH (systems e–f, Fig.  4 blue), adsorption of As (V) 
sharply decreased. Under these conditions, the MOF sur-
face becomes negatively charged (–COO⁻), leading to 
strong electrostatic repulsion with AsO₄³⁻ species. As a 
result, only the quaternary ammonium groups contribute 
to uptake, though with limited efficiency. Supporting this, 
earlier experiments in our laboratory using PSU-QA alone 
(IEC = 1.6 meq/g, without MOF) yielded less than 3% RE 
for As (V) at pH 7, confirming the decisive role of the MOF 
moiety in enhancing arsenic adsorption.

For As (III) at pH 7, Zr-PSU exhibited moderate uptake, 
possibly facilitated by π–π surface interactions and the high 
porosity of the hybrid. Interestingly, at pH 12 (sample i, 
Fig. 4 red), Zr-PSU-QA displayed improved adsorption of 
As (III) compared to As (V). This can be explained by the 
speciation of arsenite (equilibrium between H₂AsO₃⁻ and 
HAsO₃²⁻), these species carry lower charge density and are 
less hydrated than arsenates, thereby reducing electrostatic 
repulsion and favoring interactions with QA-MOF active 
sites [44]. The smaller size and lower hydration of As (III) 

exhibits negligible adsorption. Incorporation of Zr–MOF-
like structures markedly enhances these properties: Zr-PSU 
displays a BET surface area of 269 m² g⁻¹ and a total pore 
volume of 0.39 cm³ g⁻¹, while Zr-PSU-QA presents slightly 
lower values of 192 m² g⁻¹ and 0.30 cm³ g⁻¹, respectively 
[33]. The increase in average pore diameter from 5.8 nm 
(Zr-PSU) to 6.2 nm (Zr-PSU-QA) is attributed to the steric 
effects introduced by the quaternized ammonium groups. 
These textural improvements result in a more open network 
and better diffusion of arsenic species through the polymer 
matrix.

A quantitative comparison confirms a direct correlation 
between BET surface area, porosity, and adsorption capacity 
(qₑ). At pH 3 and [As(V)] = 0.5 mM, Zr-PSU achieved 77% 
removal efficiency (RE%) and qₑ = 43.3 mg g⁻¹, while Zr-
PSU-QA, with its lower surface area and partial pore block-
age, reached RE = 31.1% and qₑ = 17.0 mg g⁻¹. Increasing 
the initial arsenic concentration to 1 mM further enhanced 
qₑ to 66.2 mg g⁻¹ for Zr-PSU, confirming that a higher poros-
ity supports greater adsorption capacity. The GB/PSU + Zr-
PSU composite maintained good performance (qₑ = 35.1 mg 
g⁻¹) despite reduced active material content, indicating that 
immobilization does not hinder pore accessibility.

Table 1 shows the results for As (III) and As (V) removal 
in different conditions. Figure  4 shows a comparison 
between the data.

According to the results presented in Table  1; Fig.  4, 
the most efficient system for arsenic uptake was Zr-PSU 
(sample c) at pH = 3 with an initial concentration of 0.5 mM 
As (V), showing RE% = 77 and q = 43.3 mg/g. This high 
efficiency can be attributed to the positively charged MOF 
framework at acidic pH, the predominance of H₂AsO₄⁻ 
species, and the enhanced porosity of the material, which 

Fig. 4  Removal efficiency comparison for As(V) (blue) and As(III) (orange) in different systems and concentrations
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The Zr-PSU-QA system displayed even lower Zr release at 
pH = 12 (0.084 ppm after 24 h), likely due to the presence 
of quaternary ammonium groups that stabilize the poly-
mer–MOF interface and hinder Zr–O bond cleavage. The 
minimal leaching observed for both materials highlights the 
effectiveness of covalent integration in preventing detach-
ment or dissolution of MOF-like units, an issue common in 
physically blended MOF/polymer composites.

To investigate the behavior of arsenic sorption process, 
kinetic studies were conducted on the best performing sys-
tem, Zr-PSU at pH = 3 for As(V) adsorption. As shown in 
Fig. 5a, removal efficiency (RE%) increases with contact 
time, as expected. Within the first 30 min, Zr-PSU achieves 
55% As (V) removal, demonstrating a rapid initial adsorp-
tion phase. Moreover, after just 8 h, the system reaches its 
maximum adsorption capacity for As (V). To further analyze 
the uptake mechanism, the adsorption kinetics were evalu-
ated using adsorption kinetic models, the Pseudo-Second-
Order (P-S-O) kinetic model. The following calculations 
were performed to validate the applicability of this model 
[45, 46].

dqt

dt
= k(qe − qt)2� (3)

t

qt
= 1

q2
ek

+ t

qe
� (4)

Where qe (mg/g) represents the amount of arsenic adsorbed 
onto the system at equilibrium, and qₜ (mg/g) is the adsorp-
tion capacity at time t. The P-S-O kinetic model can be 
analyzed by plotting t/qₜ versus t, where the slope of the 
linear fit allows for the determination of q with a value of 
50 mg/g. The qe from mass balance (43 mg/g) is slightly 
lower than the P-S-O model value (50 mg/g) because kinetic 
models provide theoretical fits, while mass balance reflects 
the experimental data directly [47]. The close agreement 
between the two values supports the reliability of the kinetic 
model in describing the adsorption mechanism.

also promote easier diffusion into the polymeric pores, 
unlike the bulkier, more hydrated As (V) species.

Overall, these findings highlight the importance of poros-
ity and charge effects in governing arsenic uptake. Removal 
efficiency (RE%) tends to be higher at lower initial concen-
trations, where abundant active sites capture most arsenic 
ions. At higher concentrations, however, site saturation 
reduces RE%, while adsorption capacity (q, mg/g) increases. 
This trend is particularly evident under acidic conditions, 
for instance, sample d (1.0 mM As V, pH 3) reached RE% = 
58.9 but a notably higher q ≈ 68 mg/g. Under neutral or alka-
line conditions, higher concentration gradients can enhance 
arsenic transport to adsorption sites, partially offsetting the 
drop in RE.

To contextualize the performance relative to active metal 
loading, adsorption capacities were normalized to the bulk 
Zr content (63.55 ppm, determined by ICP). For the best 
performing sample (Zr-PSU, qₑ = 43.3 mg·g⁻¹) this corre-
sponds to 681.4 mg As per mg Zr. These large normalized 
values reflect the low Zr loading: adsorption is provided 
by the integrated MOF–polymer architecture that provides 
many binding sites (linker carboxyls, node hydroxyls, QA 
groups, and porosity), not by isolated Zr atoms alone, and 
emphasize the high adsorption efficiency achieved per unit 
metal. Notably, PSU-QA without MOF (c’) exhibits only an 
adsorption of 2.6 mg As per mg Zr, underscoring the crucial 
role of the MOF-like domains in enabling effective arsenic 
capture.

Concerning the stability of the systems, Zr-leaching 
results confirm the excellent chemical robustness of both 
hybrid materials over a wide pH range. For Zr-PSU, zir-
conium release remained negligible at pH = 3 and 7 (≈ 0.04 
ppm after 24 h), indicating strong coordination between Zr 
centers and the terephthalate linkers covalently anchored to 
the polysulfone backbone. At pH = 12, a slightly higher Zr 
concentration (0.51 ppm after 24 h) was observed, suggest-
ing partial hydrolysis of peripheral Zr–O bonds in highly 
alkaline media. However, this still represents less than 1% 
of the total Zr content, demonstrating that the hybrid frame-
work remains largely intact even under harsh conditions. 

Fig. 5  a Removal efficiency vs. time for As(V) by Zr-PSU (pH = 3) and b P-S-O plot of As(V) concentration vs. time
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by rearrangement of the neighboring polymer/MOF ligand 
environment. The spectrum after the regeneration of PSU-
MOF at pH = 3 shows no evident differences compared 
to the initial spectrum under the same pH conditions (not 
shown).

Preliminary studies on the regeneration of Zr-PSU were 
conducted at pH 3 in 0.5 mM As (V). Regeneration was 
attempted through a simple recovery process involving 
immersion in a NaCl solution [48]. The regeneration effi-
ciency was evaluated after single adsorption–desorption 
cycles. The system cR3, as reported in Table 2, exhibited 
a regeneration efficiency of 56%, indicating only partial 
regeneration after the third cycle. This limited recovery 
suggests that the binding of H₂AsO₄⁻ species to the Zr-PSU 
material is relatively strong and not easily reversed by NaCl 
treatment alone.

FTIR spectra recorded after arsenic adsorption (Fig. 6) of 
PSU-MOF at pH = 3 show systematic, concentration-depen-
dent shifts in several bands. The band at 857  cm⁻¹ shifts 
to 855 and 853 cm⁻¹ for 0.5 and 1.0 mM As, respectively, 
while the band at 660 cm⁻¹ downshifts to 654 and 645 cm⁻¹, 
consistent with perturbation of As–O and Zr–O/Zr–OH 
vibrational modes. Concurrently, the feature near 818 cm⁻¹ 
shifts upward to 829 and 833 cm⁻¹ with increasing arsenic 
loading. The red-shifts observed for the Zr–O region indi-
cate weakening/lengthening of Zr–O bonds upon formation 
of Zr–O–As inner-sphere complexes, whereas the blue-shift 
at 818 cm⁻¹ suggests local stiffening or electronic redistri-
bution in adjacent ligand moieties (e.g. constrained car-
boxylate or altered hydrogen-bonding). Collectively, these 
spectral changes support a dominant chemisorption mecha-
nism involving coordination to Zr centers, accompanied 

Fig. 6  FTIR spectra of Zr-PSU before and after As(V) adsorption at pH = 3 with different initial concentrations (0.5 mM and 1.0 mM)
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efficiency (RE%), adsorption capacity (mg/g), initial arse-
nic concentration, and pH. Among them, the UiO-66 system 
achieves a very high adsorption capacity compared to other 
materials. Although the removal efficiency values obtained 
in this work are comparable to or lower than those reported 
in the literature, it is important to consider the degree of 
functionalization of the system. Specifically, the amount of 
Zr-MOF-like structure is 0.3 per repeating unit of the poly-
mer, corresponding to approximately 1.4 atomic percent of 
Zr. Further improvement possibilities include increasing the 
density of Zr-MOF-like units within the polymer matrix, 
to improve the adsorption capacity. Higher MOF integra-
tion could lead to a larger surface area, providing more 
active sites for interaction with arsenic. These strategies, 
by increasing the adsorption efficiency, may make Zr-PSU-
based materials more competitive for water purification 
applications.

  

4  Conclusions

This study reports the application of Zr-PSU and Zr-PSU-
QA systems, in which Zr–MOF-like structures are cova-
lently linked to polysulfone, for the removal of As(III) and 
As(V) under different pH conditions and concentrations. 
The synthesis strategy was based on anchoring a terephthal-
ate moiety onto PSU, serving as a MOF linker, followed 
by MOF-like assembly and quaternization. The sorption 
capacity of the systems was found to depend on several 
key factors. The charge on the MOF-like structures gov-
erned uptake in acidic conditions, while the anion-exchange 
mechanism in Zr-PSU-QA dominated at high pH. Porosity 
strongly influenced performance across all conditions. The 
best removal efficiency was obtained with Zr-PSU at pH 3 
for As(V), while moderate As(III) uptake was observed at 
neutral pH. At alkaline pH, Zr-PSU-QA exhibited enhanced 
As(III) adsorption due to the quaternized ammonium moi-
eties, which provide permanently positive charge sites. 
Adsorption kinetics followed a pseudo-second-order model, 
consistent with a chemisorption-driven mechanism. FTIR 

The primary adsorption mechanisms likely involve coor-
dination with hydroxyl and carboxyl functional groups on the 
Zr-PSU framework, forming stable inner-sphere complexes 
with arsenate anions. Furthermore, it is plausible that a frac-
tion of the H₂AsO₄⁻ species becomes immobilized within 
micropores, where desorption is hindered by restricted dif-
fusion pathways and limited access to exchange sites. Con-
sequently, chloride ions cannot fully penetrate or displace 
the bound arsenate species, resulting in only partial regen-
eration of the bulk powder. In contrast, the GB/PSU + Zr-
PSU system, regenerated under identical conditions (pH = 3, 
0.5 mM As(V), NaCl solution), demonstrated significantly 
enhanced performance. After four successive adsorption–
regeneration cycles, the system maintained a regeneration 
efficiency of 98.9%, indicating excellent recovery and sta-
bility. This improvement is attributed to the uniform dis-
persion of the active material as a thin coating on the glass 
beads, which enhances surface accessibility and minimizes 
intraparticle diffusion limitations. The open structure facili-
tates faster ion exchange between Cl⁻ and adsorbed arsenate 
species, leading to more complete desorption and efficient 
regeneration. Additionally, the mechanical stability of the 
supported layer prevents agglomeration or structural deg-
radation, preserving the material’s long-term performance. 
Further studies exploring alternative regenerating agents, 
concentrations, and cycling conditions will help elucidate 
the detailed regeneration mechanism and optimize the sys-
tem’s reusability.

Table  3 compares various arsenic adsorption systems 
based on MOFs, highlighting parameters such as removal 

Table 2  Regeneration of systems c (Zr-PSU) and c’’ (GB/PSU + Zr-
PSU) for 0.5 mM As(V) at pH = 3 after the 3rd (cR3) and 4th (c’’R4) 
cycle respectively, and the Zr detected in solution after the regenera-
tion
System RE% Regeneration efficiency%* Zr (ppm)
c 77.0 -
cR3 43.0 56.0 0.037
c’’ 62.5 -
c’’R4 61.8 98.9 0.034
* The values ​​are calculated considering RE = 100% for the systems 
c and c’’

Table 3  Different systems used for arsenic removal and their removal efficiency (RE%), adsorption capacity (q, mg/g), and final concentration of 
as (ppm)
System RE% q (mg/g) [As] (ppm) As species pH Refs.
PSU 20 - 1 As(V) 2.6  [49]
UiO-66 85 68.2 0.5 As(III-V) 7–10  [50]
PMS/UiO-66 95 - 1.1 As (III) 3–11  [51]
MIL-53(Fe) 99 21.3 20 As (V) 5  [52]
Fe3O4@UiO-66 - 73.2 150 As (V) 7  [53]
Fe–BTC - 12.3 5 As (V) 2–12  [54]
Fe3O4@TA@UiO-66 80 97.8 10 As (III) 3–11  [55]
Zr-PSU 77 50.0 62 As (V) 3 This work
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