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Amino-modified microporous hyper-crosslinked resins for heavy metal 
ions adsorption 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Micro/mesoporous hyper-crosslinked 
resins were synthesized. 

• Micro/mesoporous resins were func
tionalized with amino moieties. 

• Pb and Cu ions were captured through 
adsorption. 

• Amino-modification enhances more 
than 3 times the adsorption of metal 
ions. 

• The proposed mechanism environ
mental relevance relies in its sponta
neity, reversibility, energy- and cost- 
effectiveness.  
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A B S T R A C T   

In this work, a high surface area micro/mesoporous hyper-crosslinked resin based on vinylbenzyl chloride and 
divinylbenzene is synthesized through a solvent-free polymerization followed by Friedel-Crafts alkylation. The 
hyper-crosslinked resin is then functionalized with amino moieties and the effect of the functionalization on the 
adsorption of metal ions is evaluated. After a chemical-physical characterization of the hyper-crosslinked resins, 
equilibrium adsorption tests of Pb(II) and Cu(II) in water are performed. The plain and amino-modified hyper- 
crosslinked resins (HCLR and HCLR-NH2) exhibit specific surface area (SSA) of about 1800 m2/g and 800 m2/g, 
respectively. They both exhibit micro/mesoporous structure, and their pore size distribution is modified upon 
functionalization. The amino-functionalization, while reducing prevalently the mesoporosity of the resin, does 
not significantly affect the micropores. HCLR-NH2 displays higher efficiency in removing both metal ions from 
aqueous solution compared to the unmodified resin. HCLR-NH2 is able to capture up to about 70 % of Pb(II) and 
up to about 48 % of Cu(II) dissolved in water at 5 mg/L concentration while in the same tests, HCLR captures 
about 25 % of Pb(II) and 17 % of Cu(II). The resins adsorption mechanisms follow the Langmuir model, 
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suggesting a specific and functional groups-related adsorption mechanism. Therefore, the major adsorption ca
pacity of HCLR-NH2 is to be primary attributed to the grafted amino moieties, which establish chelating in
teractions with the metal cations. Overall, results assess the relevance of the micropores and the amino 
functionalization to capture Pb and Cu ions via adsorption.   

1. Introduction 

Тhe development of the industry and the continuous worldwide 
growth of the population lead to production of the large amounts of 
wastewater every day. Wastewaters contain various contaminants, 
including heavy metals, that are amongst the most dangerous toxic 
pollutants. Since heavy metals are non-biodegradable, when they enter 
the ecosystem, through the food chain or by long term exposure, they 
can cause serious health problems [1]. 

In order to protect the environment from harmful influence of heavy 
metals, wastewaters must undergo appropriate treatment before 
discharge. Different methods have been utilized to remove heavy metals 
from wastewater, such as adsorption, ion exchange, membrane filtra
tion, chemical precipitation [2–5]. 

Because of its simplicity, low-costs and high efficiency, adsorption is 
the most widely used method for heavy metals elimination from aqueous 
solutions. Adsorption shows great potentiality due to its ease of design 
and operation, low cost, high removal capacity and due to its revers
ibility, which allows to regenerate and reuse the adsorbent. Moreover, 
adsorption processes do not induce the formation of harmful substances 
[6]. 

Many conventional materials, such as clay minerals, activated car
bon and zeolites have long term application as heavy metals adsorbents 
[7,8]. Nowadays, the goal of many researchers, in the direction of 
environmental protection, is to find and develop new efficient, low 
impact and reusable area materials for heavy metals adsorption from 
wastewater. Recently developed advanced adsorbents comprehend 
graphene-based materials [9–11], properly functionalized mesoporous 
silica nanoparticles [12,13], microporous polymers and hybrids such as 
metal organic frameworks [14], covalent organic frameworks [15], 
porous aromatic frameworks [16], conjugated polymers [17], polymers 
of intrinsic porosity [18], Schiff-based polymers, characterized by the 
presence of azomethine linkages in their structures [19] and 
hyper-crosslinked resins (HCLRs) [20–23]. 

In particular, hyper-crosslinked resins are very interesting as they 
can be properly designed and synthesized to be employed as highly 
efficient heavy metals adsorbents, because of their large surface area, 
high porosity, adjustable pore size, morphology and functionality and 
their thermal and chemical stability [24–26]. For example, the great 
advantage in using hyper-crosslinked resins for adsorption applications 
lies in the possibility to modulate their porous structure and function
alities by adding functional nanofillers [27,28], by inducing copoly
merization with functional monomers [29] or by post-synthesis 
functionalization [30,31]. Indeed, specific tuning of porosity and sur
face chemistry are primary in order to develop functional materials with 
high adsorption capacity towards selected pollutants and with 
anti-interference ability in complex environments [32–36]. 

Many researches focused on the enhancement of the adsorption ca
pacity of hyper-crosslinked resins upon the grafting of amino moieties or 
different N-containing functional groups on the resin structure. For 
instance, methylamine modified resins showed great efficiency in citric 
acid adsorption and desorption [37] and the adsorption of p-nitro
benzoic acid was demonstrated to be dramatically improved by modi
fying the polymer with amino-groups able to increase the hydrophilicity 
of the resin [38]. Amino-functionalized hyper-crosslinked resins have 
also shown high potential for CO2 capture [31,39]. The effectiveness in 
heavy metals adsorption of these polymers is likewise reported due to 
amine groups capacity of anchoring metal ions [40–42]. Indeed, the 
interaction between metals and N-atoms is well-known [43,44] and 

largely exploited for heavy metal adsorption [19,45] and other fields 
such as corrosion protection [46,47], which further corroborate the 
potentiality of the amino functionalization of the adsorbents to improve 
the adsorption of heavy metals. 

Here, high surface area amino-functionalized hyper-crosslinked 
resins were prepared by a high yield and versatile procedure based on 
the bulk polymerization of a vinylbenzyl chloride-divinylbenzene 
copolymer followed by Friedel-Crafts hyper-crosslinking reaction and 
amino-functionalization by a nitration/reduction process. The obtained 
plain and amino-functionalized resins were characterized in terms of 
morphology and by spectroscopic and thermal analysis. Amino- 
functional groups were quantified through ninhydrin assay and the 
porous structure of the resins before and after amino-functionalization 
was characterized by nitrogen adsorption analysis. Finally, the effect 
of the amino-functionalization on the adsorption capacity of the high 
surface area resin towards metal ions was evaluated by equilibrium 
adsorption tests of Pb(II) and Cu(II). Pb and Cu were selected as target 
heavy metal pollutants due to their relevance in several sectors. Indeed, 
lead is present in several products for different applications, such as 
batteries [48] and radiation protective equipment [49]. Recently, so
lutions towards its capture and immobilization have been investigated 
also to solve issues related to its possible leakage from perovskite solar 
cells [50]. Moreover, copper is frequently present in high concentrations 
in wastewater as it is widely used in industrial applications, such as 
metal polishing, electroplating, and etching. [51]. 

2. Materials and methods 

2.1. Reagents and chemicals 

Vinylbenzyl chloride (VBC, ≥ 95.0 %, mixture of isomers, ~70 % 
meta + ~30 % para), p-divinylbenzene (DVB, 85 %, meta isomer 
~10 wt%), 2,2′-azobis(2-methylpropionitrile) (AIBN, > 98 %), FeCl3 (≥
97 %), nitric acid (ACS reagent, 70 %), sulfuric acid (ACS reagent, 
95.0–98.0 %), NaOH (≥ 97.0 %, pellets), stannous chloride (reagent 
grade, 98 %), hydrochloric acid (ACS reagent, 37 %), ninhydrin, pyri
dine (≥ 99.0 %), (3-aminopropyl)triethoxysilane (APTES, ≥ 99.0 %), 
ethanol, 1,2-dichloroethane (DCE) and all solvents were purchased by 
Sigma-Aldrich (Milan, Italy) and used without further purification. 

The preparation of metal ions solutions was made using salts of lead 
nitrate (Merck) and copper (II) nitrate trihydrate (Carlo Erba Reagents). 
0.1 M NaOH and 0.1 M HNO3 were added to adjust the pH of the so
lutions. All reagents and chemicals used in the adsorption experiment 
were of analytical grade. 

2.2. Synthesis and functionalization of hyper-crosslinked resins 

Amino-functionalized hyper-crosslinked resins were prepared by 
previously reported procedure based on bulk polymerization followed 
by Friedel-Crafts hyper-crosslinking and a nitration/reduction process 
[31]. In detail, DVB and VBC were mixed in the 2/98 molar ratio under 
nitrogen, then 0.5 phr AIBN was added and mixing was continued for 
30 min. The mixture was taken to 80 ◦C and polymerization was carried 
out for 6 h. The obtained polymer was purified with methanol and 
acetone, dried and then subjected to hyper-crosslinking through 
Friedel-Crafts reaction, promoted by FeCl3. In the specific, the precursor 
polymer was swollen in DCE (15 mL per gram of polymer) at room 
temperature for 2 hours under N2 flux; then, the mixture was cooled 
with an ice-bath and FeCl3 (0.85 phr) was added; after 2 hours, the 
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mixture was heated to 80 ◦C, promoting the hyper-crosslinking reaction. 
The resulting polymer (coded HCLR) was purified with water and 
methanol and dried in oven at 80 ◦C under vacuum. Then, HCLR was 
added to a mixture of HNO3/H2SO4/H2O (75/20/5 by volume), kept 
under nitrogen, in an ice bath, and stirred for 1 h. This mixture was 
poured slowly into a 10 M NaOH solution and then the product was 
purified with water until neutrality. The reduction of this product was 
induced by SnCl2 in a HCl/ethanol equivolume solution, under nitrogen, 
for 2 h at 60 ◦C. The resulting resin was washed with a diluted H2SO4 
solution, neutralized with distilled water and dried. This sample was 
coded HCLR-NH2. 

2.3. Morphology, chemical-physical and textural properties of the hyper- 
crosslinked resins 

HCLR and HCLR-NH2 were characterized by scanning electron mi
croscopy using a FEI Quanta 200 FEG SEM. The hyper-crosslinked resins 
were deposited on aluminum stubs covered by carbon adhesive disks 
and the analysis was performed using a secondary electron detector and 
an acceleration voltage of 30 kV. 

The amino-modification of the hyper-crosslinked resins was assessed 
by means of Fourier transform infrared (FTIR) spectroscopy and by 
ninhydrin assay. 

FTIR analysis was performed on HCLR and HCLR-NH2 in attenuated 
total reflectance (ATR) mode using a PerkinElmer Spectrum One FTIR 
spectrometer equipped with an ATR module. Measurements were per
formed with a resolution of 4 cm− 1 and 32 scan collections. 

The ninhydrin assay was performed on HCLR-NH2. A ninhydrin/ 
pyridine solution was prepared by dissolving 280 mg of ninhydrin and 
10 mL of pyridine in 40 mL of ethanol; an excess of ninhydrin solution 
was added to a beaker containing the amino-modified resin, which was 
stirred, in the dark, at 90 ◦C for 30 min. The concentration of the 
Ruhemann’s Blue complex formed in this condition was evaluated 
through UV–vis spectroscopy, using a Jasco V570 UV spectrophotom
eter and a previously recorded calibration curve of the Ruhemann’s Blue 
obtained by reaction of ninhydrin with APTES in similar conditions. 

Thermogravimetric analysis (TGA) was also carried out on HCLR and 
HCLR-NH2 by using a Perkin Elmer Pyris 1 thermogravimetric analyzer. 
The samples were analyzed in oxidizing atmosphere, at 10 ◦C/min 
heating rate, from room temperature to 800 ◦C. 

Gas adsorption volumetric analysis was performed on HCLR and 
HCLR-NH2 using a Micromeritics 3Flex analyzer. Specific surface area 
(SSA) was determined by N2 adsorption measurements at 77 K from the 
linear part of the Brunauer-Emmett-Teller (BET) equation. The specific 
pore volume was evaluated at 0.97 p/p0. Nonlocal density functional 
theory (NLDFT) was applied to the nitrogen adsorption isotherms to 
evaluate the pore size distribution of the materials. The microporous 
fraction was evaluated as the percent ratio of the volume of pores of 
width lower than 2 nm over the total pore volume of the resins. Prior to 
the analyses all samples were degassed at 100 ◦C under vacuum (P <
10− 7 mbar) and all the adsorption measurements were performed using 
high purity gases (> 99.999 %). 

2.4. Adsorption of metal ions 

Adsorption experiments were performed using batch adsorption 
technique. The equilibrium data were obtained for five different initial 
concentrations of Pb(II) and Cu(II) ions (5, 10, 15, 20 and 25 mg/L) for 
both examined materials. The Erlenmeyer flasks containing 100 mL of 
each solution with different initial Pb(II) or Cu(II) ions concentration 
and 0.1 g of the adsorbents were placed on the shaker (Certomat R, B. 
Braun by Biotech International) for continuous mixing for 5 h at 180 rpm 
at room temperature. Tests were performed at pH 6 for all solutions. To 
determine the residual concentration of Pb(II) and Cu(II) ions after the 
adsorption, the atomic absorption spectrophotometer (Agilent 55B AA) 
was utilized. Langmuir and Freundlich isotherms were applied to 

process the experimental data. All experiments were conducted in 
triplicate; average results and standard deviation were calculated. 

3. Results and discussion 

3.1. Morphology, chemical-physical and textural properties of the hyper- 
crosslinked resins 

HCLR and HCLR-NH2 resins were synthesized and functionalized 
through bulk polymerization, hyper-crosslinking and through nitration/ 
reduction as schematized in Fig. 1. 

The resins appear as particles of irregular shape with dimension up to 
40 μm, as evidenced in SEM micrographs (Fig. 2a). The amino- 
modification does not affect their morphology. On the other hand, the 
effect of the –NH2 grafting on the resin chemical structure was investi
gated qualitatively by FTIR analysis and quantitatively by ninhydrin 
assay. The FTIR spectrum of HCLR-NH2 (Fig. 1b) exhibits the typical 
absorption signals of the -NH2 groups, with the broad N-H absorption 
band in the range 3000–3670 cm− 1, the N-H bending at 1601 cm− 1, the 
aromatic and aliphatic C-N absorption signals between 1287 and 
1127 cm− 1 (Fig. 1a) [38]. Through the ninhydrin assay, based on the 
reaction of ninhydrin with primary amines, the NH2 content in 
HCLR-NH2 was found to be 2.53 ± 0.27 mmol/g. TGA analysis was 
performed on the plain and amino-modified resins. HCLR exhibit a slight 
weight gain which can be attributed to the oxidation of methylene bonds 
[52,53]. The amino-modified material exhibits slightly anticipated 
degradation in comparison to HCLR, ascribable to the thermal degra
dation of amino moieties (Fig. 1c) [30,31]. In this way, the 
amino-functionalization proposed does not affect significantly the 
hyper-crosslinked resin thermal properties and potential applications. 

HCLR and HCLR-NH2 textural properties were investigated by ni
trogen adsorption analysis. HCLR exhibits the type IV IUPAC isotherm 
with a significant hysteresis, typical of micro/mesoporous materials 
(Fig. 3a) [54]. Upon functionalization, HCLR-NH2 acquires a more 
microporous structure, characterized by the typical type I/Langmuir 
isotherm (Fig. 3a). Indeed, pore size distributions graphs of HCLR and 
HCLR-NH2 show that, while the first sample presents a very wide 
porosity distribution, with most of the porosity included between about 
1 and 10 nm, the amino-modified resin porosity prevalently ranges from 
0.4 nm up to 4 nm (Fig. 3b), reaching a microporosity fraction of 72 % 
(Table 1). Furthermore, as also evidenced in the cumulative pore volume 
magnification (Fig. 3d), HCLR-NH2 exhibits higher porosity in the range 
0.4–1.3 nm. 

Specific surface area of HCLR and HCLR-NH2 were evaluated by BET 
and Langmuir models, and results are reported in Table 1. As antici
pated, given the type of isotherms, the BET model results to be more 
appropriate for the plain resin and the Langmuir model is more suitable 
for the prevalently microporous amino-modified resin. While the total 
amount of porosity is reduced by the amino-functionalization (from 1.36 
to 0.36 cm3/g), the above underlined increase of the content of micro
pores narrower than 1 nm results useful for adsorption applications both 
in water and air [31,55]. 

3.2. Adsorption of metal ions 

The efficiency of the adsorbents on elimination of metal ions is 
perceived by determining the percentage of removal (R, %) using the 
following equation: 

R =
C0 − Ce

C0
• 100 (1)  

where C0 (mg/L) is the initial metal ion concentration and Cе (mg/L) is 
the equilibrium concentration. 

The amount of metal ions adsorbed at equilibrium, qe (mg/g), was 
calculated utilizing the relation bellow: 
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qe =
(C0 − Ce)⋅V

m
(2)  

where V (L) is volume of the solution and m (g) is the amount of the 
adsorbent. 

The adsorption experiments for HCLR and HCLR-NH2 were carried 
out with initial metal ion concentration of 5, 10, 15, 20 and 25 mg/L, 
using 0.1 g of adsorbents. Test were performed after assessing the 

equilibrium adsorption time through repeated measure, which was 
found to be lower than 5 h. According to literature data, the best results 
for adsorption of Pb(II) and Cu(II) ions using these type of materials 
were achieved at pH 5–6, and therefore the adsorption tests were per
formed at pH 6 for all solutions [41,56,57]. The influence of the initial 
Pb(II) and Cu(II) ions concentration on the removal percentage for HCLR 
and HCLR-NH2 are presented in Figs. 4a and 4b, respectively. 

As shown, the amino-modified resin exhibits significantly higher 

Fig. 1. Schematization of the hyper-crosslinked resins synthesis and functionalization processes.  

Fig. 2. SEM images (a), FTIR spectra (b) and TGA traces (c) of HCLR and HCLR-NH2.  
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removal efficiency with respect to HCLR in all cases, capturing up to 
about 70 % of Pb(II) dissolved in water at 5 mg/L concentration and up 
to about 48 % of Cu(II) at 5 mg/L concentration. Then, the percentage of 
removal shows a decreasing trend as the initial concentration of metal 
ions increases in all cases. This trend occurs because at lower concen
trations all metal ions present in the solutions are able to interact with 
the adsorption sites on the adsorbent surface, hence the higher efficiency 
of removal. At higher concentrations, because of the saturation of the 
adsorption sites, more metal ions remain unadsorbed in the solution. 
Indeed, a similar trend of the impact of initial metal ion concentration on 
the adsorption efficiency was reported by other researchers [40,57]. The 
Pb(II) removal efficiency decreases approximately from 25 % to 9 % for 
HCLR and from 70 % to 39 % for HCLR-NH2 as the Pb(II) ions concen
tration increases from 5 mg/L to 25 mg/L. The same changes in the 
adsorption effect from the initial concentration occurs during the 
adsorption of copper ions. The removal efficiency of HCLR and 
HCLR-NH2 gradually decreases approximately from 17 % to 6 % and 
from 48 % to 21 %, respectively, as the initial concentration of Cu(II) 
increases from 5 to 25 mg/L. 

The initial concentration provides also a great driving force to 
overcome all mass transfer resistance of metal ions between the aqueous 
and solid phases [58]. Hence, with increasing the initial concentration of 
metal ions in solution, the adsorption capacity qe of the resins increases 
(Fig. 4c-d). As seen in Fig. 4c, when the initial Pb(II) ions concentration 
increases from 5 to 25 mg/L, the adsorption capacity of HCLR increases 
from 1.34 ± 0.15 mg/g to 2.30 ± 0.25 mg/g and for the 
amino-functionalized resin, HCLR-NH2, the uptake increase is more 
significant, from 3.77 ± 0.21 mg/g to 9.88 ± 0.23 mg/g. 

Fig. 4d shows the same increasing trend of the adsorption capacity 
for Cu(II) ions influenced by the increasing of the initial metal ion 
concentration from 5 to 25 mg/L, and it changes gradually from 0.85 ±
0.06 mg/g to 1.63 ± 0.11 mg/g for HCLR and from 2.42 ± 0.09–5.44 ±
0.13 mg/g for HCLR-NH2. 

The results of the adsorption tests show the comparison of the effi
ciency between HCLR and the amino-modified resin, HCLR-NH2, for Pb 
(II) and Cu(II) adsorption. The amino-modified material is more effec
tive, exhibiting higher values of removal percentage as well as of 
adsorption capacities at all concentrations for both metal ions. This was 
due to the possible ions chelation with amino groups and to the pres
ence, upon modification, of a higher microporous fraction in the HCLR- 
NH2 resin than in HCLR [31,59,60]. 

Adsorption isotherms are important for adsorption equilibria 
description. The Langmuir and Freundlich isotherm models, which are 
the most frequently used models for practical application, are employed 
in this study to describe the adsorption behavior. The Langmuir 
adsorption isotherm applies to monolayer sorption without interaction 
between adsorbed molecules. Its linear form is represented by the 
following equation: 

Fig. 3. Nitrogen adsorption/desorption isotherms (a), NLDFT pore size distribution (b), and cumulative pore volume (c, d) of HCLR and HCLR-NH2.  

Table 1 
SSA and porosity values of HCLR and HCLR-NH2.  

Sample BET specific 
surface area 
(m2/g) 

Langmuir 
specific surface 
area (m2/g) 

Specific pore 
volume 
(cm3/g) 

Micropore 
fraction (%)* 

HCLR 1750 ± 16 2970 ± 66  1.36  24 
HCLR- 

NH2 

819 ± 3 1140 ± 3  0.36  72  

* percentage of micropores over total pore volume 
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Ce

qe
=

1
qm⋅b

+
Ce

qm
(3)  

where qm [mg/g] is the maximum adsorption capacity while b [l/mg] is 
the Langmuir equilibrium constant. 

The dependence of Ce/qe vs. Ce for Pb(II) and Cu(II) adsorption onto 
HCLR and HCLR-NH2 are shown in Fig. 5a-b. 

The first empirical equation of an adsorption isotherm is given by 
Freundlich and it is applicable for monolayer and multilayer adsorption. 
Its linear form has the following expression:  

logqe = 1/n ּ logCe + logKF                                                             (4) 

where KF [mg/g] is the Freundlich constant and n is empirical parameter 
related to the intensity of adsorption. 

The linear Freundlich plots for Pb(II) and Cu(II) adsorption onto 
HCLR and HCLR-NH2 are given in Fig. 5c-d. 

Using the equations on the graphs above, maximum adsorption ca
pacities, qm, the Langmuir equilibrium constant, b, the Freundlich con
stant, KF, and the empirical parameter, n, were calculated and their 
values as well as the values of the correlation coefficients, R2, are pre
sented in Table 2. 

The obtained values of the maximum adsorption capacity, qm, from 
Langmuir isotherm, and the Freundlich constant, KF, show that HCLR- 
NH2, has higher adsorption capacity than HCLR, which confirms the 
previous conclusion on greater efficiency of the modified material for 
removal of the Pb(II) and Cu(II) ions than its unmodified form at the 
same experimental conditions. These results also indicate a greater 
sorption capacity for Pb(II) than for Cu(II), in accordance with literature 
data [41], which is due to the higher atomic weight of Pb with respect to 
Cu. Indeed, if considered the molar amounts, Cu(II) is adsorbed in higher 
extent than Pb(II), probably due to the higher coordination number, i.e. 

the number of amine groups that coordinate each metal ion, showed by 
Pb(II) in comparison to Cu (II) [61]. 

The linearity of the plots as well as the higher values of the co
efficients of correlation, (R2>0.98) indicate that the Langmuir isotherm 
fits better than the Freundlich isotherm, for both examined materials 
and for both metal ions. These trends clearly indicate that the adsorption 
of Pb(II) and Cu(II) takes place prevalently in small micropores in HCLR 
and HCLR-NH2 and through specific site interactions. Therefore, large 
mesopores present in HCLR do not contribute significantly to the 
adsorption of metal ions. In particular, in the amino-modified resin, it is 
likely that adsorption of metal ions takes place due to chelation with the 
amino functionalities, explaining the greater uptake of HCLR-NH2 with 
respect to HCLR. Therefore, the amino-functionalization here proposed 
is particularly suitable for the application of hyper-crosslinked resins as 
metal ions adsorbents. Indeed, although with the amino-functionality 
process it is associated a reduction in total pore volume of the high 
surface area resin, this factor does not affect the hyper-crosslinked resin 
capacity to adsorb metal ions. On the other hand, the grafting of -NH2 
groups on the hyper-crosslinked resin structure allows to greatly 
enhance the adsorption of metal ions such as Pb(II) and Cu(II), more 
than 4 and 3 times, respectively, with respect to the unmodified high 
SSA hyper-crosslinked resin. 

The maximum uptake of the metal ions here tested by the amino- 
functionalized hyper-crosslinked resin HCLR-N2, 5.44 ± 0.13 mg/g for 
Cu(II) and 9.88 ± 0.23 mg/L for Pb (II), fit in the middle of the range of 
performances of literature materials [40]. It is to note that the adsorp
tion capacity of these resins depends on experimental conditions such as 
dosing ratio (mass of adsorbent per volume of metal salt solution) and 
the initial concentration of the metal salt solution. Also, the equilibrium 
adsorption curves of HCLR-NH2 have not reached plateau values yet, 
especially in the case of Pb adsorption (Fig. 4c,d), therefore an increase 

Fig. 4. Effect of initial concentration on adsorption of Pb(II) (a) and Cu(II) (b) on HCLR and HCLR-NH2, Pb(II) (c) and Cu(II) (d) equilibrium adsorption isotherms of 
HCLR and HCLR-NH2. 
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of Qe with increasing the initial metal salt concentration (C0) is ex
pected. On the other hand, HCLR-N2 performance in these conditions is 
lower than commercial cation exchange resins developed for heavy 
metals adsorption [62]. In summary, the developed hyper-crosslinked 
resins show very high specific surface area and high amount of micro
porosity, which is a very good premise for adsorption application; 
further improvement of the functionalization extent is needed in order 
to reach competitive heavy metal adsorption performances with 
state-of-art materials. 

4. Conclusion 

In this study, vinylbenzyl chloride/divinylbenzene-based hyper- 
crosslinked resins were synthesized through bulk polymerization and 
Friedel-Crafts alkylation and then functionalized with amino moieties. 
The obtained materials are micro/mesoporous resins characterized by 
high SSA and different functionalities. Although the amino-modification 

induces a decrease of the resin SSA and total pore volume, it does not 
affect significantly the micropores. 

The hyper-crosslinked resins chemical and textural properties were 
correlated to their adsorption capacities of heavy metal ions. HCLR and 
HCLR-NH2 were tested for the adsorption of Pb(II) and Cu(II). The 
Langmuir and Freundlich isotherm models were employed to study the 
equilibrium data and the results show that the Langmuir model provides 
better correspondence for all systems adsorbent/metal ion. 

The amino functionalized microporous resin HCLR-NH2 exhibited 
higher efficiency than the unmodified HCLR, more than 4 and 3 times, 
respectively, in removing Pb(II) and Cu(II) from aqueous solutions. This 
is to be primary attributed to the grafted amino moieties, which estab
lish chelating interactions with the metal cations. Therefore, the 
decrease of total pore volume registered upon the amino functionali
zation is not detrimental for the adsorption of metal ions and the pro
posed approach is suitable for the realization of high surface area hyper- 
crosslinked resins for the adsorption of heavy metal ions. 
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6.59  0.241  0.998  1.80  2.54  0.939  

K. Burevska-Atkovska et al.                                                                                                                                                                                                                  



Colloids and Surfaces A: Physicochemical and Engineering Aspects 700 (2024) 134720

8

Methodology, Conceptualization. Gennaro Gentile: Writing – review & 
editing, Visualization, Supervision, Methodology, Conceptualization. 
Maria Emanuela Errico: Writing – review & editing, Validation, 
Methodology. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

Data will be made available on request. 

References 

[1] K. Rehman, F. Fatima, I. Waheed, M.S.H. Akash, Prevalence of exposure of heavy 
metals and their impact on health consequences, J. Cell. Biochem. 119 (2018) 
157–184. 

[2] R.J. Stephenson, S.J.B. Duff, Coagulation and precipitation of a mechanical pulping 
effluent—I. Removal of carbon, colour and turbidity, Water Res 30 (1996) 
781–792. 

[3] H. Xiang, X. Min, C.-J. Tang, M. Sillanpää, F. Zhao, Recent advances in membrane 
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