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Abstract. The polar functionalization of vinylbenzyl chloride hyper-crosslinked (HCL) resins with 

ethanolamine at variable functionalization extent is reported. The functionalization reaction was 

investigated by a multitechnique approach to confirm the reaction mechanism and to calculate the 

yield of functionalization. Increasing the amount of ethanolamine inserted onto the HCL resin, the 

total pore volume of the resins decreased, while the microporous fraction increased and the pore size 

distribution evolved from bimodal to unimodal. The effect of the functionalization on the adsorption 

properties of the resins was investigated for CO2 sequestration and water purification applications, 

demonstrating that both CO2 adsorption capacity and phenol removal efficiency from water solutions 

over the total pore volume of the resins significantly increased. Moreover, the CO2/N2 selectivity 

significantly increased for the HCL resin at intermediate functionalization degree, which represents 

the optimal trade-off between high functionalization extent and porosity distribution evolution. 
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1. Introduction 

Due to their outstanding properties, microporous organic polymers (MOPs), characterized by high 

specific surface area (SSA), are widely applied in several fields, such as purification processes [1,2] 

gas adsorption and separation [3,4,5], energy storage [6], molecular separation [7,8] and catalysis [9]. 

Within MOPs, hyper-crosslinked (HCL) resins represent a very remarkable subclass of materials, 

whose scientific interest has recently increased due to the development of new versatile synthetic 

strategies able to simplify their production and to enlarge their applications [5,10,11], using for 

instance HCL materials as functional fillers in polymer matrices for water remediation [12]. HCL 

resins also stand out for the possibility of tuning their properties by a wide range of effective 

approaches [13], such as modulating their porosity and pore size distribution by properly designing 

the polymer structure [14,15,16], or by tuning their polarity and adsorption capacity by embedding 

functional nanostructured fillers [17] or by inserting functional groups [18,19].  

In particular, nitrogen enriching of porous carbon materials is one of the most investigated strategies 

to realize materials able to selectively adsorb CO2 for environmental applications [20,21]. Indeed, 

CO2 adsorption was successfully improved by the design and development of suitable porous 

adsorbent supports onto which amine-containing groups were attached or immobilized. This type of 

materials are often called solid amine sorbents. Different approaches were used for the insertion of 

amines onto HCL resins, including impregnation and direct co-polymerization [22]. For instance, a 

HCL divinylbenzene resin was impregnated with tetraethylenepentamine (TEPA), demonstrating that 

optimized TEPA loading provides active sites for CO2 capture, whereas excessive loading induces 

TEPA aggregation and blockage of pore channels [23]. An interesting example of direct co-

polymerization of amine-containing monomers was also reported, based on the synthesis of porous 

poly(methacrylamide-co-ethylene glycol dimethacrylate) polymeric particles. In these systems, the 

presence of the amine-containing methacrylamide monomer induced high CO2-philicity at low 

pressures [24].  
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Moreover, interesting studies were focused on the development of polar HCL resins to improve their 

adsorption capability towards polar aromatic pollutants for water remediation applications. In 

particular, vinylbenzyl chloride (VBC) based resins modified with ethylene glycol dimethacrylate 

(EGDMA) were synthesized, showing improved adsorption capacity toward phenol, p-nitrophenol, 

and Rhodamine B as a function of the EGDMA functionalization extent [25]. With a different 

approach, N-vinylimidazole was co-polymerized with VBC for the realization of HCL resins. By 

optimization of the feeding amount of N-vinylimidazole and VBC monomers, the polarity and pore 

size distribution of the resins were finely tuned, inducing a selective adsorption of benzoic acid and 

Rhodamine B from water solutions [26]. 

Starting from these results, in this work a functionalization strategy based on the grafting of a polar 

functional molecule, containing both hydroxyl and amino functional groups, onto a high surface area 

HCL resin is reported. The objective was to simultaneously induce an improvement of the CO2-

philicity and polarity of the resin, for selective gas sorption and water remediation applications. A 

Davankov-type HCL resins based on VBC and divinylbenzene (DVB) was selected as high SSA 

support and an alkanolamine, namely ethanolamine (ETA), was selected as functional modification 

group. The functionalization was performed by alkylation of ETA with chloromethyl groups of the 

poly(VBC-co-DVB) precursor. The mechanism and the yield of the modification reaction was 

investigated by Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA) 

and solid state nuclear magnetic resonance (NMR). The modified resins were characterized by N2 

and CO2 adsorption tests to evaluate the effect of the ETA functionalization on the porosity and pore 

size distribution of the HCL resin and on its selective adsorption towards CO2. Moreover, phenol 

adsorption tests from water solutions were performed to evaluate the water remediation capability of 

the polar HCL resins towards polar organic pollutants. 

 

2. Experimental section 

2.1. Materials 
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 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%), ethanolamine (ETA, >98%), FeCl3 (≥97%), phenol (>99.5%), and all solvents were 

purchased by Sigma-Aldrich (Milan, Italy) and used without further purification. 

 

2.2. Preparation of the HCL polymers.  

Poly(vinylbenzyl chloride-co-divinylbenzene) (DV) was synthesized through bulk polymerization. 

DVB and VBC were mixed in a 2:98 molar ratio, 0.5 phr of AIBN were added and the mixture was 

kept at 80°C in a flask for 30 minutes under nitrogen. Therefore, the mixture was poured in a sealed 

glass vial and cured in oven for 24 h at 80°C, then purified by multiple washings with methanol, 

acetone and diethyl ether, and dried in a vacuum oven at 40 °C for 24 h.  

Ethanolamine-functionalized DV samples were obtained as follows. The precursor polymer DV was 

placed in a flask containing DMF (20 mg/mL), and ethanolamine was added. The amounts of 

ethanolamine were set on the basis of the nominal amount of chloromethyl groups in the DV 

precursor, i.e. the amount of VBC monomer unit. In details, the following ethanolamine/-CH2Cl 

molar ratios were used: 0.15, 0.30 and 0.50. The mixtures were stirred at 60 °C for 4 hours. Then, the 

resins were washed and dried, as reported for DV. The corresponding samples were coded DV1, DV2 

and DV3, respectively. 

Plain (DV) and functionalized (DV1, DV2, DV3) resins were hyper-crosslinked by Friedel−Crafts 

reaction. Precursors were swollen in 1,2-dichloroethane (DCE), under nitrogen flow for 2 h. Then the 

mixtures were cooled to 0 °C in an ice/water bath, and FeCl3 was added. Therefore, the system was 

heated to 80 °C and kept at this temperature for 18 h. The hyper-crosslinked resins were washed with 

methanol and dried under vacuum at 80 °C. Samples were coded as the corresponding precursor resins 

adding the prefix X (XDV, XDV1, XDV2 and XDV3). DV was also subjected to a much briefer 

hyper-crosslinking, reducing the 80°C step to 5 minutes, and this HCL resin was coded as XDV-

5min. 
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2.3. Characterization 

The precursor resins were characterized by means of FTIR spectroscopy. Spectra were recorded in 

attenuated total reflectance (ATR) mode with a PerkinElmer Spectrum One FTIR spectrometer 

equipped with an ATR module, using a resolution of 4 cm−1 and 32 scan collections.  

TGA was performed on the HCL resins through a Mettler TGA/SDTA851 analyser, in oxidizing 

atmosphere, at 10 °C/min heating rate, from room temperature to 800 °C, using about 5 mg of 

material. 

Solid-state 13C single pulse (SP) NMR spectra were collected on all HCL resins by means of a Bruker 

Avance II 400 spectrometer equipped with a 4 mm magic angle spinning (MAS) probe, using a 13C 

π/2 pulse width of 3.9 μs, a repetition time of 40 s and high power proton decoupling. HCL powder 

samples were packed into 4 mm zirconia rotors sealed with Kel-F caps and spun at a spinning speed 

of 13 kHz. All spectra were referenced to external adamantane (methylene signal at 38.48 ppm 

downfield of tetramethylsilane (TMS), set at 0.0 ppm). Line fitting of the spectra was performed by 

means of the GRAMS/AI 8.0 software package [27], using Gaussian lineshapes. 

Scanning electron microscopy (SEM) analysis was performed on HCL samples using a FEI Quanta 

200 FEG SEM in high vacuum mode at 10-30 kV acceleration voltage using a secondary electron 

detector. Before observations, the samples were sputter coated with a 15 nm thick Au-Pd layer.  

Specific surface area (SSA) and pore size distribution analysis of the HCL resins were performed 

using a Micromeritics ASAP 2020 analyzer. SSA was determined by nitrogen adsorption 

measurements at 77 K from the linear part of the BET equation. Nonlocal density functional theory 

(NLDFT) was applied to the nitrogen adsorption isotherms to evaluate the pore size distribution of 

the materials. N2 and CO2 adsorption analysis were also performed at 298 K up to 1 bar. CO2/N2 

selectivity was evaluated by the ideal adsorbed solution theory (IAST) and by quantitative analysis 

of the isotherms curves in their linear part (up to 140 mmHg). Prior to the analysis all samples were 
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degassed at 120 °C under vacuum (P < 10−5 mbar); all the adsorption measurements were performed 

using high purity gases (>99.999%).  

Phenol adsorption tests from water were performed on neat and functionalized HCL resins at 25 °C 

in the range of phenol concentration from 100 to 1500 mg/L. About 10 mg of HCL resin was 

introduced into vials containing 10 mL of the phenol solution. The vials were kept at 25 °C until 

equilibrium was reached. Therefore, the solution was removed from the vial, and the final phenol 

concentration was measured using a Jasco V570 UV spectrophotometer. A previously recorded 

calibration curve was used to determine the phenol concentration from absorbance of the peak 

centered at 270 nm. 

 

3. Results and discussion 

Hyper-crosslinked resins at variable ETA functionalization were prepared by a facile synthetic 

procedure based on the bulk pre-polymerization of the precursor polymer DV [11], the amino-de-

halogenation of DV with ETA and the hyper-crosslinking of the product through Friedel-Crafts 

reaction. The designed scheme of reaction is reported in Figure 1.  
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Figure 1. Synthesis of functionalized hyper-crosslinked resins through precursor polymer synthesis 

(I step), ETA functionalization (II step) and hyper-crosslinking through Friedel-Crafts reaction (III 

step). 

 

The products DV1-3 obtained by amine-alkylation were analysed by means of FTIR analysis to 

investigate the extent of functionalization. FTIR spectra, reported in Figure 2a together with the 

spectrum of the plain precursor DV, show, in the functionalized polymers, a new broad absorption 

band in the range 3700-3100 cm-1. This signal, attributed to the stretching of -OH and -NH groups, 

confirms ETA functionalization of DV1-3 precursors. The intensity of this adsorption bands increases 

with the ETA content, indicating that the functionalization extent can be tailored by varying the 

amount of ethanolamine. Moreover, DV1-3 precursors show the arising of a new absorption band 

centred at about 1055 cm-1, attributed to C-O stretching vibrations of ETA. Coherently, a decrease of 
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the intensity of the characteristic signals of -CH2Cl wagging vibration mode (1265 cm-1) and C-Cl 

stretching vibration (670 cm-1) with the insertion of ETA was observed. 

 

Figure 2. FTIR spectra of plain (DV) and ETA-functionalized (DV1-3) precursor resins (a); TGA 

curves (b) of plain and functionalized HCL resins.  

 

Thermogravimetric analysis was performed on plain and functionalized HCL resins. Three weight 

loss steps are evidenced in the thermograms of XDV1-3 (Figure 2b): a first step occurring in the range 

between 200°C and 300°C, whose extent increases with the ETA functionalization, and two further 

steps, in the ranges 320°C - 460 °C and 460°C - 600 °C, practically unaffected by the ETA content. 

On the other hand, plain HCL resin XDV only shows the two degradation steps at higher 
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temperatures, showing negligible weight loss up to about 320 °C. The degradation of the 

functionalized HCL resins in the 200°C - 300°C range was attributed to the unzipping of ethanolamine 

groups. On this basis, from the weight loss at 300 °C (WL300) the amount of ETA groups inserted was 

estimated as the molar ratio ethanolamine/chloromethyl groups, where the amount of chloromethyl 

groups are the stoichiometric amount used during the synthesis and before the reaction with 

ethanolamine (N/VBC). Results are summarized in Table 1. The calculated N/VBC values can be 

directly compared to the stoichiometric molar ratios used for the ethanolamine functionalization step, 

i.e. 0.15, 0.30 and 0.50, indicating yields ranging between about 20 and 50%. 

 

Table 1. Quantification of ETA functionalization by TGA and NMR. 

sample 

TGA NMR 

WL
300

 

(%) 

N/VBC 

molar ratio 

ETA insertion 

yield (%) 

N/VBC 

molar ratio 

XDV1 1.5 0.03 40 0.06 

XDV2 5.7 0.12 47 0.14 

XDV3 9.6 0.21 50 0.25 

 

A detailed investigation on the functionalization of the DV precursor resin with ETA was performed 

by solid state NMR. In particular, this analysis was performed to confirm the hypothesized reaction 

mechanism as well as to quantify the insertion yield. In Figure 3a, 13C SP NMR spectra of neat (XDV) 

and modified (XDV1-3) HCL resins are reported. As shown, the spectra of the modified materials 

display the appearance of a new band in the aliphatic region. This new complex band, centered at ~ 

56 ppm, was resolved by line fitting in three peaks, as reported in Figure 3b,  corresponding to -CH2-

OH (~ 60 ppm), and two different -CH2-NH, that is, -Ph-CH2-NH- (~ 50 ppm) and OH-CH2-CH2-

NH- (~ 55 ppm). This assignment allows confirming the ethanolamine insertion mechanism. The 

reaction involves the amino groups of ethanolamine and the chloromethyl group of the neat resin, 
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thus resulting in an amine alkylation reaction. The proposed structure of the modified resin is 

schematized in Figure 1 (II step).  

 

Figure 3. 13C SP NMR spectra of plain and functionalized HCL resins (a, spinning sidebands are 

marked by a dot). Line fitting of the aliphatic region of XDV3 (b, solid lines: peaks attributed to 

ethanolamine carbons; dashed lines; backbone carbons). 

 

It is worth to note that also the aromatic region of 13C spectra (110-160 ppm) is affected by the 

functionalization reaction. A progressive decrease in relative intensity of the low field peak (~ 140 

ppm), attributed to sp2 carbons involved in the hyper-crosslinking reaction, is observed as a function 

of ETA insertion degree. This finding is correlated to the decreased amount of Cl atoms available for 

hyper-crosslinking, as also verified by FTIR analysis, thus resulting in a lower crosslinking degree 

expected for XDV1-3 samples. Finally, the insertion yield was calculated by comparing the intensity 

of the peaks attributed to the ethanolamine and to the aliphatic carbons of the resin (Table 1). Results 

are in good agreement with data obtained by TGA, confirming that the weight loss occurring during 

thermal-oxidation in the range 200-300 °C can be univocally attributed to the ethanolamine 

unzipping.  
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The morphology of plain and functionalized HCL resins was analysed by SEM analysis. As 

previously reported [11], hyper-crosslinking induces extensive fragmentation of the precursor 

polymers. As a consequence, all HCL samples display irregular particle shape, with dimensions 

ranging from 10 µm to 150 µm, as shown in Figure 4 for the samples XDV and XDV3, showing that 

the functionalization of the precursor polymers and the different extent of hyper-crosslinking revealed 

by solid state NMR for plain and functionalized resins do not significantly affect the final particle 

dimensions and shape. 

 

 

Figure 4. SEM images of HCL resins XDV and XDV3 (scale bars 100 µm). 

 

The effect of ETA functionalization, which involves a reduction of the chloromethyl groups available 

for crosslinking, on surface area and pore size distribution was investigated by N2 adsorption at 77 

K. As shown in Figure 5a, all samples present a type II isotherm, characterized by very sharp 

adsorption increase at low pressure and a slower increase at higher pressures. The slope of the N2 

adsorption/desorption curves at high pressure decreases with increasing the degree of 

functionalization. Moreover, a pronounced hysteresis in desorption is noticeable in XDV isotherm, 

and its entity decreases with increasing the degree of functionalization in XDV1-3 samples. The sharp 

increase in the first step of the adsorption isotherm indicates the presence of microporosity, while the 

increase at higher pressures and the hysteresis loop suggests mesoporosity [28]. Therefore, the shape 

XDV3XDV
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of the isotherms suggests a micro/mesoporous distribution in all samples, leaning towards a unimodal 

distribution with increasing the functionalization degree.  

 

 

Figure 5. N2 adsorption and desorption isotherms at 77K of HCL resins (a, adsorption curves in solid 

points, desorption curves in hollow points); Pore size distribution calculated by NLDFT (b). 

 

This trend is confirmed by NLDFT pore size distribution, shown in Figure 5b. Indeed, XDV is 

characterized by a bimodal pore size distribution, with major peaks centred at 1.59 nm and 3.43 nm. 

Increasing the degree of functionalization, the intensity of the peak at higher size progressively 

decreases. In particular, for XDV2 the mesoporous peak becomes a shoulder of the microporous peak, 

and the sample shows an interesting hierarchical pore size distribution in the range 0.8 - 5 nm. At the 

highest functionalization degree, the peak indicative of mesoporosity almost completely disappears 

in XDV3, which presents a quasi-unimodal distribution centred at 1.72 nm. The quantitative 

evaluation of the microporosity fraction (MF), i.e. the percent micropores volume over the total pore 

volume, is summarized in Table 2. As shown, MF increases monotonically with the degree of 

functionalization, from 32 % in XDV up to 57 % in XDV3.  
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Table 2. SSA and pore size distribution results, CO2 uptake and selectivity, Freundlich adsorption 

parameters. 

sample 
BET 

(m2/g) 

pore 

volume 

(cm3/g) 

MF 

(%) 

CO2 

uptake* 

(mmol/g1) 

CO2  

uptake* 

(mmol/cm3) 

SIAST 

** 

Sslope 

*** 
n 

KF 

(
𝑚𝑚𝑜𝑙/𝑔

(𝑚𝑚𝑜𝑙/𝐿)1/𝑛
) 
R2 

XDV 
1870 ± 

20 
1.28 32 1.16 0.86 9.6 10.6 1.82 0.55 0.997 

XDV1 
1400 ± 

25 
0.81 49 1.15 1.42 8.9 10.4 1.79 0.43 0.995 

XDV2 
1100 ± 

15 
0.61 54 1.00 1.63 13.5 15.0 2.10 0.54 0.997 

XDV3 
870 ± 

10 
0.46 57 1.02 2.22 9.3 11.9 1.97 0.60 0.998 

* calculated at 1 bar and 298 K 

** calculated by applying the Ideal Adsorbed Solution Theory 

*** calculated by the initial slope of the CO2 and N2 adsorption isotherms 

 

This effect can be ascribed to the lower amount of chloromethyl groups available for the Friedel-

Crafts hyper-crosslinking, due to their partial removal during functionalization of the precursor 

polymer with ETA. Indeed, the mechanism of hyper-crosslinking significantly foresees 

polyalkylation since, once a chloromethyl group reacts with the aromatic ring, the methylene group 

that bridges two benzene rings activates them to further alkylation. Therefore, Friedel-Crafts 

alkylation can possibly proceed mainly in regions with high crosslinking degrees, generating clusters 

of micropores. Moreover, for functionalized samples, due the limited amount of available 

chloromethyl groups, the reaction is not able to proceed further, extending the hyper-crosslinked 

network and generating larger pores. This result is comparable to the effect of a brief hyper-

crosslinking. To validate this hypothesis, a DV precursor was subjected to a 5-minute hyper-

crosslinking in the same conditions employed for XDV and XDV1-3. This sample (XDV-5min) 

showed a BET SSA of 1380 ± 11 m2/g, confirming that the most of a HCL polymer interconnected 

structure and SSA are achieved in the first minutes of the Friedel-Crafts alkylation reaction, as 

similarly reported by Ahn et al. [29]. Moreover, pore size distribution analysis of  XDV-5min 

revealed a major microporous peak and a minor mesoporous distribution. By comparing this pore 

size distribution (Figure S1 in Supplementary Information) with the one of XDV, it is highlighted 

that, in the first phase of the hyper-crosslinking reaction, smaller pores are mostly formed while, 
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afterwards, bigger pores are generated. The generation of smaller pores is to be attributed to the 

favourability of the polyalkylation while, once the substitution of the first reacted aromatic rings gets 

saturated, the bigger pores are formed from the interconnections between adjacent polymeric moieties 

already connected at the lower scale.  

The effects of ETA functionalization and the evolution of pore size distribution on the selective gas 

adsorption properties of HCL resins were evaluated by measurements of CO2 and N2 adsorption at 

298 K. On a gravimetric basis, CO2 adsorption capacity of XDV is 1.16 mmol/g and it remains 

substantially unchanged passing to XDV1. Instead, a decrease of the CO2 adsorption capacity is 

recorded with further functionalization, to about 1.0 mmol/g for both XDV2 and XDV3. This 

decrease is a direct consequence of the reduced pore volume and the consequent increased specific 

weight of the functionalized resins. In fact, if considered the specific porosity of the HCL resins, on 

a volumetric basis, the adsorption of CO2 increases with functionalization, passing from 0.86 

mmol/cm3 for XDV up to 2.22 mmol/cm3 for XDV3 (Table 2 and Figure 5a). This increase is mainly 

attributed to the amino groups of the functionalized resins. Indeed, the presence of amino 

functionalities enhances CO2 adsorption due to acid-base interactions between the basic functional 

amino groups and the acidic CO2 molecules [30]. Moreover, it is to be remarked that also the presence 

of -OH functionalities boosts CO2 adsorption, by hydrogen bonding and dipole-quadrupole 

interactions [31, 32]. 
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Figure 6. CO2 (solid points) and N2 (hollow points) adsorption isotherms (a) and phenol uptake (b, 

Freundlich fit in dashed curve) at 298 K of plain and functionalized hyper-crosslinked resins. 

 

The selectivity of CO2 adsorption over N2 can be calculated from the single-component isotherm data. 

This kind of evaluation does not consider the competition of gas molecules for the adsorption sites 

on the pore surface, however it provides a simple way to obtain an evaluation of the performance of 

different materials in terms of gas sorption selectivity. CO2 and N2 adsorption curves at 298 K are 

reported in Figure 6a. According to the Ideal Adsorbed Solution Theory (IAST), the selectivity of 

adsorption of CO2 over N2 is defined as the ratio of the amount of CO2 and N2 adsorbed divided for 

the corresponding pressures [33]. For CO2 purification of industrial streams, maximizing low-

pressure CO2 adsorption is highly desirable, since flue gases emitted from coal-fired power stations 

typically contain CO2 in quantity of 10 or 15 % [34]. Therefore, the simplest approximation for the 

composition of flue gas is usually of 15 % CO2, 75 % N2 and 10 % other gases, and CO2/N2 selectivity 

SIAST would be expressed as reported in equation (1): 

𝑆𝐼𝐴𝑆𝑇 =  
(𝑞𝐶𝑂2/𝑞𝑁2)

(𝑝𝐶𝑂2/𝑝𝑁2)
      (1) 

with 𝑝𝐶𝑂2
 = 0.15 bar and 𝑝𝑁2

= 0.75 bar. 

As shown in Table 2, amongst XDV and the functionalized resins XDV1-3, an increase of SIAST of 

about 40 % with respect to XDV was recorded for XDV2. Values of SIAST similar to those recorded 
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for XDV were found for HCL resins with the lowest (XDV1) and highest (XDV3) functionalization 

extent. CO2/N2 selectivity of plain and functionalized hyper-crosslinked resins calculated following 

the initial slope comparing method (Sslope) confirmed this trend, without significant increase for 

XDV1 with respect to the plain resin, an increase of Sslope of about 50 % for XDV2 and much lower 

(about 12 %) for XDV3. Therefore, with both methods, CO2/N2 gas sorption selectivity is 

significantly enhanced only for XDV2, i.e. the sample with a high functionalization extent combined 

to a high microporous and a hierarchical porosity distribution in the range 0.8 - 5 nm. This is well 

explained considering that selectivity toward CO2 adsorption is promoted not only by the presence of 

amino and hydroxyl functional groups, but also by the predominant presence of micropores, due to 

caging effect, and to a hierarchical porosity [35, 36]. These results suggest that the maximization of 

the selective adsorption of a material toward CO2 requires a trade-off between functionalization, total 

pore volume and pore size distribution.  

Phenol adsorption capacity of XDV and functionalized resins from water solutions was evaluated 

through equilibrium adsorption tests using phenol concentrations in the range 100-1500 mg/L. The 

recorded data well follow the Freundlich model 

𝑄𝑒 =  𝐾𝐹𝐶𝑒
1/𝑛

       (2) 

where Qe (mmol/g) is the quantity of phenol adsorbed at equilibrium, Ce is the equilibrium 

concentration (mmol/L), KF (mmol/g)(mmol/L)-1/n, the Freundlich constant, indicates the adsorption 

capacity, and n is a parameter suggesting the intensity of the adsorption. Freundlich parameters n and 

KF for the plain and functionalized resins and the correlation coefficient of the fitting are reported in 

Table 2. As shown, despite the relevant progressive reduction of SSA and porosity recorded at 

increased functionalization extents, both n and KF, the latter expressed with respect to the weight of 

the resins, did not significantly change in the functionalized resins. However, it is noteworthy to 

underline the trend of the phenol adsorption curves per pore volume, shown in Figure 6b. Indeed, in 

the range of phenol concentration investigated, phenol adsorption per pore volume monotonically 

increases with the functionalization, reaching at the highest functionalization extent values more than 
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two-fold higher than plain XDV. In particular, at the highest phenol concentration (1500 mg/L), the 

equilibrium adsorption capacity increased from 1.8 mmol/cm3 (XDV) to 2.4, 3.2 and 5.0 mmol/cm3 

for XDV1, XDV2 and XDV3, respectively. This behaviour demonstrate that polar modification of 

microporous materials represents a promising strategy to design effective materials for water 

purification from organic pollutants. 

 

4. Conclusions 

In this work, a functionalization strategy based on the grafting of ethanolamine (ETA) onto high 

surface area hyper-crosslinked polymers is reported. HCL polymers based on vinylbenzyl chloride 

and divinylbenzene at variable ETA functionalization were prepared by amine-alkylation of the 

precursor polymer followed by hyper-crosslinking through Friedel-Crafts reaction.  

The proposed mechanism for the modification reaction was confirmed by FTIR spectroscopy, TGA 

and solid state NMR. By comparison of the NMR signals attributed to ETA and to resin, a reaction 

yield up to 50% was calculated. 

With increasing the ETA content, BET SSA and total pore volume of the resins decreased, while the 

microporous fraction increased and the pore size distribution evolved from bimodal to unimodal. In 

particular, the intermediate composition XDV2 presented hierarchical micro/mesoporosity. Finally, 

the effect of the functionalization on the adsorption properties of the resins was investigated. Results 

showed that for ETA functionalized resins, CO2 and phenol adsorption over total pore volume 

increased dramatically. In particular, the phenol adsorption capacity at the highest phenol 

concentration increased from 1.8 (XDV) to 5.0 mmol/cm3 (XDV3). For what concerns gas sorption, 

the CO2 adsorption capacity at 298 K increased from 0.86 (XDV) to 2.22 mmol/cm3 (XDV3). 

Moreover, the CO2/N2 selectivity significantly increased for the sample at intermediate 

functionalization degree (XDV2), which showed the optimal trade-off between extent of 

functionalization and porosity evolution. 
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Figure S1.  Nitrogen adsorption isotherm (left) and DFT pore size distribution (right) of XDV-5min.  
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