
25 June 2026

POLITECNICO DI TORINO
Repository ISTITUZIONALE

UV-Cured Chitosan-Based Hydrogels Strengthened by Tannic Acid for the Removal of Copper Ions from Water / Sesia,
R., Ferraris, S., Sangermano, M., Spriano, S.. - In: POLYMERS. - ISSN 2073-4360. - ELETTRONICO. - 14:21(2022), p.
4645. [10.3390/polym14214645]

Original

UV-Cured Chitosan-Based Hydrogels Strengthened by Tannic Acid for the Removal of Copper Ions from
Water

Publisher:

Published
DOI:10.3390/polym14214645

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/2972793 since: 2022-11-03T14:01:49Z

MDPI



 

 

 

 
Polymers 2022, 14, 4645. https://doi.org/10.3390/polym14214645 www.mdpi.com/journal/polymers 

Article 
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10129 Torino, Italy 
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Abstract: In this work, a new environmentally friendly material for the removal of heavy metal ions 

was developed to enhance the adsorption efficiency of photocurable chitosan-based hydrogels 

(CHg). The acknowledged affinity of tannic acid (TA) to metal ions was investigated to improve the 

properties of hydrogels obtained from natural and renewable sources (CHg-TA). The hydrogel 

preparation was performed via a simple two-step method consisting of the photocrosslinking of 

methacrylated chitosan and its subsequent swelling in the TA solution. The samples were 

characterized using ATR-FTIR, SEM, and Folin–Ciocalteu (F&C) assay. Moreover, the mechanical 

properties and the ζ potential of CHg and CHg-TA were tested. The copper ion was selected as a 

pollutant model. The adsorption capacity (Qe) of CHg and CHg-TA was assessed as a function of 

pH. Under acidic conditions, CHg-TA shows a higher Qe than CHg through the coordination of 

copper ions by TA. At an alkaline pH, the phenols convert into a quinone form, decreasing the Qe 

of CHg-TA, and the performance of CHg was found to be improved. A partial TA release can occur 

in the copper solution due to its high hydrophilicity and strong acidic pH conditions. Additionally, 

the reusability of hydrogels was assessed, and the high number of recycling cycles of CHg-TA was 

related to its high mechanical performance (compression tests). These findings suggest CHg-TA as 

a promising green candidate for heavy metal ion removal from acidic wastewater. 

Keywords: hydrogels; chitosan; tannic acid; UV-curing; copper ions adsorption; reusability 

 

1. Introduction 

Recently, close attention has to be paid to wastewater remediation, as contaminants 

can lead to serious problems for the ecosystem. Among the pollutants of greatest concern 

are heavy metal ions. They can derive from several anthropogenic sources due to 

increasing industrialization and urbanization [1]. Heavy metal ion contamination is 

usually caused by various effluents of many industries, including metallurgy, battery and 

electric device manufacturing, metal plating, and the use of agricultural products [2]. 

Copper is used extensively in the electrical industry, as well as in the production of 

fungicides and anti-fouling paints [3]. Although copper is considered a micronutrient for 

human beings, an excessive dosage can cause acute toxicity, with sometimes lethal effects 

[4]. Therefore, the decontamination of heavy metal ions from water is an urgent and 

mandatory environmental need, since they are non-biodegradable and highly toxic 

substances that can enter the food chain with bioaccumulative effects [5]. 

Several techniques for the treatment of contaminated water have been used, 

including ion exchange [6], chemical precipitation [7], the advanced oxidation process [8], 

membrane filtration [9], coagulation–flocculation [10], and electrochemical techniques 

[11]. However, these conventional methods are often expensive or inefficient, and are 

mainly used for removing the pollutants from diluted solutions. Among the several 
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decontamination strategies, adsorption is the most efficient method for heavy metal-

polluted water remediation [12,13]. It is also cost-effective. 

The adsorption process is a surface phenomenon, and it is used as a wastewater 

decontamination method at a post-treatment level (polishing) after pre-filtration to 

enhance the adsorption efficiency [14]. The process can be categorized as physisorption or 

chemisorption, depending on the type of interaction between the adsorbate species and 

the adsorbent surface. Furthermore, the ease of performance and the possibility of 

multiple reuses, with no by-products, make the adsorption process an excellent choice for 

wastewater treatment [5,15]. In general, many materials, such as zeolite, clay minerals, 

activated carbon, silica, and magnetic particles, have been studied as adsorbents to 

remove metal ions from the aqueous phases [16–20]. In the last few years, a growing 

research interest has been focused on low-cost adsorbents as alternatives to manufactured 

adsorbents. Within this framework, the development of polymeric hydrogels, according 

to the guidelines of green chemistry principles, has shown promising potential to 

selectively uptake metal pollutants. Hydrogels are three-dimensional, flexible, and porous 

networks with high swelling properties in water due to the presence of hydrophilic 

groups such as hydroxyl, carboxyl, and amide [21,22]. 

Over recent decades, renewable and natural resources have been recognized as 

promising candidates for water remediation, reducing the environmental impact of the 

adsorption treatment. For this reason, polysaccharides (e.g., cellulose, starch, hyaluronic 

acid, alginate, chitosan) have been proposed in environmental applications for heavy 

metal ions removal due to their distinctive properties, such as biodegradability, 

biocompatibility, non-toxicity, and low price [22–25]. The biosorption mechanism is based 

on physicochemical interactions between hydrogel and metal ions, including electrostatic 

interaction, metal ion complexation, hydrogen bonding, ion exchange, and 

coordination/chelation [26]. The experimental conditions (e.g., pH, temperature), the type, 

and concentration of the pollutant play a significant role in the adsorption efficiency [27]. 

Among biobased hydrogels, chitosan has been found to be efficient for the uptake of 

several heavy metal ions, including mercury, chromium, copper, lead [28–30], and arsenic 

[31]. Chitosan is a copolymer of (1,4-β-)-2-acetylamino-2-deoxy-D-glucopyranose and 

(1,4-β-)-2-amino-2-deoxy-D-glucopyranose (Figure 1a). It is a derivative from the N-

deacetylation of chitin, which is the second-most abundant polysaccharide in nature, 

obtained from crustaceans, algae, fungal biomass, insects, and mollusks [12,32,33]. 

However, those natural polymer networks exhibit low mechanical strength and poor 

chemical stability, particularly in acidic media, and thus, are easily destroyed during the 

decontamination treatment, causing a low adsorption rate [12,22]. To overcome these 

drawbacks, chemical or physical crosslinking methods have been applied [34]. 

Nevertheless, the most common chemical networking agents, such as formaldehyde [35], 

epichlorohydrin [36], and N,N’-methylenebisacrylamide [37], are harmful to human and 

environmental health, and the physical networking methods using the introduction of 

ionic interactions, hydrogen bonding, and molecular entanglements are not significantly 

effective for heavy metal ion removal. In the literature, very few works have studied the 

use of the photocrosslinking process to produce chitosan hydrogels, an environmentally 

friendly technique to achieve crosslinked hydrogels through the chemical addition of a 

crosslinker [38]. 

In addition, another potential source of inexpensive bioadsorbents are tannins. They 

are one of the most ubiquitous compounds extracted from terrestrial biomasses and the 

major source of polyphenolic components. Two classes of tannins are identified: 

hydrolysable tannins and condensed tannins. Hydrolysable tannins are subdivided into 

ellagitannins and gallotannins, depending on the type of acid produced during 

hydrolysis, and tannic acid (Figure 1b) is the most prominent example. The condensed 

tannins include oligomers and polymers [39,40]. 
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(a) (b) 

Figure 1. Molecular structures of (a) chitosan and (b) tannic acid. 

Both types of tannins show a marked affinity towards metals, thanks to multiple 

adjacent phenolic hydroxyls, and this feature is widely exploited in the field of wastewater 

treatment, as well as in the recovery of precious metals [41–44]. However, since tannins 

are water-soluble compounds, they require a chemical immobilization process, which is 

usually expensive and toxic due to the use of crosslinking agents such as formaldehyde, 

hexamethylenetetramine, glyoxal, and glutaraldehyde [45]. 

So far, however, there has been little discussion about the capacities of tannins and 

biobased hydrogels combined for metal ions removal. Ning et al. proposed hydroxyethyl 

cellulose hydrogel as a carrier material for the tannic acid to improve the adsorption 

performance and immobilize the tannin [46]. Pei et al. simultaneously achieved both 

tannin immobilization and hydrogel formation [47]. Nevertheless, these tannin-

immobilized hydrogels are not prepared following the green chemistry principles using 

non-toxic substances. To date, there has been no detailed investigation of the 

decontamination of heavy metals from water using tannin supported on photocrosslinked 

natural hydrogels (Table 1). 

In the current work, we exploited the green method of UV-curing to prepare the 

methacrylated chitosan-based hydrogels and the tannic acid capacity to interact with 

chitosan via hydrogen bonding [48,49], swelling the hydrogels in the tannin solution. 

Tannic acid contains five di-galloyl ester groups bonded to a glucose core [50]. Due to its 

unique structural features, it is capable of complexing or crosslinking macromolecules, 

such as chitosan, via multiple interactions, including hydrogen and ionic bonding and 

hydrophobic interactions [51]. Moreover, the galloyl groups prove binding sites for the 

coordinated interaction with several metal ions [50,52]. Additionally, it is a simple 

molecule that can be used as a model for several polyphenols (e.g., natural hydrolysable 

tannins which can be of interest for a green and circular approach in future works). 

We compared the two types of hydrogels using FTIR spectroscopy, SEM, and Folin–

Ciocalteu analyses. Moreover, the mechanical properties were assessed through 

compression tests before and after the tannic acid introduction into the chitosan-based 

hydrogel. Mechanical resistance is a parameter that influences the number of times the 

adsorbent material can be reused. Finally, another purpose of this investigation was to 

deeply explore the adsorption efficiencies of the two kinds of hydrogels towards copper 

ions, as an example of pollutant heavy metal, as a function of the pH, as well as the 

hydrogel’s reusability, a key factor for economizing the decontamination according to the 

requirements of a circular economy.  
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Table 1. Application of hydrogels for wastewater treatment. 

Hydrogel 
Active 

Agent 

Ion/Ions 

Adsorbed 

Solution and pH 

Range 

Mechanical 

Properties 
Reusability Reference 

Chitosan-based 

hydrogel beads 
Chitosan Cu(II) 

0.157 mmolCu/dm3 

and 15.7 

mmolCu/dm3 CuSO4 

pH = 3.5 and 5 

- - [32] 

Chitosan/PVA 

hydrogel 

beads 

Chitosan Pb(II) 
30 mg/L PbCl2 

pH range 2–8 
- 

2 sets of 

adsorption 

experiments 

[53] 

Chitosan 

hydrogel beads 
Chitosan 

Pb(II) 

Experiments re-

garding co-ad-

sorption of 

Pb(II) and 

humic acid 

show a 

decrease in ad-

sorption of 

Pb(II) 

15 mg/L Pb(NO3)2 

pH = 5.0, 6.5 and 7.5 
- - [54] 

Chitosan and 

aminated 

chitosan beads 

Chitosan Hg(II) 

2–100 ppm 

Hg(NO3)2 

pH range 3–9 

- - [55] 

CR-impregnated 

chitosan 

hydrogel 

Chitosan Cu(II) 

317.5 mg/L 

C4H8CuO5 

pH 2.0–6.1 

- 

3 cycles of ad-

sorption-de-

sorption 

[56] 

UV-cured 

chitosan-based 

hydrogel 

Chitosan As(V), Pb(II) 

10–20 mg/L 

Na2HAsO4·7H2O, 

50–75 mg/L 

Pb(NO3)2 

pH range 2–9 

- - [57] 

Collagen/cellulos

e hydrogel beads 
Collagen Cu(II) 

4.5 mmol/L 

CuSO4·6H2O 

pH range 1–6 

- 

4 cycles of ad-

sorption-de-

sorption 

[58] 

Tannic 

acid-based 

hydrogel 

Tannic 

acid 
Cu(II) CuSO4·5H2O - - [59] 

Collagen 

tannin resin 
 Cu(II) 

1 mmol/L 

CuSO4·6H2O 

pH range 2–5.5 

- - [60] 

Hydroxyethyl 

cellulose 

hydrogel 

modified with 

tannic acid 

Tannic acid Methylene blue 

200–1200 mg/L 

methylene blue 

pH range 2–12 

- 

5 cycles of 

adsorption-de-

sorption 

[46] 

PVA/alginate-

based 

hydrogel with 

green tea waste 

Polyphenols Cu(II), Cr(VI) 

2–100 mg/L CuSO4, 

2–200 mg/mL 

K2Cr2O7 

pH range 2–6 

- - [61] 
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Tannin-immobi-

lized 

cellulose 

hydrogel 

Tannins Methylene blue 

10–80 mg/L 

methylene blue 

pH range 2–8 

- 
6 recycling 

events 
[47] 

Chitin-based 

composite 

hydrogel 

reinforced by tan-

nic acid 

functionalized 

graphene (TRGO) 

Tannic 

acid 
Congo red 

100–400 mg/L Congo 

red 

pH range 4.5–9.0 

Compressive 

strength: 

22.7 kPa (without 

TRGO) 

72.3 kPa (with 7% 

of TRGO) 

- [62] 

2. Materials and Methods 

2.1. Materials and Chemicals 

Low molecular weight chitosan (CH) (Mw = 50 kDa, ≥ 75% deacetylation degree), 

methacrylic anhydride (MA, 94%), acetic acid (96%), and Irgacure 2959 were purchased 

from Sigma-Aldrich (Milano, Italy). Tannic acid (TA), copper (II) sulphate [CuSO4], so-

dium carbonate [Na2CO3], and Folin–Ciocalteu phenol reagent 2 M (with respect to acid, 

47,641) (F&C reagent) were also purchased from Sigma-Aldrich (Milano, Italy). To detect 

the copper ion concentration, Copper LR reagents composed of bicinchoninic acid diso-

dium salt (HI9547-01, Hanna Instruments, Villafranca Padovana, Italy) were used. All of 

the materials were used without additional purification, and all solutions were prepared 

in ultrapure water. 

2.2. Preparation of Hydrogels 

2.2.1. Synthesis of Methacrylated Chitosan (MCH) 

The chitosan (CH) methacrylation was performed as previously described [63,64]. A 

total of 1.5 wt% of CH was dissolved in 2 wt% acetic acid solution and stirred. Once the 

solution was homogenous, MA was added dropwise according to the ratio between ami-

noglucose moieties and MA equal to 1:20. The reaction was carried out for 4 h at 50 °C 

under stirring conditions. The solution was dialyzed against distilled water for 4 days 

using a dialysis tubing cellulose membrane (MWCO = 14 kDa) and then freeze-dried to 

obtain MCH. 

2.2.2. UV-Curing of Chitosan-Based Hydrogel (CHg) 

The freeze-dried MCH (1.5 wt%) was solubilized in 2 wt% acetic acid solution for 12 

h. Then, 1 phr of Irgacure 2959 was added to the solution as a photoinitiator, and the 

mixture was stirred until homogeneity was achieved. The liquid formulation was poured 

into a silicon cylinder mold to obtain cylinder-shaped hydrogels (1 cm in diameter, 1 cm 

in the height), and the mixture was irradiated for 5 min with UV light (100 mW/cm2). A 

Hamamatsu LC8 lamp with an 8 mm light guide and spectral distribution range of 240–

400 nm was used [38,57]. Finally, the produced CHgs were air-dried. 

2.2.3. Preparation of CHg Containing TA (CHg-TA) 

Air-dried CHgs were dipped in a tannic acid (TA) solution with a concentration of 

15 mg/mL and swelled for 3 h. The swelling in the TA solution was performed at a con-

stant temperature of 37 °C. Then, the obtained hydrogels containing TA (CHg-TA) were 

washed three times with ultrapure water and air-dried. 

2.3. Fourier Transform Infrared (FTIR) Spectroscopy 

In order to confirm the successful methacrylation of CH and TA adsorption into CHg, 

attenuated total reflectance-infrared spectroscopy (ATR-FTIR) was used. The experiments 
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were performed on air-dried hydrogels using a Thermo Scientific Nicolet iS50 FTIR spec-

trometer (Thermo Fisher Scientific, Milano, Italy) equipped with a diamond crystal ATR 

accessory. ATR spectra were collected with a resolution of 4 cm−1 in the range of 4000–600 

cm−1. 

2.4. Surface Characterization with SEM 

The surface morphology and semi-quantitative chemical composition of air-dried hy-

drogels, before and after treatment in TA solution, were investigated by scanning electron 

microscopy (SEM, JEOL, JCM-6000 plus). The accelerating voltage was set at 15.0 kV. 

2.5. Folin–Ciocalteu Assay 

The total phenolic content in the hydrogels was measured using the Folin–Ciocalteu 

assay [65,66]. The TA detection in the air-dried hydrogels and solutions was performed 

by monitoring the reaction between the TA in the sample and phosphotungstic/phospho-

molybdic acid contained in the F&C reagent. The test is based on the reduction of the F&C 

reagent caused by the oxidation of the phenolic compounds [67]. 

To detect TA in the air-dried hydrogels, CHg and CHg-TA were dipped in 8 mL of 

double-distilled water, then 0.5 mL of F&C reagent and 1.5 mL of 20 w/v% Na2CO3 were 

added. The reaction was conducted for 2 h in the dark. As far as solutions are concerned, 

2 mL of the sample were poured into 6 mL of double-distilled water and then mixed with 

0.5 mL of F&C reagent and 1.5 mL of 20 w/v% Na2CO3 and allowed to react for 2 h in the 

dark. 

The photometric tests were performed by measuring the absorbance of the resulting 

blue color solution at 760 nm with a UV-Vis spectrophotometer (UV-2600, Shimadzu, Ja-

pan). The concentration of total phenols was quantified in accordance with a standard 

calibration curve of gallic acid, obtained by seven solutions with defined concentrations 

(0.001, 0.003, 0.005, 0.010, 0.020, 0.030, and 0.040 mg/mL), and the phenols are quantified 

by using gallic equivalent units (GAE) as a measuring unit. 

2.6. Compression Test 

Unconfined uniaxial compression tests were performed with an MTS QTestTM/10 

Elite controller using TestWorks® 4 software (MTS Systems Corporation, Edan Prairie, 

MN, USA). The cylindrical geometry of each sample was measured before testing (φ = 11 

mm, h = 12 mm for CHg; φ = 4 mm, h = 4 mm for CHg-TA). The hydrogel was compressed 

at a test speed of 0.5 mm/min with a cell of 10 N. The data acquisition rate was set at 20 

Hz. The compressive modulus (E) was estimated as the slope of the linear region of the 

stress–strain curves. All experiments were performed in triplicate. 

2.7. Zeta Potential 

The zeta (ζ) potential on the surface of CHg and CHg-TA was measured using an 

electrokinetic analyzer (SurPASS, Anton Paar) equipped with an automatic titration unit. 

The hydrogels were swelled in distilled water overnight, and about 500 mg of the swelled 

samples were inserted into a cylindrical cell. The ζ potential was assessed as a function of 

pH in an electrolyte solution of 0.001 M KCl. The pH was changed by the addition of 0.05 

M NaOH and 0.05 M HCl solutions for titration in the basic and acid range, respectively. 

Fifteen points were measured for each range, and four ramps were performed for each 

point. The same sample was used for basic and acid titrations, but it was thoroughly 

rinsed with ultrapure water between the two measurements. 

2.8. Adsorption Experiments 

The Cu2+ solution was prepared from copper sulphate CuSO4 with a concentration of 

10 ppm. To assess the effect of pH on Cu2+ ion adsorption, four different solutions were 
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prepared, with pH equal to 2, 4, 6, and 10. The pH was adjusted with 0.1 M HCl or 0.1 M 

NaOH. 

The air-dried CHg-TAs underwent a pre-washing treatment in distilled water for 4 

h under stirring, according to a ratio of 7 mg:10 mL, before starting the copper ion adsorp-

tion experiments. The CHg-TA pre-washing step is useful to remove excess TA weakly 

bound to chitosan. The air-dried CHg and pre-washed CHg-TA were dipped in the metal 

ion solution with a ratio of 7 mg:10 mL. The adsorption experiments were conducted for 

24 h at room temperature under mild conditions (300 rpm). Each experiment was con-

ducted in triplicate, and the mean values were reported. 

The total Cu2+ concentration in the solution was monitored using a colorimetric 

method based on the use of bicinchoninic acid disodium salt. The complex absorbance 

was detected using a Copper Low-Range Portable Photometer (HI96747, resolution of 

0.001 mg/L, Hanna Instruments) equipped with a tungsten lamp as a light source and a 

silicon photocell with a narrow band interference filter at 560 nm as a detector. The Cu2+ 

determination was conducted at a pH range between 6.0 and 8.0. The adsorbed amount 

was measured by the difference between the initial and final concentrations. The adsor-

bent capacity (Qe [mg/g]) and the removal efficiency (%R) were calculated according to 

the following equations. 

Q� =
(C� − C�) × V

W
 (1) 

%R = (
C� − C�

C�
) × 100 (2) 

Ci (mg/L) is the initial copper ion concentration, while Cf (mg/L) is the final metal ion 

concentration after 24 h of contact time. V (mL) is the volume of the Cu2+ solution, and W 

(g) is the mass of the air-dried hydrogel. 

2.9. Recycling Experiments 

The reusability and re-adsorption ability of hydrogels were tested to assess their sta-

bility as adsorbents. The desorption step was carried out by immersing the air-dried cop-

per-loaded hydrogels in a 0.1 M HCl solution with a ratio of 7 mg:10 mL. The removal of 

adsorbed copper ions from the hydrogels was conducted for 90 min at room temperature 

under stirring. After elution, the desorbed hydrogel was washed with distilled water to 

remove any trace of acidity. The procedure of the adsorption-desorption cycle was re-

peated five times in the pH range of 2–6. 

3. Results and Discussion 

3.1. Characterization of CHg and CHg-TA 

Figure 2a reports the FTIR spectra of raw CH and MCH. The successful methacryla-

tion reaction was confirmed by the presence of a peak at 1720 cm−1, assigned to the C=O 

stretches. Furthermore, the signals at 1615 cm−1 and 800 cm−1 are absent in the CH spec-

trum and can be attributed to the C=C stretching vibration and C=CH2 bending vibration, 

respectively. After the incorporation of photocrosslinkable groups, the peak assigned to 

the N-H bending vibration shifted from 1582 cm−1 to 1538 cm−1. Thus, this red shift sug-

gests an N-methacrylation [63]. In addition, the slight decrease in the characteristic wide 

band of the -OH vibrations around 3300 cm−1 proposes that the reaction involving the hy-

droxyl groups can occur. 
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Figure 2. FTIR spectra of (a) chitosan before and after the methacrylation reaction and (b) CHg-TA, 

compared to CHg and TA powder. 

In Figure 2b the spectra of CHg, TA powder, and CHg-TA are compared, proving 

the interactions between tannic acid and chitosan-based hydrogel. The band around 3300 

cm−1 in the CHg spectrum is characteristic of the bond stretching of O-H and N-H. This 

region is stronger and wider in the TA spectrum and is assigned to the polyphenolic 

groups and aromatic C=C. Therefore, the intensity of this band in the CHg-TA spectrum 

broadened due to the formation of hydrogen bonds between TA and CHg. After CHg was 

swelled in the TA solution (Figure 3a), the shift of the C=O peak in the CHg spectrum to 

a lower wavenumber was also detected at 1708 cm−1, suggesting the presence of the hy-

drogen-bonding interaction. This frequency is also assigned to the carbonyl groups of the 

TA. The peak at 1178 cm−1 in the TA spectrum can be attributed to the C-O bonds of the 

ester group [68], and its red shift at 1153 cm−1 confirms the TA presence within CHg. The 

red shift may be explained by the formation of hydrogen bonds involving the hydroxyl 

and carbonyl groups, suggesting that TA was successfully immobilized within CHg. 

Moreover, the spectral signals at 1608 cm−1 and 1445 cm−1 are absent in the CHg spectrum 

and are characteristic of stretches of the aromatic C=C bonds of the TA. The strong band 

at 1050-1030 cm−1 can be assigned to stretching vibrations of the pyranose ring C-O bond 

in CHg [69] and the ether C-O bond in TA. This region broadened in the CHg-TA spec-

trum exhibiting a higher intensity. Therefore, the ATR-FTIR analyses confirm the for-

mation of strong interactions between the pyrogallol and catechol groups in TA and the 

functional groups of the polysaccharide, reinforcing CHg [70,71] (Figure 3b). 
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Figure 3. (a) Representative scheme of the CHg and CHg-TA preparation; (b) formation of hydrogen 

bonds between MCH functional groups and TA; (c) digital photo of CHg and CHg-TA, showing 

that the TA adsorption can be visually confirmed by the formation of the typical light brown color 

of TA [72]. 

After the CHg swelling in the TA solution, the color change of the hydrogels from 

light yellowish to brownish (Figure 3c) suggests the formation of interactions between TA 

and CHg. The F&C results prove the successful adsorption of TA by CHg, and the total 

phenolic content in CHg-TA was measured at 0.094 ± 0.07 mg/mL. Therefore, no redox 

activity of CHg was detected, as expected by the chitosan structure. 

Moreover, the surface morphology of the produced hydrogels was observed by using 

SEM (Figure 4). It was found that the surfaces of both CHg and CHg-TA are irregular, and 

the TA introduction does not cause any morphological changes to the hydrogel. The ac-

quired SEM image of CHg (Figure 4a) shows a less rough surface than that of the CHg-

TA (Figure 4b). The rougher surface of CHg-TA determines a higher surface area, a pa-

rameter that may influence the adsorption efficiency. The pores were not observed on the 

samples surfaces. 
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Figure 4. SEM images on a representative macro area (100× g mag.) of (a) CHg and (b) CHg-TA. 
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Lastly, the hydrogels were subjected to unconfined uniaxial compression. The com-

pression tests revealed that the introduction of TA in hydrogels substantially improves 

their mechanical performance, as He et al. confirmed in their previous work [70]. Specifi-

cally, the resulting compressive modulus (E) is 7.2 ± 1.8 kPa and 0.94 ± 0.1 MPa for CHg 

and CHg-TA, respectively. This exceptionally substantial increase in CHg-TA stiffness 

confirms the higher crosslinking density due to a high number of formed hydrogen bonds, 

resulting in an important reinforcing effect of the UV-cured hydrogel. 

3.2. Copper Ions Adsorption from Water 

The UV-cured chitosan-based hydrogels were tested for copper ion removal from 

water. The effect of pH variation from 2 to 10 toward CHg and CHg-TA adsorption ca-

pacity was investigated. The pH is a fundamental parameter to be controlled, as the ionic 

state of the surface functional groups of hydrogels is a function of pH, and this play an 

important role in hydrogel and metal ion interaction. 

Chitosan exhibits a pKa value close to 6.5 due to its primary amino groups [73]. 

Hence, at pH above 6.5, the amino groups are in the form of -NH2, improving the attrac-

tion between polymeric chains due to van der Waals interactions. However, at a pH below 

pKa, the amino groups are protonated, producing an increment in positive charges on the 

CHg surface, thus causing an electrostatic repulsion among the chitosan polymeric chains. 

The ζ potential measurement of the CHg surface charge (Figure 5a) confirms this trend, 

identifying the isoelectric point (IEP) at a pH of about 6.3, an index of the prevalence of 

basic groups on the surface. The presence of basic functional groups is confirmed by the 

plateau between 4 and 5. As a result, at acid conditions, the positive surface reduces the 

diffusion of metal cations into CHg, leading to a decrease in the interactions between Cu2+ 

ions and chitosan [74]. As revealed by FTIR-ATR, chitosan also possesses acidic functional 

groups (-OH groups) evidenced by the plateau in the basic region of the zeta potential 

curve. 

In order to enhance the CHg adsorption capacity, the now-known tannic acid ability 

to chelate metal ions is exploited [43,59,75], reinforcing chitosan-based hydrogel with TA 

introduction through the multiple hydrogen-bonding interactions. By inserting the poly-

phenols into the CHg structure, the number of -OH groups increases, thus raising the 

number of available sites for coordinating the Cu2+ ions. The TA introduction slightly re-

duces the IEP of CHg-TA at a pH of 6.0 (Figure 5a) due to the introduction of a significant 

number of acidic functional groups (-OH). The presence of acidic OH is confirmed by the 

more pronounced plateau in the basic region, compared to the curve of CHg. The plateau 

in the acidic region reveals the permanence of the chitosan basic functional groups, even 

after TA functionalization. 

To minimize the TA release into the Cu2+ ion solution and to avoid further pollution, 

the CHg-TA was swelled in distilled water for 4 h (pre-washing). The maximum absorp-

tion wavelength at about 280 nm in the UV-Vis spectrum (Figure 5b) is a noticeable evi-

dence of TA presence in the water used for swelling. The comparison between the UV-Vis 

spectra of CHg and CHg-TA after swelling in water proves that the tannin release is not 

quantified by the Lambert–Beer law due to the low contribution of the photoinitiator. In-

deed, the maximum absorbance peak derived from Irgacure 2959 is determined to be in 

the same range as TA absorbance. The tannin released into the pre-washing solution can 

be measured by the F&C assay, and the CHg-TA released 0.003 ± 0.0006 mg/mL of phenols 

(measured as GAE). 
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Figure 5. (a) ζ potential curves of CHg and CHg-TA; (b) UV-Vis spectra of pre-washing solutions 

and Irgacure 2959, with the mechanism of the benzoyl and alkyl radicals formation [76]; (c) the in-

fluence of pH on the Qe values of Cu2+; (d) schematic representation of the adsorption mechanism 

of Cu2+ into CHg-TA. 

Figure 5c illustrates the Cu2+ adsorption of the CHg and CHg-TA as a function of pH. 

The experimental data provide evidence that the tannic acid in chitosan-based hydrogel 

enhances the adsorption capacity at acid conditions. Since the chitosan surface shows a 

positive ζ potential, mainly due to the protonated amino groups, repulsive electrostatic 

interactions are generated between CHg and the positively charged metal ions. Therefore, 

in the acid pH range, the amino groups are not available sites for the Cu2+ adsorption and 

may hinder Cu2+ cations from approaching the CHg surface. Thanks to the greater number 

of -OH groups introduced with TA, the Qe values increase due to the coordination with 

Cu2+ ions. Specifically, the two adjacent phenolic hydroxyls (catechol) can coordinate the 

metal ions (Figure 5d) [77–79]. The greatest difference in the adsorption capacity between 

CHg and CHg-TA can be noticed at pH 2, and the Qe is approximately 11.04 ± 0.48 mg/g 

for CHg-TA, while it is approximately 9.96 ± 1.22 mg/g for CHg. 

During the decontamination treatment, the tannin release caused by CHg-TA can oc-

cur due to the high solubility of TA in water. The amount of TA in the copper solutions 

was quantified after the adsorption process, and the results of F&C testing for the copper 

solutions at a pH of 2, 4, and 6 are reported in Figure 6. It can be seen from these data that 

at pH 4 and 6, the TA release is almost negligible, and this release is the result of the pre-

washing step of CHg-TA. Therefore, at these two pH values, the CHg-TA can improve the 

copper adsorption without significant further contamination of the water by the tannin 

release. Under extreme acidic conditions, such as at pH 2, TA can be partially or totally 
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hydrolyzed, reducing the hydrogen bonds with chitosan and releasing gallic acid 

[40,80,81]. 

  

Figure 6. Folin–Ciocalteu determination of TA in the CuSO4 solutions after 24 h of adsorption treat-

ment by CHg-TA. 

Even if the CHg-TA surface shows a negative ζ potential as alkalinity raises, the CHg-

TA Qe slightly decreases, possibly due to the oxidation of the polyphenol groups to the 

quinone form over time [82,83]. Once quinones formed, many hydrogen bonds were de-

stroyed. As a result, the network between CHg and TA decreases [48], and tannin release 

can occur in the Cu2+ solution. 

In contrast to the adsorption capacity of CHg-TA, CHg shows the highest Qe towards 

Cu2+ cations at a basic pH, as its surface possesses a negative ζ potential [57,74]. This find-

ing suggests that the deprotonation of -OH groups allows for the adsorption of the Cu2+ 

ions through electrostatic interactions, while the neutral amino groups chelate the metal 

ions. 

3.3. Regeneration Capability and Reusability 

The adsorbent regeneration capability is one of the important properties of practical 

wastewater treatment [84]. The adsorption stability of CHg and CHg-TA was studied in 

the pH range of 2–6, where CHg-TA shows higher Qe than CHg. The regenerated hydro-

gels were used to adsorb the same concentration of CuSO4 (10 ppm). As shown in Figure 

7, the CHg-TA removal efficiency (% R) was just slightly reduced after 5 adsorption-de-

sorption cycles. The % R decrease may be attributed to the incomplete desorption of Cu2+ 

from the hydrogel and the progressive tannin release into the treated solutions. However, 

the Cu2+ removal of CHg-TA was still higher than 60% for all three pH levels studied. 

Rather, CHg is not reusable after 2 cycles due to the destruction of the polymeric network, 

mainly at extremely acidic pH levels, such as those in the desorption solution. This result 

can be assigned to the electrostatic repulsion among the polymeric chains formed by the 

increase in protonated amino groups. 

The excellent stability and recycling ability of CHg-TA may be related to its mechan-

ical properties. The greater stiffness introduced with TA allows for obtaining a more acid-

resistant chitosan-based hydrogel. Therefore, the CHg-TA property of maintaining its 

structural integrity, thanks to its higher crosslinking density, increases its recyclability 

without remarkable % R losses.  
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Figure 7. Re-adsorption efficiency of CHg-TA at different pH levels. 

4. Conclusions 

This work aims to evaluate the possibility of successfully introducing tannic acid into 

a UV-cured hydrogel derived from a natural and renewable source to improve its me-

chanical properties, which can affect its adsorption capacity and allow for an increase in 

adsorbent reusability. 

The copper ion adsorption capacities of CHg and CHg-TA as a function of pH were 

compared. Under acidic conditions, the chitosan’s amino groups are not available as ad-

sorption sites, while the coordinating ability of the high number of polyphenols in CHg-

TA contributes to enhance copper ion adsorption.  

From recycling experiments, CHg-TA was found to possess effective adsorption ca-

pacity and reusability at acidic pH, and it could be used for 5 cycles of adsorption-desorp-

tion, unlike CHg. The prominent stability of CHg-TA can be associated with the remark-

ably enhanced mechanical properties derived by the increased crosslinking density due 

to the formation of hydrogen bonds between the functional groups of chitosan and TA. 

The outstanding regeneration capability of CHg-TA may reduce the cost of the decontam-

ination treatment of acid industrial wastewater and make it more environmentally 

friendly.  

Author Contributions: Conceptualization, S.S. and M.S.; methodology, R.S. and S.F.; investigation, 

R.S. and S.F.; resources, S.S. and M.S.; writing—original draft preparation and editing, R.S.; writ-

ing—review, S.F., S.S. and M.S.; visualization, R.S.; supervision, S.S. and M.S. All authors have read 

and agreed to the published version of the manuscript. 

Funding: This paper is part of a project that has received funding from the European Union’s Hori-

zon 2020 research and innovation program under the Marie Skłodowska-Curie grant agreement, 

No 101007578 (SusWater). 

Institutional Review Board Statement: The study was conducted in accordance with the Declara-

tion of Helsinki and approved by the Institutional Review Board. 

Acknowledgments: MUR is acknowledged for funding the R. Sesia’s PhD fellowship (MUR—D.M. 

1061/2021—Dottorati di ricercar su tematiche green e dell’innovazione: nuove risorse dal PON Ri-

cerca e Innovazione). 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Jaishankar, M.; Tseten, T.; Anbalagan, N.; Mathew, B.B.; Beeregowda, K.N. Toxicity, mechanism and health effects of some 

heavy metals. Interdiscip. Toxicol. 2014, 7, 60–72. https://doi.org/10.2478/intox-2014-0009. 

2. Karaouzas, I.; Kapetanaki, N.; Mentzafou, A.; Kanellopoulos, T.D.; Skoulikidis, N. Heavy metal contamination status in Greek 

surface waters: A review with application and evaluation of pollution indices. Chemosphere 2021, 263, 128192. 

https://doi.org/10.1016/j.chemosphere.2020.128192. 

3. Rehman, M.; Liu, L.; Wang, Q.; Saleem, M.H.; Bashir, S.; Ullah, S.; Peng, D. Copper environmental toxicology, recent advances, 

and future outlook: A review. Environ. Sci. Pollut. Res. 2019, 26, 18003–18016. https://doi.org/10.1007/s11356-019-05073-6. 

1 2 3 4 5
0

20

40

60

80

100

R
(%

)

Recycling time

pH 2

1 2 3 4 5
0

20

40

60

80

100

pH 4

R
(%

)

Recycling time
1 2 3 4 5

0

20

40

60

80

100

pH 6

R
(%

)

Recycling time



Polymers 2022, 14, 4645 14 of 17 
 

 

4. Saha, N.; Rahman, M.S.; Ahmed, M.B.; Zhou, J.L.; Ngo, H.H.; Guo, W. Industrial metal pollution in water and probabilistic 

assessment of human health risk. J. Environ. Manag. 2017, 185, 70–78. https://doi.org/10.1016/j.jenvman.2016.10.023. 

5. Baratta, M.; Tursi, A.; Curcio, M.; Cirillo, G.; Nicoletta, F.P.; De Filpo, G. GO-SWCNT Buckypapers as an Enhanced Technology 

for Water Decontamination from Lead. Molecules 2022, 27, 4044. https://doi.org/10.3390/molecules27134044. 

6. Garmsiri, M.; Mortaheb, H. Enhancing performance of hybrid liquid membrane process supported by porous anionic exchange 

membranes for removal of cadmium from wastewater. Chem. Eng. J. 2015, 264, 241–250. https://doi.org/10.1016/j.cej.2014.11.061. 

7. Prabhu, V.; Lee, S.; Clack, H. Electrostatic Precipitation of Powdered Activated Carbon and Implications for Secondary Mercury 

Adsorption within Electrostatic Precipitators. Energy Fuels 2011, 25, 1010–1016. https://doi.org/10.1021/ef1009567. 

8. Marinho, B.A.; Cristovao, R.O.; Boaventura, R.A.R.; Vilar, V.J.P. As(III) and Cr(VI) oxyanion removal from water by advanced 

oxidation/reduction processes—A review. Environ. Sci. Pollut. Res. 2019, 26, 2203–2227. https://doi.org/10.1007/s11356-018-3595-

5. 

9. Hu, M.; Mi, B. Enabling Graphene Oxide Nanosheets as Water Separation Membranes. Environ. Sci. Technol. 2013, 47, 3715–

3723. https://doi.org/10.1021/es400571g. 

10. Chai, W.S.; Cheun, J.Y.; Kumar, P.S.; Mubashir, M.; Majeed, Z.; Banat, F.; Ho, S.H.; Show, P.L. A review on conventional and 

novel materials towards heavy metal adsorption in wastewater treatment application. J. Clean. Prod. 2021, 296, 126589. 

https://doi.org/10.1016/j.jclepro.2021.126589. 

11. Garcia-Segura, S.; Nienhauser, A.B.; Fajardo, A.S.; Bansal, R.; Conrad, C.L.; Fortner, J.D.; Marcos-Hernandez, M.; Rogers, T.; 

Villagran, D.; Wong, M.S.; et al. Disparities between experimental and environmental conditions: Research steps toward making 

electrochemical water treatment a reality. Curr. Opin. Electrochem. 2020, 22, 9–16. https://doi.org/10.1016/j.coelec.2020.03.001. 

12. Yang, J.; Chen, X.; Zhang, J.; Wang, Y.; Wen, H. Role of chitosan-based hydrogels in pollutants adsorption and freshwater 

harvesting: A critical review. Int. J. Biol. Macromol. 2021, 189, 53–64. https://doi.org/10.1016/j.ijbiomac.2021.08.047. 

13. Agasti, N. Decontamination of heavy metal ions from water by composites prepared from waste. Curr. Res. Green Sustain. Chem. 

2021, 4, 100088. https://doi.org/10.1016/j.crgsc.2021.100088. 

14. Gupta, V.K.; Ali, I.; Saleh, T.A.; Nayaka, A.; Agarwal, S. Chemical treatment technologies for waste-water recycling—An over-

view. RSC Adv. 2012, 2, 6380. https://doi.org/10.1039/C2RA20340E. 

15. Ahmad, A.; Mohd-Setapar, S.H.; Chuong, C.S.; Khatoon, A.; Wani, W.A.; Kumar, R.; Rafatullah, M. Recent advances in new 

generation dye removal technologies: Novel search for approaches to reprocess wastewater. RSC Adv. 2015, 5, 30801–30818. 

https://doi.org/10.1039/C4RA16959J. 

16. Bakalár, T.; Pavolová, H.; Kyšeľa, K.; Hajduová, Z. Characterization of Cu(II) and Zn(II) Sorption onto Zeolite. Crystals 2022, 12, 

908. https://doi.org/10.3390/cryst12070908. 

17. Sheng, G.; Yang, S.; Sheng, J.; Hu, J.; Tan, X.; Wang, X. Macroscopic and Microscopic Investigation of Ni(II) Sequestration on 

Diatomite by Batch, XPS, and EXAFS Techniques. Environ. Sci. Technol. 2011, 45, 7718–7726. https://doi.org/10.1021/es202108q. 

18. Fischer, C.; Oschatz, M.; Nickel, W.; Leistenschneider, D.; Kaskel, S.; Brunner, E. Bioinspired carbide-derived carbons with hi-

erarchical pore structure for the adsorptive removal of mercury from aqueous solution. Chem. Commun. 2017, 53, 4845–4848. 

https://doi.org/10.1039/C6CC08041C. 

19. McManamon, C.; Burke, A.M.; Holmes, J.D.; Morris, M.A. Amine-functionalised SBA-15 of tailored pore size for heavy metal 

adsorption. J. Colloid Interface Sci. 2012, 369, 330–337. https://doi.org/10.1016/j.jcis.2011.11.063. 

20. Feng, L.; Cao, M.; Ma, X.; Zhu, Y.; Hu, C. Superparamagnetic high-surface-area Fe3O4 nanoparticles as adsorbents for arsenic 

removal. J. Hazard. Mater. 2012, 217–218, 439–446. https://doi.org/10.1016/j.jhazmat.2012.03.073. 

21. Damiri, F.; Andra, S.; Kommineni, N.; Balu, S.K.; Bulusu, R.; Boseila, A.A.; Akamo, D.O.; Ahmad, Z.; Khan, F.S.; Rahman, M.H.; 

et al. Recent Advances in Adsorptive Nanocomposite Membranes for Heavy Metals Ion Removal from Contaminated Water: A 

Comprehensive Review. Materials 2022, 15, 5392. https://doi.org/10.3390/ma15155392. 

22. Mohammadzadeh Pakdel, P.; Peighambardoust, S.J. Review on recent progress in chitosan-based hydrogels for wastewater 

treatment application. Carbohydr. Polym. 2018, 201, 264–279. https://doi.org/10.1016/j.carbpol.2018.08.070. 

23. Noè, C.; Cosola, A.; Chiappone, A.; Hakkarainen, M.; Grützmacher, H.; Sangermano, M. From polysaccharides to UV-curable 

biorenewable organo/hydrogels for methylene blue removal. Polymer 2021, 235, 124257. https://doi.org/10.1016/j.poly-

mer.2021.124257. 

24. Noè, C.; Tonda-Turo, C.; Chiappone, A.; Sangermano, M.; Hakkarainen, M. Light Processable Starch Hydrogels. Polymers 2020, 

12, 1359. https://doi.org/10.3390/polym12061359. 

25. Sinha, V.; Chakma, S. Advances in the preparation of hydrogel for wastewater treatment: A concise review. J. Environ. Chem. 

Eng. 2019, 7, 103295. https://doi.org/10.1016/j.jece.2019.103295. 

26. Dodson, J.R.; Parker, H.L.; Muñoz Garcia, A.M.; Hicken, A.; Asemave, K.; Farmer, T.J.; He, H. Bio-derived materials as a green 

route for precious & critical metal recovery and re-use. Green Chem. 2015, 17, 1951–1965. https://doi.org/10.1039/C4GC02483D. 

27. Ahmad, M.; Ahmed, S.; Swami, B.L.; Ikram, S. Adsorption of Heavy Metal Ions: Role of Chitosan and Cellulose for Water 

Treatment. Langmuir 2015, 79, 109–155. 

28. Miretzky, P.; Cirelli, A.F. Hg(II) removal from water by chitosan and chitosan derivatives: A review. J. Hazard. Mater. 2009, 167, 

10–23. https://doi.org/10.1016/j.jhazmat.2009.01.060. 



Polymers 2022, 14, 4645 15 of 17 
 

 

29. Vieira, R.S.; Oliveira, M.L.M.; Guibal, E.; Rodríguez-Castellón, E.; Beppu, M.M. Copper, mercury and chromium adsorption on 

natural and crosslinked chitosan films: An XPS investigation of mechanism. Colloids Surf. A Physicochem. Eng. Asp. 2011, 374, 

108–114. https://doi.org/10.1016/j.colsurfa.2010.11.022. 

30. Dhanesh, S.; Mishra, M.; Mishra, A.K.; Anjali, S. Removal of Lead from Waste Water Using Low Cost Adsorbent. Int. Res. J. 

Environ. Sci. 2013, 2, 23–26. 

31. Pontoni, L.; Fabbricino, M. Use of chitosan and chitosan-derivatives to remove arsenic from aqueous solutions—A mini review. 

Carbohydr. Res. 2012, 356, 86–92. https://doi.org/10.1016/j.carres.2012.03.042. 

32. Modrzejewska, Z. Sorption mechanism of copper in chitosan hydrogel. React. Funct. Polym. 2013, 73, 719–729. 

https://doi.org/10.1016/j.reactfunctpolym.2013.02.014. 

33. Bueter, C.L.; Specht, C.A.; Levitz, S.M. Innate Sensing of Chitin and Chitosan. PLoS Pathog. 2013, 9, e1003080. 

https://doi.org/10.1371/journal.ppat.1003080. 

34. Salehi, E.; Daraei, P.; Shamsabadi, A.A. A review on chitosan-based adsorptive membranes. Carbohydr. Polym. 2016, 152, 419–

432. https://doi.org/10.1016/j.carbpol.2016.07.033. 

35. Sadeghi, M.; Hanifpour, F.; Taheri, R.; Javadian, H.; Ghasemi, M. Comparison of using formaldehyde and carboxy methyl chi-

tosan in preparation of Fe3O4 superparamagnetic nanoparticles-chitosan hydrogel network: Sorption behavior toward bovine 

serum albumin. Process Saf. Environ. Prot. 2016, 102, 119–128. https://doi.org/10.1016/j.psep.2016.03.005. 

36. Jóźwiak, T.; Filipkowska, U.; Szymczyk, P.; Rodziewicz, J.; Mielcarek, A. Effect of ionic and covalent crosslinking agents on 

properties of chitosan beads and sorption effectiveness of Reactive Black 5 dye. React. Funct. Polym. 2017, 114, 58–74. 

https://doi.org/10.1016/j.reactfunctpolym.2017.03.007. 

37. Milosavljević, N.B.; Ristić, M.D.; Perić-Grujić, A.A.; Filipović, J.M.; Štrbac, S.B.; Rakočević, Z.L.; Kalagasidis Krušić, M.T. Sorp-

tion of zinc by novel pH-sensitive hydrogels based on chitosan, itaconic acid and methacrylic acid. J. Hazard. Mater. 2011, 192, 

846–854. https://doi.org/10.1016/j.jhazmat.2011.05.093. 

38. Zanon, M.; Chiappone, A.; Garino, N.; Canta, M.; Frascella, F.; Hakkarainen, M.; Pirri, C.F.; Sangermano, M. Microwave-assisted 

methacrylation of chitosan for 3D printable hydrogels in tissue engineering. Mater. Adv. 2022, 3, 514–525. 

https://doi.org/10.1039/D1MA00765C. 

39. Koopmann, A.-K.; Schuster, C.; Torres-Rodríguez, J.; Kain, S.; Pertl-Obermeyer, H.; Petutschnigg, A.; Hüsing, N. Tannin-Based 

Hybrid Materials and Their Applications: A Review. Molecules 2020, 25, 4910. https://doi.org/10.3390/molecules25214910. 

40. Arbenz, A.; Avérous, L. Chemical modification of tannins to elaborate aromatic biobased macromolecular architectures. Green 

Chem. 2015, 17, 2626–2646. https://doi.org/10.1039/C5GC00282F. 

41. Santos, S.; Bacelo, H.A.M.; Boaventura, R.A.R.; Botelho, C.M.S. Tannin-Adsorbents for Water Decontamination and for the Re-

covery of Critical Metals: Current State and Future Perspectives. Biotechnol. J. 2019, 14, 1900060. 

https://doi.org/10.1002/biot.201900060. 

42. Kavitha, V.U.; Kandasubramanian, B. Tannins for wastewater treatment. SN Appl. Sci. 2020, 2, 1081. 

https://doi.org/10.1007/s42452-020-2879-9. 

43. Beltrán Heredia, J.; Sánchez Martín, J. Removing heavy metals from polluted surface water with a tannin-based flocculant agent. 

J. Hazard. Mater. 2009, 165, 1215–1218. https://doi.org/10.1016/j.jhazmat.2008.09.104 

44. Yurtsever, M.; Şengil, I.A. Adsorption and desorption behavior of silver ions onto valonia tannin resin. Trans. Nonferrous Met. 

Soc. China 2012, 22, 2846–2854. https://doi.org/10.1016/S1003-6326(11)61541-0. 

45. Issaoui, H.; Sallem, F.; Lafaille, J.; Grassl, B.; Charrier-El Bouhtoury, F. Biosorption of Heavy Metals from Water onto Phenolic 

Foams Based on Tannins and Lignin Alkaline Liquor. Int. J. Environ. Res. 2021, 15, 369–381. https://doi.org/10.1007/s41742-021-

00313-5. 

46. Ning, F.; Zhang, J.; Kang, M.; Ma, C.; Li, H. Hydroxyethyl cellulose hydrogel modified with tannic acid as methylene blue 

adsorbent. J. Appl. Polym. Sci. 2021, 138, 49880. https://doi.org/10.1002/app.49880. 

47. Pei, Y.; Chu, S.; Chen, Y.; Li, Z.; Zhao, J.; Liu, S.; Wu, X.; Liu, J.; Zheng, X.; Tang, K. Tannin-immobilized cellulose hydrogel 

fabricated by a homogeneous reaction as a potential adsorbent for removing cationic organic dye from aqueous solution. Int. J. 

Biol. Macromol. 2017, 103, 254–260. https://doi.org/10.1016/j.ijbiomac.2017.05.072. 

48. Zheng, L.; Shi, J.; Chi, Y. Tannic Acid Physically Cross-Linked Responsive Hydrogel. Macromol. Chem. Phys. 2018, 219, 1800234. 

https://doi.org/10.1002/macp.201800234. 

49. Sun, H.; Xia, N.; Liu, Z.; Kong, F.; Wang, S. Removal of copper and cadmium ions from alkaline solutions using chitosan-tannin 

functional paper materials as adsorbent. Chemosphere 2019, 236, 124370. https://doi.org/10.1016/j.chemosphere.2019.124370. 

50. Tong, X.; Liu, S.; Qu, D.; Gao, H.; Yan, L.; Chen, Y.; Crittenden, J. Tannic acid-metal complex modified MXene membrane for 

contaminants removal from water. J. Membr. Sci. 2021, 622, 119042. https://doi.org/10.1016/j.memsci.2020.119042. 

51. Fan, H.; Wang, L.; Feng, X.; Bu, Y.; Wu, D.; Jin, Z. Supramolecular Hydrogel Formation Based on Tannic Acid. Macromolecules 

2017, 50, 666–676. https://doi.org/10.1021/acs.macromol.6b02106. 

52. Guo, J.; Ping, Y.; Ejima, H.; Alt, K.; Meissner, M.; Richardson, J.J.; Yan, Y.; Peter, K.; Von Elverfeldt, D.; Hagemeyer, C.E. Engi-

neering multifunctional capsules through the assembly of metal–phenolic networks. Angew. Chem. Int. Ed. 2014, 53, 5546–5551 

https://doi.org/10.1002/anie.201311136. 



Polymers 2022, 14, 4645 16 of 17 
 

 

53. Jin, L.; Bai, R. Mechanisms of Lead Adsorption on Chitosan/PVA Hydrogel Beads. Langmuir 2002, 18, 9765–9770. 

https://doi.org/10.1021/la025917l. 

54. Yan, W.L.; Bai, R. Adsorption of lead and humic acid on chitosan hydrogel beads. Water Res. 2005, 39, 688–698. 

https://doi.org/10.1016/j.watres.2004.11.007. 

55. Jeon, C.; Höll, W.H. Chemical modification of chitosan and equilibrium study for mercury ion removal. Water Res. 2003, 37, 

4770–4780. https://doi.org/10.1016/S0043-1354(03)00431-7. 

56. Liu, Y.; Kang, Y.; Huang, D.; Wang, A. Cu2+ removal from aqueous solution by modified chitosan hydrogels. J. Chem. Technol. 

Biotechnol. 2012, 87, 1010–1016. https://doi.org/10.1002/jctb.3722. 

57. Noè, C.; Zanon, M.; Arencibia, A.; López-Muñoz, M.-J.; Fernández de Paz, N.; Calza, P.; Sangermano, M. UV-Cured Chitosan 

and Gelatin Hydrogels for the Removal of As(V) and Pb(II) from Water. Polymers 2022, 14, 1268. 

https://doi.org/10.3390/polym14061268. 

58. Wang, J.; Wei, L.; Ma, Y.; Li, K.; Li, M.; Yu, Y.; Wang, L.; Qiu, H. Collagen/cellulose hydrogel beads reconstituted from ionic 

liquid solution for Cu(II) adsorption. Carbohydr. Polym. 2013, 98, 736–743. https://doi.org/10.1016/j.carbpol.2013.06.001. 

59. Peng, Z.; Zhong, H. Synthesis and Properties of Tannic Acid-Based Hydrogels. Part B Phys. 2014, 53, 233–242. 

https://doi.org/10.1080/00222348.2013.810094. 

60. Sun, X.; Huang, X.; Liao, X.; Shi, B. Adsorptive removal of Cu(II) from aqueous solutions using collagen-tannin resin. J. Hazard. 

Mater. 2011, 186, 1058–1063. https://doi.org/10.1016/j.jhazmat.2010.11.098. 

61. Nie, L.; Chang, P.; Liang, S.; Hu, K.; Hua, D.; Liu, S.; Sun, J.; Sun, M.; Wang, T.; Okoro, O.V.; et al. Polyphenol rich green tea 

waste hydrogel for removal of copper and chromium ions from aqueous solution. Clean. Eng. Technol. 2021, 4, 100167. 

https://doi.org/10.1016/j.clet.2021.100167. 

62. Liu, C.; Liu, H.; Tang, K.; Zhang, K.; Zou, Z.; Gao, X. High-Strength Chitin Based Hydrogels Reinforced by Tannic Acid Func-

tionalized Graphene for Congo Red Adsorption. J. Polym. Environ. 2020, 28, 984–994. https://doi.org/10.1007/s10924-020-01663-

5. 

63. Feng, Z.; Hakkarainen, M.; Grützmacher, H.; Chiappone, A.; Sangermano, M. Photocrosslinked Chitosan Hydrogels Reinforced 

with Chitosan-Derived Nano-Graphene Oxide. Macromol. Chem. Phys. 2019, 220, 1900174. 

https://doi.org/10.1002/macp.201900174. 

64. Tonda-Turo, C.; Carmagnola, I.; Chiappone, A.; Feng, Z.; Ciardelli, G.; Hakkarainen, M.; Sangermano, M.  Photocurable chi-

tosan as bioink for cellularized therapies towards personalized scaffold architecture. Bioprinting 2020, 18, e00082. 

https://doi.org/10.1016/j.bprint.2020.e00082. 

65. Zhang, X.; Ferraris, S.; Prenesti, E.; Verné, E. Surface functionalization of bioactive glasses with natural molecules of biological 

significance, Part I: Gallic acid as model molecule. Appl. Surf. Sci. 2013, 287, 329–340. https://doi.org/10.1016/j.apsusc.2013.09.151. 

66. Ferraris, S.; Zhang, X.; Prenesti, E.; Corazzari, I.; Turci, F.; Tomatis, M.; Vernè, E. Gallic acid grafting to a ferrimagnetic bioactive 

glass-ceramic. J. Non-Cryst. Solids 2016, 432, 167–175. https://doi.org/10.1016/j.jnoncrysol.2015.05.023. 

67. Ford, L.; Theodoridou, K.; Sheldrake, G.N.; Walsh, P.J. A critical review of analytical methods used for the chemical character-

isation and quantification of phlorotannin compounds in brown seaweeds. Phytochem. Anal. 2019, 30, 587–599. 

https://doi.org/10.1002/pca.2851. 

68. Wahyono, T.; Astuti, D.A.; Wiryawan, I.K.G.; Sugoro, I.; Jayanegara, A. Fourier Transform Mid-Infrared (FTIR) Spectroscopy 

to Identify Tannin Compounds in The Panicle of Sorghum Mutant Lines. IOP Conf. Ser. Mater. Sci. Eng. 2019, 546, 042045. 

69. Liu, W.; Sun, S.; Cao, Z.; Zhang, X.; Yao, K.; Lu, W.W.; Luk, K.D.K. An investigation on the physicochemical properties of 

chitosan/DNA polyelectrolyte complexes. Biomaterials 2005, 26, 2705–2711. https://doi.org/10.1016/j.biomaterials.2004.07.038. 

70. He, X.; Liu, X.; Yang, J.; Du, H.; Chai, N.; Sha, Z.; Geng, M.; Zhou, X.; He, C. Tannic acid-reinforced methacrylated chitosan/meth-

acrylated silk fibroin hydrogels with multifunctionality for accelerating wound healing. Carbohydr. Polym. 2020, 247, 116689. 

https://doi.org/10.1016/j.carbpol.2020.116689. 

71. Zhou, J.; Lin, Z.; Ju, Y.; Rahim, M.A.; Richardson, J.J.; Caruso, F. Polyphenol-Mediated Assembly for Particle Engineering. Acc. 

Chem. Res. 2020, 53, 1269–1278. https://doi.org/10.1021/acs.accounts.0c00150. 

72. Li, Y.; Fu, R.; Zhu, C.; Fan, D. An antibacterial bilayer hydrogel modified by tannic acid with oxidation resistance and adhesive-

ness to accelerate wound repair. Colloids Surf. B Biointerfaces 2021, 205, 111869. https://doi.org/10.1016/j.colsurfb.2021.111869. 

73. Zhao, S.; Zhou, F.; Li, L.; Cao, M.; Zuo, D.; Liu, H. Removal of anionic dyes from aqueous solutions by adsorption of chitosan-

based semi-IPN hydrogel composites. Compos. Part B 2012, 43, 1570–1578. https://doi.org/10.1016/j.compositesb.2012.01.015. 

74. Li, N.; Bai, R. Copper Adsorption on chitosan-cellulose hydrogel beades: Beahaviours and mechanisms. Sep. Purif. Technol. 2005, 

42, 237–247. https://doi.org/10.1016/j.seppur.2004.08.002. 

75. Huang, X.; Liao, X.; Shi, B. Hg(II) removal from aqueous solution by bayberry tannin-immobilized collagen fiber. J. Hazard. 

Mater. 2009, 170, 1141–1148. https://doi.org/10.1016/j.jhazmat.2009.05.086. 

76. Tomal, W.; Ortyl, J. Water-Soluble Photoinitiators in Biomedical Applications. Polymers 2020, 12, 1073. 

https://doi.org/10.3390/polym12051073. 

77. Bacelo, H.A.M.; Santos, S.C.R.; Botelho, C.M.S. Tannin-based biosorbents for environmental applications—A review. Chem. Eng. 

J. 2016, 303, 575–587. https://doi.org/10.1016/j.cej.2016.06.044. 



Polymers 2022, 14, 4645 17 of 17 
 

 

78. Wei, W.; Li, J.; Han, X.; Yao, Y.; Zhao, W.; Han, R.; Li, S.; Zhang, Y.; Zheng, C. Insights into the adsorption mechanism of tannic 

acid by a green synthesized nano-hydroxyapatite and its effect on aqueous Cu(II) removal. Sci. Total Environ. 2021, 778, 146189. 

https://doi.org/10.1016/j.scitotenv.2021.146189. 

79. Li, J.; Li, J.; Wei, J.; Zhu, X.; Qiu, S.; Zhao, H. Copper Tannic Acid-Coordinated Metal−Organic Nanosheets for Synergistic An-

timicrobial and Antifouling Coatings. ACS Appl. Mater. Interfaces 2021, 13, 10446–10456. https://doi.org/10.1021/acsami.0c22321. 

80. Aelenei, N.; Popa, M.I.; Novac, O.; Lisa, G.; Balaita, L. Tannic acid incorporation in chitosan-based microparticles and in vitro 

controlled release. J. Mater. Sci. Mater. Med. 2009, 20, 1095–1102. https://doi.org/10.1007/s10856-008-3675-z. 

81. Ky, I.; Le Floch, A.; Zeng, L.; Pechamat, L.; Jourdes, M.; Teissedre, P.-L. Tannins. Encycl. Food Health 2016, 247–255. 

https://doi.org/10.1016/B978-0-12-384947-2.00683-8. 

82. Chen, C.; Yang, H.; Yang, X.; Ma, Q. Tannic acid: A crosslinker leading to versatile functional polymeric networks: A review. 

RSC Adv. 2022, 12, 7689. https://doi.org/10.1039/D1RA07657D. 

83. Tóth, I.Y.; Szekeres, M.; Turcu, R.; Sáringer, S.; Illés, E.; Nesztor, D.; Tombácz, E. Mechanism of in Situ Surface Polymerization 

of Gallic Acid in an Environmental-Inspired Preparation of Carboxylated Core−Shell Magnetite Nanoparticles. Langmuir 2014, 

30, 15451–15461. https://doi.org/10.1021/la5038102. 

84. Wang, G.; Zhang, J.; Lin, S.; Xiao, H.; Yang, Q.; Chen, S.; Yan, B.; Gu, Y. Environmentally friendly nanocomposites based on 

cellulose nanocrystals and polydopamine for rapid removal of organic dyes in aqueous solution. Cellulose 2020, 27, 2085–2097. 

https://doi.org/10.1007/s10570-019-02944-6. 


