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Abstract: An original functionalization strategy is proposed here to design chitosan (CS)-based cryogels 

with ethylenediaminetetraacetic acid (EDTA) moieties. Cryogels with aligned micro-sized tubular 

structures were further engineered through an unidirectional freezing approach. Attachment of EDTA 

groups onto CS chains was proved by 1H-RMN and FT-IR spectroscopy. The formation of EDTA-

functionalized 3D porous CS-based cryogels was demonstrated by several methods of characterization 

(FTIR spectroscopy, optical microscopy, SEM, porosity measurements, swelling behavior, copper (II) 

retention capacity). The sorption tests pointed out the high potential of EDTA-functionalized CS-based 

cryogels for heavy metal ions retention. 
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1. Introduction  
Lately, biopolymers have been intensively harnessed to design more cost effective eco-friendly 

sorbents. Compared to conventional adsorbents such as activated carbon (AC) or synthetic ion 

exchangers, biopolymers represent valuable alternatives for sorption of various contaminants [1-3]. 

Consequently, over the years numerous biopolymers have been used as main matrix to develop 

composite-based sorbents for removal of heavy metal ions (HMIs) [4-6], dyes [7,8], or other pollutants 

[9,10]. One of the most promising biopolymers is chitosan (CS), a low-cost renewable polycation which 

is obtained from shells of crustaceans (crabs, shrimps, lobsters, etc.) by acidic and alkaline treatments. 

The -NH2 groups of CS are strongly reactive and responsible for HMIs chelation [2]. To overcome 

dissolution of CS at pH < 5.5, its chemical cross-linking with glutaraldehyde, epichlorohydrin, 

benzoquinone or ethylene glycol diglycidyl ether [2,3,11-13] or its blending with other natural or 

synthetic polymers or inorganic materials [14,15] has been proposed. In addition, CS has been easily 

modified by grafting ligand moieties to the -NH2 or -OH groups. For instance, functionalization with 

amidoxime [16-18], thiosemicarbazide [19], thiourea [20], aminopolycarboxylic acid (APCAs) [21-28], 

thymine [10], polydopamine [29], and aminophosphonate [30] moieties allowed designing of CS 

derivatives with targeted selectivity for various HMIs. The amidoxime-functionalized CS was used for 

removal and recovery of uranium [16,17], APCAs-functionalized CS derivatives were studied for the 

uptake and recovery of lead [21,25,28], nickel [22,23], cobalt [23], rare earths [24], or copper [27], while 

polydopamine-modified CS was efficient for removal of chromium(VI) and organic dyes [29]. APCAs-

functionalized CS derivatives have been also investigated as a stationary phase in liquid chromatography 

for the separation of HMIs mixtures [22,24]. Roosen and Binnemans [24] have investigated the potential 

of a APCAs-functionalized CS/silica derivative for the separation of Nd3+/Ho3+, Pr3+/Nd3+ and 

Pr3+/Nd3+/Ho3+ mixtures from dilute nitric acid solutions with medium pressure liquid chromatography. 

Nevertheless, in most of these research studies, it has been mentioned the low-cost, the availability from 

natural resources, and high metal ion loading capacity as the main advantages of functionalized CS 

derivatives. To fully exploit their feasibility for treatment of HMIs-containing wastewaters, their 

regeneration in mild conditions, a fast rate of pollutant sorption/desorption, and a high level of reusability 

should be taken under consideration when new sorbents are planned to be developed. In this regard, we  
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proposed here the synthesis of ethylenediaminetetraacetic acid (EDTA)-functionalized CS cryogels, as 

beads, with the main to address some of the limitations of the already reported analogues including water 

soluble CS derivatives or conventional hydrogels. Polymer-based materials in cryogel form are highly 

recommended because of their facile synthesis (water as a solvent), macroporous 3D structure, high 

mechanical stability, interconnected flow-channels allowing the study of viscous organic mobile phase 

even at high flow rates without any pressure drop and diffusion-related issues [31-33]. Herein, the ice-

segregation-induced self-assembly technique or cryogenic process was applied to obtained CS-based 

micro-structured frameworks with an oriented lamellar architecture achieved by the additional use of 

unidirectional freezing in nitrogen liquid (LN). To improve the ‘active’ surface area of our CS-based 

cryogels, the chemically modification of CS with EDTA coordinating groups was further carried out. 

The impact of the synthesis strategy on the CS-based cryogels sorption properties was also investigated 

by performing sorption kinetics and reusability studies towards Cu2+ ions.  

 

2. Materials and methods 
2.1. Materials 

CS, as powder, glutaraldehyde (GA) solution (Grade I, 25% in H2O), 4,4’–Ethylenebis(2,6– morpho-

linedione) (EDTA dianhydride), and copper(II) chloride dihydrate (CuCl2·2H2O), purchased from 

Sigma-Aldrich (GmbH, Germany), were used without any further purification.  

The deacetylation degree (DD) of CS was first evaluated by FTIR spectroscopy, as previously shown 

[34]. It was determined that CS has 85% deacetylated units. The DD value of CS was further confirmed 

by 1H-RMN spectroscopy taking into consideration the value of the integral of the signal at 2.05 ppm, 

attributed to the methyl protons in the acetyl group, respectively that of the signal at 3.18 ppm 

corresponding to the proton bound to the carbon atom C2 in the pyranose ring, CH-NH2 [35]. The molar 

mass (Mv) of CS was assessed by viscometry [36], and was calculated as 341 kDa.  

Hydrochloric acid, sodium hydroxide, acetic acid, methanol, and isoproponal of the highest 

commercially purity, provided by Chemical Company, were used as received.  

 

2.2. Methods 

2.2.1. Synthesis of CS-based cryobeads 

To prepare chemically cross-linked CS cryobeads, the cross-linking of CS with GA was conducted 

at −18°C within the millimeter-sized droplets, according to a procedure previously reported [4,37] with 

some modifications. Typically, 0.2 g of CS powder was dissolved in 10 mL of 2 wt.% CH3COOH 

aqueous solution and then the aqueous solution of GA (0.32 mL, 5 wt.%) was dropwise added under 

vigorous stirring over 30 min. Then, the mixture was kept under stirring 1 h in an ice bath. Finally, the 

homogeneous dispersion was added drop-by-drop, with an Eppendorf pipette, in LN (Step 1 – Scheme 

1). The size of the frozen droplets was easily controlled by the tip diameter of the Eppendorf pipettes. 

Afterwards, the frozen droplets were separated from LN and immediately transferred in an Arctiko 

Freezer at −18 °C to ensure the complete cross-linking of CS by GA. After 24 h, the CS cryobeads were 

thawed at room temperature (RT) and washed several times with MilliQ water. Thereafter, the CS 

cryobeads were freeze-dried in a LABCONCO FreeZone apparatus for 48 h, at –50°C and 0.04 mbars. 

The gel fraction yield (GFY, %) was determined by Eq. (1) [38]: 

 

𝐺𝐹𝑌(%) =
𝑊𝑑

𝑊𝑚
× 100      (1) 

 

where: Wd is the weight of the freeze-dried cryobeads; Wm is the total amount of CS and GA used in 

synthesis of cryobeads. 
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2.2.2. Functionalization of CS-based cryobeads 

The introduction of ethylenediaminetetraacetic acid (EDTA) ligand moieties onto CS cryobeads was 

achieved by reaction with EDTAD (Step 2 – Scheme 1) [22]. Thus, 0.15 g of dried cryobeads have been 

introduced in a round-bottom flask containing 0.6 g EDTAD suspended in 100 mL of acetic acid-

methanol (1:1 v/v) mixture and kept under stirring for 24h at 22ºC. Then, the EDTA-functionalized 

cryobeads were intensively washed with MilliQ water and freeze-dried in a LABCONCO FreeZone 

apparatus for 48 h, at –50 °C and 0.04 mbars. 

 

 
Scheme 1. Schematic illustration of the steps followed for the preparation of CS-based cryogels:   

Step 1 – formation of CS cryobeads; Step 2 – generation of EDTA ligand groups onto CS cryobeads 

 

2.2.3. Structural and morphological characterization 

The FTIR spectra of the CS cryobeads, before and after functionalization with EDTA moieties, were 

recorded with a Vertex 70 FTIR spectrometer (Bruker, Germany), in the 4000–400 cm−1 range, using the 

KBr tablets. The successful generation of the EDTA ligand groups onto CS matrix was confirmed by 

proton nuclear magnetic resonance (1H-NMR) spectroscopy, all spectra being registered on a Bruker 400 

MHz spectrometer. CS: 1H-NMR (400 MHz, D2O, pH = 1 adjusted with HCl, 25°C, TSP): δ=2.05 ppm 

(s, 3H; –COCH3), 3.18 ppm (s, 1H; –CH), 3.41–4.23 ppm (m, 5H; pyranose ring), 4.52–4.61 ppm (s, 1H; 

–CH). The internal morphology of the CS cryobeads was investigated with an Environmental Scanning 

Electron Microscope (ESEM) type Quanta 200, operating at 20 kV, in low vacuum mode. The mean 

distance between the channels walls (MD, m) was analyzed by Image J 1.48v software taking into 

account three independent SEM micrographs for every CS-based sample [38,39]. The overall porosity of 

the CS cryogels (P, %) was estimated by the liquid displacement technique, and was calculated by Eq. 

(2) [4,6].  

𝑃 % =
𝑉1−𝑉3

𝑉2−𝑉3
𝑥 100

      
(2) 

 

where: V1 is the initial volume of isopropanol; V2 is the total volume of isopropanol with the impregnated 

cryobeads; V3 is the volume of isopropanol measured after cryobeads separation.  

The swelling behavior of CS cryobeads, before and after functionalization with EDTA moieties, was 

studied in an aqueous solution of pH 4 at RT, according to a previously published procedure [4]. The 

swelling ratio (SR, g/g) was determined by Eq. (3): 
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𝑆𝑅 =  
𝑤𝑡

𝑤𝑑
      (3) 

 

where: wt (g) is the amount of the swollen cryobeads at time t; wd (g) is the amount of the freeze-dried 

cryobeads. All data are reported as the average values of three independent experiments. 

 

2.2.4. Sorption/desorption experiments and reusability 

The sorption studies of both sorbents were carried out using a copper(II) chloride dehydrate aqueous 

solution of pH 4 by batch system. The sorption kinetics were investigated by adding 10 mL aqueous 

solution of Cu2+ ions with a concentration of 200 mg/L in a flask containing about 0.01 g of freeze-dried 

cryobeads, and kept in contact at RT for different period of times varying from 5 min to 180 min. The 

amount of the Cu2+ ions retained by CS-based cryobeads at time t, qt (mg/g) was calculated by Eq. (4): 

 

𝑞𝑡 =
(𝐶0−𝐶𝑡)·𝑉

𝑚
       (4) 

 

where: C0 is the initial Cu2+ ions concentration (mg/L); Ct is the Cu2+ ions concentration at time t (mg/L); 

V is the volume of Cu2+ ions solution (L); m is the sorbent dose (g). 

The residual concentration of Cu2+ ions was determined by Flame Atomic Absorption Spectrometry 

(FAAS) using a high-resolution ContrAA 300 Analytik Jena spectrometer at the characteristic maximum 

wavelength of 324 nm. The removal efficiency (RE, %) of Cu2+ ions from aqueous solution on both 

sorbents was determined by Eq. (5): 

𝑅𝐸 =
(𝐶0−𝐶𝑒)

𝐶0
𝑥100       (5)

   

where: C0 has the same meaning as in Eq. (4); Ce is the equilibrium Cu2+ ions concentration (mg/L). 

The desorption studies of the Cu2+-loaded cryobeads were performed with 0.1 M HCl aqueous 

solution for 120 min. Then, the CS–based cryobeads were intensively washed with MilliQ water and were 

regenerated with 0.1 M NaOH aqueous solution for 120 min. After this treatment, the CS-based cryobeads 

were washed with MilliQ water to neutral before employing them in another cycle of sorption.  

 

3. Results and discussions 
3.1. Functionalization of CS with EDTA and formation of CS-based cryobeads 

The chemical structure and composition of CS-EDTA polymer obtained using a ‘green’ procedure 

(Scheme 2) was confirmed by 1H-NMR (Figure 1).  

     

Scheme 2. Functionalization of CS 

with EDTA ligand groups 
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Figure 1. (A) 1H-NMR spectrum of CS-EDTA in D2O adjusted to pH 1 with HCl;  

(B) 1H-NMR spectrum of CS-EDTA in D2O containing a small amount of Na2CO3.  

Both 1H-NMR spectra were registered at 25°C and sodium trimethylsilylpropane 

 sulfonate (TSP) was the internal standard 

 

Herein, the 1H-NMR spectrum of CS-EDTA shows the proton signals specific for EDTA moieties at 

3.44 and 4.00 ppm corresponding to the N-CH2-CH2-N, N-CH2-CO-NH-CS, N-CH2-CO-O-CS, and 

respectively N-CH2-COOH groups, besides the characteristic peaks of CS (Figure 1A), being in 

agreement with the previously published data [27]. In addition, the intense proton signal from 4.00 ppm 

indicates the reaction of EDTA with both NH2 and OH groups of CS. Furthermore, in a weak basic 

medium (Figure 1B), the proton signal from 4.00 ppm was shifted and splited in two distinct peaks at 

3.18 ppm and 3.36 ppm, assigned to N-CH2-COO-Na+, N-CH2-CO-NH-CS gropus, and respectively N-

CH2-CO-O-CS groups. The 1H-NMR data proved the introduction of EDTA ligand groups onto CS 

according to Scheme 2. 
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To obtain sorbent materials with high stability during multiple sorption/desorption cycles, the 

attachment of EDTA ligand groups was further carried out onto cross-linked CS-based cryobeads 

(Scheme 1 and Figure 2). The images taken by optical microscopy highlighted the spherical shape of the 

CS-based cryogels and their uniform distribution both in swollen (Figure 2A) and dried state (Figure 2B). 

In addition, it is observed that the functionalization of the cryogels with EDTA does not affect their shape 

or integrity. The CS-EDTA cryobeads are more hydrophilic due to the chemically modification of CS 

with EDTA complexane-type, thus the size diameters in swollen state were around 2.10 mm for CS-

EDTA beads and only about 1.80 mm for cross-linked CS beads. 

 

 
Figure 2. Optical images of cross-linked CS and CS-EDTA 

Cryobeads in swollen (A) and dried state (B) 

 

The schematic representation of the synthetic route involved in preparation of EDTA-functionalized 

sorbents was indicated in Scheme 1. To assess the chemical modifications after CS functionalization, the 

FTIR spectroscopy was performed. The FTIR spectra of cross-linked CS and CS-EDTA cryobeads are 

shown in Figure 3.  

The characteristic bands at 1660 cm−1 attributed to the C=O bond (amide I), 1323 cm−1 assigned to 

the C–N stretching vibration (amide III), and 1598 cm−1 corresponding to the NH vibration of NH2 amide 

groups (amide II) from the spectrum of CS were either blue-shifted to 1637 cm−1 and 1318 cm-1 or 

appeared as a shoulder in the FTIR spectrum of CS-EDTA cryogels (Figure 3). All these shifts and the 

presence of new peaks in the FTIR spectrum of chemically modified CS at 1738 cm-1 and 1394 cm-1, 

characteristic to the stretching vibration of the C=O bond ester, and respectively to the –COOH groups 

[16,40], clearly prove the successful modification of CS with EDTA. 
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Figure 3. (A) FT-IR spectrum of cross-linked CS; (B) FT-IR 

spectrum of CS-EDTA cryobeads 

 

The internal morphology of freeze-dried CS-based cryobeads was examined by SEM (Figure 4).  

 

 
Figure 4. Cross-sectional SEM micrographs of cross-linked CS (A) 

and CS-EDTA (B) cryogels, the scaling bar is 40 µm while 

the magnification is 2500x 

 

A porous structure with interconnected lamellar pores oriented by one direction was observed for both 

cryogel samples with an average distance between the channels walls of 10 ± 2µm for the cross-linked 

CS (Figure 4A, Table 1) and 14 ± 3 µm for CS-EDTA cryogels (Figure 4B, Table 1). In the case of CS-
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EDTA cryogels the pore channel sizes were relatively larger than of unmodified cross-linked CS cryogels 

(Figure 4). The less compact pore walls of CS-EDTA cryogels demonstrates that the functionalization 

reaction of cross-linked CS beads took place in the pore walls and not on their surface. The high values 

of the equilibrium swelling ratio for CS-EDTA cryogels (50 g/g compared with 39 g/g, Table 1) are 

explained by the presence of the hydrophilic COO- groups, which further support the successful 

attachment of EDTA moieties onto CS. 

 

Table 1. Sample codes, gel fraction yield (GFY, %), mean distance 

between the channels walls (MD, m), porosity (P, %), and swelling ratio 

(SR, g/g) of CS-based cryobeads 
Sample code aGFY, % bMD, m cP, % dSR, g/g 

CS 78.40 ± 1.17 10 ± 2 76.29 ± 2.04 38.92 ± 2.38 

CS-EDTA - 14 ± 3 82.95 ± 2.63 49.88 ± 4.86 
                             aGFY was calculated by Eq.(1); bMD was determined from SEM images; cP was calculated by Eq. (2);  

                   dSR was evaluated gravimetrically using Eq. (3). 

 

The total porosity in dried state (P, %) for both samples was evaluated using Eq. (2) and is presented 

in Table 1. The values of P were 76.29 ± 2.04%, and 82.95 ± 2.63%, respectively. The high porosity and 

the 1D-oriented micro-channeled architecture brought new benefits for CS-based cryobeads facilitating 

rapid sorption kinetics (Figure 5) in comparison to the CS-based materials, as powders or flakes. 

 

3.2. Sorption studies  

The content of HMI released into the environment by different ways continues to increase as a result 

of both industrial activities and technological development, affecting the normal life of plants, animals 

and humans, and the finding of efficient and low-cost methods for their removal/recovery is a major 

concern worldwide. In this context, herein, the CS-based cryobeads were tested for the treatment of 

copper-containing wastewaters. Figure 5A shows the optical images of cross-linked CS and CS-EDTA 

cryobeads after interaction with Cu2+ ions. As can be observed, the EDTA-functionalized CS-based 

cryobeads exhibited a more intense green color after the sorption of Cu2+ ions, which indicates their higher 

retention capacity for these HMIs compare to unmodified CS cryobeads. The SEM micrographs taken for 

both copper-loaded sorbents further sustain the great potential of CS-EDTA cryobeads for removal of 

Cu2+ ions (Figure 5B). The internal morphology of cross-linked CS cryobeads remained almost 

unchanged, while in the case of CS-EDTA, the pore walls became thicker and the distance between 

channels walls significantly decreased, which demonstrate a strong interaction between the functional 

groups of the polymer matrix and Cu2+ ions. Consequently, batch-sorption studies were performed to 

deeply investigate the sorption performance of the CS-EDTA cryobeads in comparison to that of the 

unmodified CS cryobeads. The influence of contact time (Figure 5C) and number of sorption/desorption 

cycles (Figure 5D) onto removal of Cu2+ ions by CS and CS-EDTA cryobeads were investigated 

systematically. As Figure 5C shows, the amount of Cu2+ ions adsorbed by CS–based cryobeads (CS and 

CS-EDTA) sharply increased with the increase of contact time from 5 to 30 min, and remained constant 

afterwards. This fast rate of Cu2+ ions sorption by both sorbents can be assigned to the presence of the 

larger lamellar pores (SEM micrographs, Figure 4) which ensure a rapid diffusion of HMIs to a high 

number of available functional groups. In addition, the sorption capacity of CS-EDTA cryobeads was 

about four-times higher than that of unmodified CS cryobeads (168 mg/g compared to 45 mg/g after 30 

min, Figure 5C) pointing out the importance of introduction of the EDTA ligand functional groups onto 

CS matrix. The Cu2+ ions retained by our sorbents were successfully desorbed with 0.1 M HCl solution. 

The CS-EDTA cryobeads were adequately regenerated with 0.1 M NaOH and their feasibility in 

successive sorption/desorption cycles was analyzed. As can be seen from Figure 5D, the sorption 

capacity and removal efficiency of CS-EDTA cryobeads were preserved almost constant even after the 

10th cycle of sorption/desorption, displaying their extraordinary chemical structure stability. 
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Figure 5. (A) Optical images of Cu2+-loaded onto cross-linked CS and CS-EDTA cryobeads; (B) SEM 

micrographs of CS-based sorbents after interaction with Cu2+ ions; (C) Effect of contact time onto Cu2+ 

ions retention from aqueous solution by CS and CS-EDTA cryobeads; (D) Sorption capacity (q, mg/g) 

and removal efficiency (RE, %) as a function of several consecutive sorption/desorption cycles 

 

EDTA-modified CS derivatives have been tested before only for the removal of Pb(II) [21,25,28], 

Ni(II) [22,23], and Co(II) [23], or for the chromatographic separation of rare earths [24]. The usage of 

water soluble EDTA-linked CS as a flocculant for Cu(II) ions has been also evaluated [27]. However, 

this study reports for the first time preparation of EDTA-functionalized CS cryogels with a strong 

chelation capability and a broaden ‘active’ surface area for binding Cu(II) ions. The comparison of our 

sorption data with other previously published sorbents indicate the high potential of these cryogels in 

remediation of wastewaters containing Cu2+ ions (Table 2). 

 

Table 2. Functionalized CS sorbents for the removal of Cu2+ ions from aqueous solutions. 

Sorbent 

Sorption 

Capacity,a 

mg/g 

pH 

Dose of 

sorbent, 

g/L 

Equilibrium 

time, min 
Desorption and reusability Reference 

Bifunctionalized CS 

(C2) 
71.5 4.5 0.2 360 22.4% desorption [41] 

Bifunctionalized CS 

(C4) 
165.2 5.5 0.2 240 incomplete desorption [42] 

CS hydrogel beads 163.9 4 5 1440 NDb [11] 

Thiourea-g-CS 

hydrogels 
129.8 5 1.2 1440 

complete regeneration and re-use in 3 

cycles of sorption/desorption 
[20] 

EDTA-CS-CMCc 142.95 5.5 - 40 
complete regeneration and re-use in 5 

cycles of sorption/desorption 
[43] 

CS-EDTA cryogels 168 4 1 30 
complete regeneration and re-use in 10 

cycles of sorption/desorption 
This study 

aAll sorption experiments were performed at 25 °C; bND – not determined; cCMC - carboxymethyl cellulose. 
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Thus, the CS-EDTA cryobeads exhibited a comparable or even higher sorption capacity than the 

other CS-modified sorbents. In addition, these cryogel sorbents required only 30 min to completely 

remove the Cu2+ ions and were successfully desorbed and re-used in 10 consecutive cycles of 

sorption/desorption without a significant loss of sorption capacity, which recommend them as 

remarkable bio-sorbents in treatment of HMIs-containing wastewaters.    

 

4. Conclusions 
In this study, the functionalization with EDTA of both CS and cross-linked CS cryobeads was 

successfully achieved. The chemical structure of CS before and after modification with EDTA groups 

was highlighted by FTIR and 1H-NMR spectroscopy. A 1D-oriented porous structure with lamellar 

interconnected pores was observed for both sorbents, i.e. cross-linked CS and CS-EDTA cryobeads. The 

sorption studies revealed that the CS-EDTA cryobeads exhibited a sorption capacity of 168 mg/g, which 

is four-times higher than that of unmodified cryobeads. The fast kinetic rate, the remarkable reusability 

as well as the low-cost production of the CS-EDTA cryobeads, clearly indicate their huge potential for 

removal of HMIs from contaminated waters. 
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