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Highlights 

 Structural mechanisms operating in metal ion-adsorbed chitosan matrices are discussed 

 Interaction between Cu(II) and CS mainly occurs via NH2 groups in a pendant fashion 

 Cr (VI) species interact with both -NH2 and -OH chitosan functional groups 

 The nanostructure of the adsorbed CS depends on the metal ion-matrix interactions 

 

 

 

 

ABSTRACT 

 

A study of the structural changes at micro- and nano-scale in a chitosan matrix after the adsorption 

of different metal ions is presented. Toward this aim, samples of chitosan films soaked in different 

concentrations of copper(II) and chromium(VI) aqueous solutions were prepared. Cu and Cr ions 

were selected as sorbates since they have different ionic properties. The effect of the adsorbed 

metal ions on the microstructure of the chitosan matrices were studied using Fourier transformed 

infrared spectroscopy, UV-visible spectroscopy, differential scanning calorimetry and 

thermogravimetric analysis. To go further into the study of the samples at the molecular level, the 
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nuclear technique positron annihilation lifetime spectroscopy was used. Results are discussed in 

terms of the interaction between the metal ions and the chitosan functional groups. 

 

KEYWORDS: CHITOSAN, POSITRON ANNIHILATION SPECTROSCOPY, HEAVY METAL ADSORPTION, 

STRUCTURAL PROPERTIES 

 

1. Introduction 

Biosorption is an emerging area in which heavy metals are adsorbed and retained by biomaterials. The 

principal advantages of this adsorption area include biocompatibility, biodegradability, price affordability 

with high effectiveness, minimum usage of chemicals, restoration of biosorbent and possible usage of 

recovered metal (Ali and Gupta, 2007; Nithya et al., 2016). Among biomaterials, biopolymers are especially 

used as heavy metal removals due to their proved ability to bind transition metals. One of the most studied 

biopolymer in this area is the polysaccharide known as chitosan (CS). This polymer is the partially 

deacetylated form of the chitin, a natural polysaccharide extracted from crabs, shrimps and other 

crustaceans’ exoskeleton. In general, chitosan occurs as N-acetylglucosamine and N-glucosamine 

copolymer that are randomly or block distributed throughout the biopolymer chain (Muzzarelli, 1973; 

Rinaudo, 2006). 

Chitosan has been widely studied as metal ion sorbent due to its high adsorption potential, which could 

be related to its high hydrophilicity, the presence of functional groups (-OH and –NH2) in its structure with 

proved affinity to metals, and the flexible structure of this biopolymer (Muzzarelli, 1973). Among different 

applications, the effectiveness of the use of CS matrices in capture and removal of metal pollutants for 

wastewater treatments was recently discussed (Li et al., 2016; Olivera et al., 2016).  On this issue, there 

still remain different open questions as from the fundamental research as the technological applications. 

Most of the studies dedicated to the characterization of CS and CS-heavy metal ion complexes were 

carried out using conventional techniques which mainly make it possible to get structural and 

morphological information up to the microscale. But, nanostructural studies of these systems are still 

scarce, due to the lack of suitable probes for molecular dimensions (Xia et al., 2016). The size and 

distribution of the free volumes (i.e., the non-occupied volumes) in a polymer matrix confer different 

properties to polymers; that is, differences in the mechanical (Ray, Galy, Sautereau, Simon and Cook, 2004), 

thermal (McCullagh, Yu, Jamieson, Blackwell and McGerve, 1995) and barrier (Zekriardehani, Jabarin, 

Gidley and Coleman, 2017) properties. Free volume is one of the key parameters in determining the 

molecular mobility of the polymeric segments. Positron Annihilation Lifetime Spectroscopy (PALS) has 

proven to be an excellent tool to detect changes at nanoscale in polymeric materials (Jean, 1990). It is due 

to its particular sensitivity to small holes and free volumes of the order of angstrom magnitude. PALS is the 

only analytical technique that makes it possible to directly obtain the size and concentration of the free 

nanohole volumes of porous materials (Jean, Mallon and Schrader, 2003). 

It is important to point out that the precise binding mechanism between the metal ions and the CS 

matrix is still being debated, due to the variety of the mechanisms of chelation and the possibility of ion 

exchange (see for example Rhazi et al., 2002; Skoric et al., 2005; Bratskaya et al., 2013). In our laboratory, 

we are carrying out a general study addressed to understand the processes and mechanisms responsible 

for structural changes at the micro- and nano-scale of the chitosan matrix after the adsorption of different 

metal ions. This kind of studies provides valuable information about the nature of the metal-chitosan 
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interactions, useful for the design of more effective biopolymeric systems with potential application in the 

environmental protection field. 

This work is particularly focused on the study of the interaction between two different metal ions with 

the chitosan functional groups, Cu (II) and Cr (VI). These metal ions were chosen because both present well-

differentiated ionic properties when they are dissolved in aqueous solution; that is, Cu (II) is a metal cation 

existing in aqueous solutions as a hexaaquo complex and Cr (VI) can exist as oxoanions species. This 

behavior can modify substantially the interaction with the amino and hydroxyl groups of CS; for example, 

in the case of chromium ion species the metal center is already fully coordinated by oxygens. (Wilkins, 

2002). So a detailed analysis on the chemical behavior of the ionic species interacting with the CS matrix is 

relevant when a correlation between the structural changes at nanoscale and the adsorption of the 

different metal ions is discussed. 

 

2. Materials and Methods  

2.1. Materials 

The materials and chemicals used in this work were medium molecular weight chitosan (CS) with 

95.2% deacetylation degree and Mv 310,000, provided by Parafarm (Argentina); and metal salts 

(CuSO4.5H2O and K2Cr2O7) were supplied by Fluka AG (Switzerland). All reagents were of analytical 

grade and were used without purification. Chitosan Mv was determined by capillary viscosimetry and 

DD% was obtained by FT-IR (Baxter, Dillon, Taylor and Roberts, 1992) and confirmed by potentiometry 

(Jiang, Chen, and Zhong, 2003). 

 

2.2. Methods 

2.2.1 Films preparation 

Chitosan films were prepared by casting in Petri dishes from stock solutions of 2% w/v of chitosan 

in acetic acid 1% v/v. After drying for 24 h at 40 °C, films were neutralized with NaOH 1M, rinsed with 

distilled water and dried again for 48 h at 40 °C. Films were kept at room temperature (RT, 25 °C) in a 

desiccator with silica gel until use. After drying, films thicknesses were typically about 100 µm. 

2.2.2 Metal ion sorption 

Metal sorption was performed by soaking of 0.8 g of dry CS films with 1 L of solution containing 

different concentrations of metal ions. The experiments were carried out in conical flasks at RT and 

for 24 h. Under these experimental conditions the equilibrium state of all systems is reached.  

The pH was adjusted to 7 using hydrochloric acid and sodium hydroxide molar solutions. It was 

reported that the pH of the solution has a strong influence on the adsorption capability of the sorbent 

(Nithya et al., 2016; Kyzas, Kostoglou and Lazaridis, 2009; Elwakeel & Guibal, 2015). Therefore, to 

avoid structural modifications of the matrix due to different protonation, the same pH value was 

chosen for both Cu(II) and Cr(VI) solutions. It is known that Cu(II) precipitates mostly as copper 

hydroxide at intermediate pH levels, but it is dependent on the copper concentration (Cuppett, 

Duncan and Dietrich, 2006). In our case, the maximum concentration used was 2.36 mM which is 

below the threshold concentration for which precipitation effect can be detected.  
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2.2.3 Metal adsorption quantification 

Metal ion concentration in solutions was determined by flame atomic absorption spectroscopy 

(AAS) using a Shimadzu AA6800 instrument. Once time elapsed, films were retired from the solutions 

and the pH were lowered to a pH 2 with nitric acid to solubilize any precipitates.  

2.2.4 UV-visible spectroscopy 

UV-vis absorption spectra of the films (100 µm thickness) were obtained using a Shimadzu SPD-

10AVP UV-vis. spectrophotometer in a wavelength range from 200 to 800 nm. 

2.2.5 Fourier Transformed Infrared spectroscopy 

FT-IR spectra of films were acquired in the transmission mode using a FT-IR Nicolet 380 

spectrometer, taking 64 scans per spectra, with a resolution of 4 cm−1. Films were previously immersed 

in liquid nitrogen, milled and mixed with spectroscopic KBr to obtain disks. 

2.2.6 Differential scanning calorimetry and thermogravimetric analysis  

DSC studies were performed in a TA-Q20 calorimeter. Thermograms were acquired at 10 °C/min 

from 20 °C to 450 °C with Ar purge (50 mL/min). Before measurements, the samples were maintained 

for 48 h in a desiccator with silica gel at RT. TGA curves were obtained using a Shimadzu DTG-60 

analyzer, running about 10 mg sample from RT to 600 °C at a heating rate of 10 °C/min with N2 purge 

(30 mL/min). 

2.2.7 Positron annihilation lifetime spectroscopy 

The positron lifetime spectrometer used consisted of a “fast–fast” coincidence system with a 

resolution of 330 ps. PALS spectra were recorded at RT with a total number of 1.5 × 106 coincidence 

counts using a 0.2 MBq sealed source of 22NaCl deposited onto a thin Kapton foil (1.08 mg/cm2). The 

source was sandwiched between two “identical pieces” of the sample material. At least five 

measurements were taken for each film sample. The experimental set-up was previously described in 

Anbinder, Macchi, Amalvy and Somoza (2016). 

According to the common interpretation for PALS measurements in polymers, spectra were 

deconvoluted into three discrete lifetime components using the LT10 software (Giebel & Kansy, 2011). 

As usual, the longest lifetime component τ3 is attributed to the ortho-Ps decay in the nanoholes 

forming the free volume; that is, τ3 = τo-Ps. The intermediate component τ2 (0.35 – 0.50 ns) is attributed 

to positrons annihilated in low electron density regions of the structure. The shortest component τ1 

(0.1– 0.2 ns) is due to positrons annihilated into the bulk and to para-Ps annihilations. 

2.2.8 Samples nomenclature 

While chitosan film was named as CS, adsorbed films were named according to the metal ion and 

its concentration on the initial solution. For instance, samples soaked in solutions containing 80 mg 

Cu/L or 20 mg Cr/L were labeled as Cu80 and Cr20, respectively. 

3. Results and discussion 

Metal ion adsorption  

The first insight of metal adsorption is the change in color films. Depending on the concentration 

of the adsorbed metal ion, the films containing Cr(VI) changed from pale yellow to different tones of 
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brown; in the Cu(II)-adsorbed films different tones of the green-blue color were observed. Similar 

findings were reported by Ferrero, Tonetti and Periolatto (2014) for chitosan-coated cotton gauze.  

Sorption capacity values for the different samples are reported in Table 1. The highest values of 

each initial metal ion solution concentration (C0) were chosen on the base that beyond these 

concentrations the films became too brittle to be manipulated. Depending on the metal ion, solutions 

with lower C0 values were also prepared; specifically, samples soaked in a solution containing 0.38 mM 

of Cr (sample Cr20) and 1.26 mM of Cu (sample Cu80). The sample Cu80 was specifically prepared in 

order to establish a comparison of the morphological properties between the Cu and Cr-adsorbed 

films with similar initial metal ion solution concentration. 

As can be seen in Table 1, there exist clear differences in the adsorption of the metal ions by the 

chitosan films in the conditions above-described. The sorption capacity values measured in this work 

are in good agreement with those reported in studies of heavy metal ions adsorption by chitosan 

(Schmuhl, Krieg and Keizer, 2001; Bailey, Olin, Bricka and Adrian, 1999; Giraldo, Rivas, Elgueta and 

Mancisidor, 2017).  

As can be observed in Table I, an increase of the C0 values is replicated in an increment of the 

corresponding sorption capacity values. A similar behavior was reported by Giraldo, Rivas, Elgueta and 

Mancisidor (2017). 

Table 1- Sorption capacity of metal ions by chitosan films 

Metal ion C0 
(mg/L) 

C0 
(mM) 

C1 
(mM) 

Concentration 
Difference 
 (mM) 

Sorption 
capacity 
(mmol/g) 

Cu(II) 
80 1.26 0.31 ± 0.03 0.95 1.19 ± 0.06 

150 2.36 0.59 ± 0.04 1.77 2.22 ± 0.12 

Cr(VI) 
20 0.38 0.25 ± 0.01 0.14 0.17 ± 0.02 

80 1.54 0.98 ± 0.07 0.56 0.70 ± 0.04 
*C0 is the initial metal ion solution concentration; C1 is the metal ion solution concentration after adsorption; 

Sorption capacity is the amount in mmol of metal ion adsorbed by gram of chitosan. 

Differences between metal ions adsorption by chitosan had been explained by the different permeability 

of the sorbates through the chitosan matrix (sorbent), which is also related to the metal ion-chitosan affinity 

(Krajewska, 2001). On the other hand, in a study of Pb(II) and Cu(II) adsorption by chitosan, Deans & Dixon 

(1992) assigned the differences in the sorption capacity to the metal ion sizes. 

As a first result from the data reported in Table 1, it can be concluded that for those samples with similar 

C0 the sorption capacity value of the Cu-adsorbed samples is about 70% higher than that obtained for the Cr 

absorbed samples. 

UV-visible spectroscopy 

In Fig. 1, the UV-visible spectra for the samples CS, Cu80 and Cr80 are shown. For chitosan films three 

bands at 245, 315 and 385 nm are observed.  

Previous to analyze and discuss the spectra of chitosan films containing metal ions, we consider important 

to describe which are the main features of the possible metal species that could be present in the aqueous 

solutions. In the case of copper, Cu(II) ions are present as the aquocomplex Cu(H2O)62+. On the other hand, 
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chromium(VI) exists as Cr2O7
2-, HCrO4

-, CrO4
2- and HCr2O7

- depending upon the ionic concentration and pH of 

the solution (Balakrishna Prabhu, Saidutta and Srinivas Kini, 2017). It has been reported that for pH 7 the main 

species of Cr(VI) present in the solution are CrO4
2-, HCrO4

- and Cr2O7
2- (Fournier–Salaun and Salaun, 2007). But, 

Cr2O7
2- anions are only present at a high Cr (VI) concentration (>1000 ppm) (Balakrishna Prabhu, Saidutta and 

Srinivas Kini, 2017). At low chromium concentration (<100 ppm), the main fraction is HCrO4
- with pH below 5, 

whereas the CrO4
2- increases with the increase of pH value becoming the main form for a pH above 7 (Qin et 

al., 2003). Therefore, as our solutions were prepared with pH 7 and with very low Cr concentration (< 80 ppm) 

the main species of Cr(VI) are HCrO4
- and CrO4

2-. It is well known that the electronic spectrum of HCrO4
- 

presents two bands at 260 and 350 nm and a shoulder at 290 nm; and for the chromate ion, the electronic 

transitions in the near UV-visible spectrum are observed at 303, 387 and 450 (weak) nm. In the literature, the 

described bands were assigned to 1A1lT2 (3t2 2e), lA11T2 (t1 2e) and 1A11Tl (t1 2e) transitions, 

respectively (see Johnson and McGlynn, 1970).  

 

 

Figure 1 - UV-visible spectra for the samples CS, Cu80 and Cr80. 

As can be observed in Fig. 1, the UV-visible spectra corresponding to the metal ion-adsorbed 

samples present additional bands with respect to those observed for CS. In the UV-vis spectrum for 

the sample Cr80 a band at 450 nm and two shoulders at 380 and 550 nm are observed. The shoulder 

at 380 nm could mainly be assigned to the presence of the CrO4
2- ion in the chitosan matrix, but some 

contribution from the HCrO4
- could not be discarded. Although weak in the pure species, the band at 

450 nm presents an important increase in its intensity when the metal ion is adsorbed in the chitosan 

matrix. In such a case, the Cr-O bonds involved in the interaction with the matrix are disturbed; this 

effect should diminish the ion symmetry modifying the intensities of the bands. The presence of a 

shoulder around 550 nm has not been previously reported for Cr ion adsorbed chitosan films. 

However, a contribution to the mentioned shoulder coming from some electronic transitions of Cr(III) 

ion species could not be discarded. In this sense, Shen et al. (2013) and Guibal, Dambien, Guimon and 

Yiacumi (2001) concluded that a small portion of the Cr(VI) bound to the chitosan matrix can be 

reduced to Cr(III). 

In the case of Cu80 sample, the UV-vis. spectrum presents a broad band starting at 500 nm with a 

maximum at 680 nm. This band can be attributed to the d–d transitions of Cu(II) complexes formed 

with functional groups of the chitosan matrix (Bell, 1981).  
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Infrared spectroscopy 

As can be seen in Fig. 2, the IR spectrum of chitosan shows characteristic absorption bands at 3362 

cm−1 assigned to the overlapped OH and NH stretching vibrations and 2927 cm-1 and 2880 cm−1 due to 

C-H stretching vibration of CH and CH2 groups. Additionally, two peaks at 1642 cm−1 and 1564 cm−1 

corresponding to amide bending are observed. The former (named Amide I) came from N–H and the 

second peak (named Amide II) from NH2. Finally, the band at 1075 cm-1 was assigned to the C-O 

stretching vibration of the primary alcohol (Anbinder et al., 2016). 

When comparing to the IR spectrum of chitosan, those of metal ion-adsorbed films present 

different shifts in the wavenumber of the bands assigned to the functional groups of the polymer. 

Specifically, in the FT-IR spectrum obtained for the sample Cr80, the band at 3362 cm-1 shifted to 3420 

cm-1 and the maximum of the Amide II band shifted from 1564 cm-1 to 1600 cm-1 and became broader. 

Due to the width of this band, it is not possible to define the position of the Amide I peak. Furthermore, 

the band assigned to C-O stretching of the primary alcohol slightly shifted to higher wavenumbers 

(from 1075 cm-1 to 1084 cm-1) and became broader compared with the same band in the pure chitosan 

spectrum. The changes observed reveal important interactions between Cr ions with N, and also with 

O atoms of the chitosan. These results are in agreement with those reported by Vieira et al. (2014), 

who studied Cr-chitosan complexes using EXAFS/XANES. 

 

 

Figure 2 - FT-IR spectra for the samples CS, Cu80 and Cr80. 

In the case of sample Cu80, the bands assigned to NH functional groups change when comparing 

to that of CS. Specifically, the broad band centered at 3362 cm-1 shifted to 3415 cm-1. Furthermore, 

the maximum of the Amide II band shifted to 1610 cm-1 and the Amide I band appear as a shoulder at 

1650 cm-1. In the same spectrum, the band at 1075 cm-1 has a marked change in its intensity when 

comparing to that of the CS. However, this change cannot be uniquely assigned to the formation of 

CS-Cu coordinated links through the hydroxide groups. In fact, it must also be taken into account that 

around the same wavenumber there exists the 4 mode of the free (SO4)2- ion coming from copper 

sulphate as well (Ferraro and Walker, 1965). 

Differential Scanning Calorimetry and Thermogravimetric Analysis 

ACCEPTED M
ANUSCRIP

T



8 
 

In Fig. 3, DSC thermograms corresponding to pure chitosan and metal ion adsorbed films are 

shown.  

In the curve obtained for CS, an endothermic peak around 110-150 °C and an exothermic peak 

around 300 °C are observed, both in good agreement with results reported in the literature (Coelho, 

Laus, Mangrich, de Fábere and Larqanjeira, 2007; Trimukhe & Varma, 2009). As usual, the endothermic 

peak is assigned to water removal and the exothermic one to the chitosan thermal degradation. 

In the case of metal ion adsorbed films, the thermograms obtained for the samples Cu80 and Cr80 

show that the endothermic event is slightly shifted to a lower temperature (from 135 °C to 130 °C) 

and in both cases it is sharper than that corresponding to the pure chitosan. As can be seen in the 

figure, the exothermic peaks are also shifted when comparing with that obtained for the CS. 

Specifically, the exothermic peak of the sample Cu80 is significantly shifted to a lower temperature 

(from 300 °C to 240 °C), on the contrary for the sample Cr80 this peak is slightly shifted toward a 

higher temperature (from 300 °C to 310 °C). 

 

Figure 3 - DSC thermograms for the samples CS, Cr80 and Cu80. 

The shift of the exothermic peak in the sample Cu80 could be attributed to the interaction between 

the adsorbed Cu ions and the chitosan amino groups. It was reported that such functional groups are 

the responsible for the structural stability of the CS matrix (Tirkistani, 1998). A similar temperature 

decrease of the exothermic peak for metal ion-chitosan complexes was reported for those complexes 

in which metal ions are only associated with chitosan through the amino groups (Trimukhe & Varma, 

2009). There are several studies on the mechanisms involved in the sorption of copper ions by the 

chitosan matrix; but they are not still fully understood (Rhazi et al., 2002, Skorik et al., 2005). Although 

it is generally accepted that the free amino group is mainly involved in the coordination with metal 

ions, in the literature there are controversial conclusions based on experimental and theoretical 

evidences with respect to the structure of the formed complexes, mainly the participation or not of 

hydroxyl groups in the metal coordination (Terreux, Domard, Viton and Domard, 2006; Bratskaya et 

al., 2013; Skorik et al., 2005). 

The formation of the mentioned complexes were described using two different models (Schlick, 

1986; Ogawa, Oka and Yui, 1993).  In the first one, named “bridge model”, copper ions are bound to 
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several amine groups from the same chain or from different chains, via inter- or intra-molecular 

complexation. The second model is known as “pendant model”, in which the metal ion is bound to an 

amine group in a pendant fashion, forming a unique complex with copper whose structure is close to 

[CuNH2(OH)2] (Guibal, 2004). The fourth site of the coordination sphere of copper can be occupied by 

a water molecule. Although the most favorable coordination model – “bridge” or “pendant” – is still 

disputable, it has been reported (Lü, Cao and Shen, 2008; Skorik et al., 2005) that under certain 

experimental conditions one or another model could be used to describe the formation of complexes 

(Bratskaya et al., 2013). 

In the case of Cr-adsorbed films, the shift to higher temperatures of the exothermic peak indicates 

that a higher energy than that for the pure chitosan matrix is necessary for the thermal degradation 

of the films. In total agreement with the analysis of FT-IR spectra, this experimental evidence can be 

interpreted in terms of the coexistence of two kinds of interactions among the Cr ions with the CS 

matrix; that is, the amine groups and the hydroxyl groups. The balance of the effects resulting from 

both kinds of interactions gives the Cr ion-CS complexes a higher thermal stability, and therefore 

structural, than that of the CS.  

 

Figure 4 - TGA and DTA curves for the CS, Cu80 and Cr80 samples. 

In Fig. 4, TGA and DTA curves for the CS and the samples Cr80 and Cu80 are shown. For all samples, 

the evolution of TGA curves presents two well-defined stages. In the first one, the mass loss is similar 

for pure CS as well for metal ion adsorbed samples (~17 wt. %) and can be attributed to the water 

removal. In the same stage, from the analysis of the DTA curves it results that the shifts of the 

temperatures at the maximum rate Tmax with that of CS matrix depend on the adsorbed metal ion. In 

fact, for Cu80 Tmax increases from 62 °C to 66 °C; this temperature increment is more marked for 

sample Cr80 (from 62 °C to 74 °C). The higher energy required for the water removal in both Cr and 

Cu-adsorbed films with respect to pure chitosan suggests that water molecules are in the coordination 

sphere of metal ions together with groups of chitosan. The higher Tmax value in Cr-adsorbed samples 

with respect to Cu ones could be explained in terms of an increase of the number of interaction points 

between the metal ion and the chitosan. 

It is worth mentioning that the Tmax values corresponding to the second stage in the DTA curves, 

assigned to chitosan degradation are in very good agreement with the exotherms observed in the DSC 
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thermograms presented in Fig. 3. That means that both TGA and DTA results can be interpreted in the 

same terms as those used in the analysis of DSC results. 

 

Positron annihilation lifetime spectroscopy (PALS) 

In Table 2 results of the o-Ps lifetimes o-Ps are presented. The values obtained for pure chitosan 

are in good agreement with those reported in the literature (Sharma et al., 2013; Chaudhary, Went, 

Nakagawa, Buckman and Sullivan, 2010).  

The nanoholes radii R were obtained using a simple quantum mechanical model (Tao, 1972; Eldrup, 

Lightbody and Sherwook, 1981). This model makes it possible to correlate the longest lifetime 

component τ3 = τo-Ps with R by means of the following equation: 

1
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Pso




   Eq. (1) 

Where τo-Ps is given in ns, R in nm and ΔR = 0.166 nm (Nakanishi, 1988). Then, the corresponding 

free nanohole volume vh is obtained using Eq. (2); that is,   

3

3

4
Rvh   Eq.  (2) 

Table 2– ortho-Positronium lifetimes, holes radii and free volumes obtained from the analysis of 

PALS spectra in pure chitosan and samples soaked in metal ions solutions. 

Sample 
τo-Ps 

(ps) 

R* 

(Å) 

vh
* 

(Å3) 

CS 1650 ± 10 2.51 66.2 

Cu80 1500± 20 2.34 53.7 

Cu150 1450 ± 20 2.28 49.6 

Cr20 1335 ± 20 2.15 41.6 

Cr80 1265 ± 20 2.05 36.1 
*Hole radius (R) and the corresponding free volume (vh) values were obtained using Eqs. (1) and (2), respectively. 
*Typical errors associated with R and vh values are lower than 2 %. 

 

The evolution of vh as a function of the initial metal ion solution concentration for Cu and Cr is 

presented in Fig. 5. As can be seen, the free nanohole volume value obtained for the CS matrix is higher 

than those for all the metal ions adsorbed samples. In the case of Cu-adsorbed samples, an almost 

linear decrease of vh for increasing C0 is observed. On the other hand, for the Cr-adsorbed samples a 

strong decrease of vh is observed for an initial concentration as lower as 0.38 mM; for a higher 

concentration, vh presents a slight decrease ACCEPTED M
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Figure 5 - vh values for CS and metal ion-adsorbed samples at different metal concentrations. Dash 

lines are only eye guides. 

 

The described results indicate that, at the nanoscale, the CS matrix is more affected by the type of 

metal ion adsorbed than by its concentrations. Furthermore, it is important to point out that PALS 

results give a direct evidence on the changes occurring at molecular level in the CS matrix after the 

adsorption of each metal ion.  

In particular, it can be concluded that the small size of the nanoholes in the CS matrix after the 

adsorption of Cr is consistent with a decrease of the polymer chains mobility produced by the inter- 

and intra-chain interactions generated into the matrix.  PALS results jointly analyzed with those 

obtained by DSC and FT-IR indicate that the operating mechanism in the CS matrix is the result of 

multiple interactions among the Cr ions with both the amine and the hydroxyl functional groups of 

chitosan.  

On the other hand, when Cu is the adsorbed ion the size of the nanoholes into the CS matrix is 

systematically bigger than those of the Cr-adsorbed samples as a consequence of the formation of 

more flexible nanostructures. In this case, all the experimental results reported in the present work 

point out that the Cu ion- CS matrix interaction can be well described under the frame of the pendant 

model in which the Cu ion is bound to a unique-CS amine group. 

 

4. Conclusions 

Results obtained from the study of the structural changes at micro- and nano-scale in a chitosan 

matrix after the adsorption of different concentrations of Cu (II) and Cr (VI) indicate that the 

biopolymeric matrix is more affected by the type of metal ion adsorbed than by its concentration. This 

behavior can be assigned to the different interactions occurring between metal ions and the chitosan 

matrix. Specifically, from the experimental evidences obtained in this work we can claim that: 

(i) In Cu(II)-adsorbed films, the interaction between the metal ion and the chitosan matrix mainly 

occur via the amino groups in a pendant fashion. 
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(ii) In the case of Cr-adsorbed films, ion species interact with both amino and hydroxyl groups.  

In order to illustrate the interplay between Cu and Cr ions with the chitosan matrix, we propose the 

following graphical description (see Fig. 6). 

 

Figure - 6. Graphical description of the structure of the CS matrix and its metal ions complexes. 
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