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Abstract 

Biomaterials are being used in implants as metallic supports, to restructure bone and 
tissue in biomedical applications, and so forth. In this study, the assessment of films 
from the Chitosan-Gelatin system in detached conditions was carried out, in order to 
evaluate the effect of the electrolyte over the membrane, to simulate a physiological 
solution. An equivalent circuit is proposed, so as to interpret the process of biopolymer 
degradation using electrochemical parameters, as well as a reaction mechanism for the 
membrane’s cathodic areas. The gathered information may be associated with the 
biodegradability ionic diffusion behavior, also in its application as a temporary coating 
for metal protection control during the corrosion process of biomaterials, such as 
magnesium, in bone regeneration. 
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Introduction 
The viscoelasticity, biodegradability and biocompatibility properties of the 
chitosan-gelatin biopolymer have made it a material of scientific interest in the 
biomedical area, regarding prosthesis, sensors applications, etc. [1-3]. The 
conductivity type of pure chitosan is ionic, and it is due to the presence of free 
amino groups, and to the absorption of environmental humidity, allowing it to 
increase its conductivity; the protonation of amino groups, which leaves free 
hydroxyl ions in water, can modify chitosan ionic conductivity. Chitosan is also 
known for its hydrophilic properties. Little absorbed moisture is sufficient to 
modify the crystallinity degree that produces molecular relaxation efforts, 
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resulting in the physicochemical properties that control chitosan biodegradation 
processes which also are characteristic [4-6]. 
Electrochemical methods, such as electrochemical impedance spectroscopy 
(EIS), have been used as a very effective tool, in order to carry out interfaces 
assessments, either in very high frequencies, so as to determine dielectric 
properties of polymeric materials, or in medium and low frequencies, in the 
electrochemical degradation phenomena in the aqueous phase [7-8]. This 
technique is widely used to study interface processes, the reaction mechanisms 
controlled by diffusion [9], corrosion mechanisms [10], formation of corrosion 
products that influence the resistance of micro-pores, capacitances of coating 
films and double electric layers, water up-take and other applications that are 
being developed.  
The following expressions have been proposed to correlate the impedance 
response in the maximum value conditions of the imaginary diffusion impedance 
Z¨ω(max)  occurring at the maximum frequency angle ω(max).  
 

                                         (1) 

                                                     (2) 

                                                                                (3) 

where Zw is the Warburg diffusion impedance, δ is the film thickness, σ is the 
Warburg diffusion coefficient, and D is the diffusion coefficient of the 
electroactive species through the porous film [12]. 
The circuit admittance (Y0) is the reciprocal of the impedance value, and it is a 
parameter of importance in mathematical calculations involving equivalent 
circuits applied for the adjustment of models from experimental data obtained 
using EIS techniques; correlations that relate it to the limited diffusion 
phenomena and interface thickness have been described in literature [11-12,14-
15,22]. Basically, it is expressed as it follows: 

 
                                                      (4) 

 
Diffusion occurs when an electrochemical response involves charge transfer 
mechanisms; compared with charge transfer mechanisms, they are slower 
[11,13]. 
Then, combining expressions (1) to (4), we obtain equation (5), employed to 
determine the Warburg diffusion coefficient, which is expressed as follows, with 
Ω-cm2 s-1/2 units: 
 

σ= 1*(√2*Ү0*B) -1    (5) 
where Y0 is the admittance, and in turn, is the inverse of the limited diffusion 
resistance (Rd), and equivalent to the O parameter value, and B is a coefficient 
that contains the sample’s physical dimensions, which are included in the 
equivalent circuit shown in Fig. 1 [15].  
In electrochemical systems, every real system has its equivalent circuit, which 
does not only differ in the extent of its components, but also in the number and 
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ways to combine them; for instance, Rs represents the electrolyte resistance, Rf is 
the polymer film resistance, Cf is the polymeric film capacitance, Rct is the 
charge transfer resistance, and Cdl is the double-layer. 
The equivalent circuit applied to this electrochemical system is shown in Fig. 1, 
where Rs is the electrolyte resistance, Cf is the membrane capacitance, Rf,c is the 
membrane cathodic resistance, Rf,a is the membrane anodic resistance, Oc is the 
finite cathodic diffusion response and Oa is the anodic finite diffusion response 
across the membrane. 
 

 
Figure 1. Equivalent circuit used for adjusting the results of the Chitosan-Gel 
membrane. 
 
When a polymer membrane is exposed to an aqueous medium or water vapour, it 
enters the polymer structure and increases its volume, due to the water high 
permittivity (є = 80), and manifests itself both in the permittivity (є´) and 
capacitance (Cm). Kingsbury et al. [16-17] proposed a correlation to determine 
the water incorporation in mixtures, which is shown in equation (6). 
 

                                                     (6) 

where Xv is the % in volume of up-taken water by the polymer structure, Cm is 
the measured capacitance during exposure, and Cm.0 is the capacitance at the 
zero- time exposure. 
 
 
Experimental methodology 
For the preparation of the Chitosan-Gelatin films, the Aldrich® reagent was 
used; it was diluted in citric acid 1% (w/v) with 4 rev/min of agitation. 
Afterwards, the pH was neutralized with 0.1 M NaOH, and rinsed 3 times with 
distilled water; then, it was solidified employing an evaporation method for 8-12 
hours in the oven, at 60 ºC, obtaining an average of 180 ± 20 µm in thickness 
[18]. The arrangement shown in Fig. 2 was used for the electrochemical 
evaluation. It was carried out using a polymethyl methacrylate (PMMA) 
cylindrical cell of 2 compartments with 200 mL of a Kokubo physiological 
solution [19-20], each at pH 7.2, as seen in Table 1.  
Among these, a sample of the Chitosan-Gel film was added at pH 6, with an 
exposure area of 6.15 cm2.  
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Figure 2. Electrochemical cell used to evaluate membranes as detached films. 

 
Table 1. Chemical composition of the Body Simulated Kokubo Solution [19]. 

   No Reactive Quantity Essay, min 
1 NaCl  7.996 g  99.5 %  
2 NaHCO3  0.350 g  99.5 %  
3 KCl  0.224 g  99.5 %  
4 K2HPO4. 3H2O  0.228 g  99.0 %  
5 MgCl2.6H2O  0.305 g  98.0 %  
6 1 kmol/m3 HCl  40 cm3  87.28 mL of HCl 35.4% diluted in 1000 mL 
7 CaCl2  0.278 g  95 %  
8 Na2SO4  0.071 g  99.0 %  
9 (CH2OH)3CNH2  6.057 g  99.9%  
10 1 kmol/m3 HCl  Adjusted pH 87.28 mL of HCl 35.4% diluted in 1000 mL 

 
An arrangement of three electrodes was employed, utilizing a graphite bar as 
working electrode (WE) in the A compartment, graphite as counter electrode 
(CE) and an Ag/AgCl electrode as reference electrode (RE) in the B 
compartment. For the EIS method application, an SP-150 Bio-Logic Science 
Instruments ® potentiostat was used, employing a frequency range from 100 kHz 
to 10 mHz, at open circuit potential, with 6 points per decade, and 10 mV/rms of 
amplitude. These tests were carried out so as to determine electrochemical 
parameters, water up-take percentage and species diffusion, depending on time, 
thus allowing making a correlation of results with possible reaction mechanisms 
produced by the polarization and passage of ions, as well as water absorption 
across the membrane. 
Surface chemical composition analyses of the Chitosan-Gel membranes were 
performed before and after exposing the membranes to the Body Simulated 
Kokubo solution used as an electrolyte. Microscopy studies were performed with 
a JEOL JSM-7600F scanning electron microscope (SEM) equipped with an EDS 
chemical analyses detector. 
 
 
Results and discussion 
Impedance diagrams that portray results of the biopolymer membrane interface 
monitoring, by means of the EIS technique, are shown in Fig. 3. Results 
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regarding the first immersion hours in the electrolyte are shown in Fig. 3, as well 
as results after several exposure days, are shown in Fig. 4. 
 

 
Figure 3. Nyquist diagrams of the membrane as a detached film within the first hours of 
immersion. 
 
The Nyquist diagrams shown in Fig. 3a portray, as a function of immersion time, 
a decrease in the real impedance, as a result of ionic species penetration. Such 
behavior can be more clearly observed in Fig. 4a, where Nyquist diagrams show 
a capacitive behavior. 
In the Bode diagrams (Figs. 3 b-3c and 4b-4c) only one time constant can be 
clearly seen among all the studied frequency ranges. 
In order to fit EIS experimental data, the BOUKAMP program [15] was 
employed, along with the equivalent circuit of Fig. 1, which represents the 
electrochemical interface formed between the two faces of the biopolymer film 
and the incursion of the saline solution electrolyte. The fitted parameters are 
shown in Table 2. 
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Figure 4. Impedance diagrams of the polymer membrane after several exposure days. 
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Table 2. Results from fitting the equivalent circuit of Fig. 1. 

Time Rs Cf Rfa Oc Bc Rfa Oa Ba χ2 
0 h 36.8 1.3E-5 549 3.2E-7 1.05E-6 6.3E4 8.2E-3 1.9E2 9.6E-3 
1 h 39.5 1.46E-3 2450 3.1E-7 1.37E-6 - 9.5E-3 39.8 3.5E-3 
2 h 40.1 2.32E-3 3500 1E-7 1E-6 - 1E-3 35 3.1E-2 
4 h 42.8 1.75E-3 615.5 1.84E-6 1.5E-6 - 7E-6 30 2.1E-2 
5 h 40.4 3.07E-3 609.5 --- --- --- 1.07E-2 485.7 3.7E-3 

 
The Warburg diffusion coefficients were determined employing equation (5), and 
they are shown in Table 3.  
 
Table 3. Warburg diffusion coefficients for anodic and cathodic species through the 
membrane. 

 Time 
Warburg diffusion 

cathodic 
coefficient, σc 

Warburg 
diffusion anodic 
coefficient, σa 

Relationship 
Rf,c/σc 

Relationship 
Rf,a/σa 

0 h 1.73E+06 8.03E-01 3.18E-04 7.84E+04 
1 h 1.53E+06 1.63E+00 1.60E-03 ---- 
2 h 3.16E+06 5.35E+00 1.11E-03 ---- 
4 h 6.02E+05 6.90E+01 1.02E-03 ---- 
5 h ---- 4.39E-01 ---- ---- 

24 h 1.28E+06 1.03E+04 7.56E-05 7.29E-05 
100 h 8.84E+05 1.23E+00 8.82E-07 1.66E+01 
240 h          1.47E-01 3.37E+04 ---- 6.03E-04 

 
The behaviors of the anodic and cathodic diffusion species across the membrane, 
as well as the behavior between the resistivity and the diffusivity, are shown in 
Fig. 5a and Fig. 5b, respectively. The water up-take of the membrane from 
equation (6) is presented in Fig. 6. 
 

 
Figure 5. (a) Behavior of membrane diffusivity and (b) relationship between resistance 
and diffusivity for the anodic and cathodic species. 
 
The photographs shown in Fig. 7 show the experimental cell and the physical 
aspect of membranes, before and after being exposed to the saline solution up to 
11 days, whereas Figs. 8 and 9 show the chemical composition of membranes, 
before and after being exposed to the electrolyte, as well as the SEM microscopy 
of the morphological surface of the biopolymer membranes. 
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Figure 6. Water up-take for the biopolymer membrane of Chitosan-Gel. 

 

 
Figure 7. Electrochemical cell to study detached films of Chitosan-Gel. 

 

 
Figure 8. Chemical composition of the Chitosan-Gel films, prior to the exposure to the 
BSP solution. 
 

 
Figure 9. Chemical composition of the Chitosan-Gel films after the exposure to the 
BSP solution. 
 
The observed behavior in the SEM morphology of membranes showed that, 
when there is no exposition, the porosity remains stable in both sides of the 
membrane; nonetheless, after being exposed to the BSP solution, a side of the 
membrane swollen as a result of the hydrophilic effect attributed to the gelatin, 
due to the hydrophobic effect attributed to the chitosan matrix. This means that 
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the bio-polymer membrane is formed as a two phase system, since the solvent 
evaporation step affects the porosity, mainly on the gelatin side [18]. 
 

 
Figure 10. Diagram of ionic species diffusion through the biopolymer membrane. 

 
Detached biopolymer films have been studied, so as to assess their dielectric 
properties, porosity and waterproofness, when in contact with an electrolyte, 
using the electrochemical impedance method, as well as the redox mechanism 
and film biodegradation processes, as shown in Fig. 10.  
Studying the membrane under such conditions produces information regarding 
the behavior of the polymeric structure and its viscoelastic properties, which 
cause swelling on one side of the membrane, due to the hydrophilic effect, 
whereas the hydrophobic effect causes swelling on the other side, when it gets 
into contact with aqueous solutions containing highly ionic species, such as 
hydroxides and chlorides in physiological solutions. 
In our study, it was determined that the film has a very high capacitance (10-3 
F/cm2); moreover, it proved to be highly hygroscopic, since after the first 5 hours 
of immersion, it reached 75% of water up-take and, after 24 hours, it was already 
supersaturated. 
Due to the mobility of the ionic species, the redox phenomena can be attributed 
to the cathodic reaction, which corresponds to the oxygen reduction performed in 
the cathodic areas of the membrane, as it follows: 
 

                                                                                  (a) 

 

The Chitosan molecule is known for its protonic reactivity, so the of the 
cathodic reaction (a) could interact promoting a degradation effect on the 
Chitosan chain, as shown in reaction (b):  
 

            (b) 
 
The anodic reaction for Cl2 formation occurs in the membrane’s anodic areas, as 
shown in the following reaction: 
 
                                                                                                      (c) 
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Furthermore, an estimation of the Warburg diffusion coefficients, for both 
reactions occurring across the membrane in both directions, can be obtained, as 
well as the equivalent circuit with the two proposed branches, which correspond 
to the cathodic reaction (a) and the anodic reaction (b), with their respective film 
resistances [11]. 
In literature, it has been suggested that, when studying paint films as membranes 
in detached conditions, local resistive areas can be observed, which develop areas 
of trapped water and ionic species, producing low resistivity, and other areas of 
high resistivity against the electrolyte’s ionic concentration; this is due to various 
factors, such as the crosslinking degree of the polymer chains [21], membrane 
porosity or osmotic processes produced by polarization phenomena [22-23]. 
 
 
Conclusions 
The EIS technique is a useful tool for studying electrochemical processes, as well 
as for evaluating dielectric properties of bio-polymer membranes, and reaction 
mechanisms that can occur by the incursion of water and ions across the detached 
film. 
With the proposed equivalent circuit, it was possible to determine the influence 
that can be exerted by the red-ox processes, as well as the resistivity and 
diffusion phenomena occurring on both sides of the bio-polymer membrane in 
contact with physiological solutions. 
A reaction mechanism of the Chitosan-gel degradation was proposed, promoted 
by the hydroxide produced with the oxygen reduction, which occurs in the 
cathodic areas of the Chitosan-gel membrane. 
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