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Abstract: Electrospinning is a production technique for obtaining polymer nanofibers relatively 

low-cost and straightforward to produce fine fibers. Chitosan (CTS) is a well-known biopolymer 

widely used for drug delivery, hydrogels, tissue engineering, wound healing, and mats. This work 

aims to study different chitosan-organic acid solutions’ conductivity using electrochemical 

impedance spectroscopy and equivalent circuit fitting to understand this parameter’s influence in the 

electrospinning process for fiber formation in different organic acids as solvents. The conductivity of 

dilute chitosan solutions decreases until reaching a minimum value as chitosan concentration 

increases; conductivity increases linearly as concentration increases. We measured solution resistance, 

polarization resistance, and relaxation time of chitosan solutions in acetic, formic, lactic, and citric 

acids using electrical impedance spectroscopy with equivalent circuit modeling. There is no direct 

correlation between the electrospinnability of the different organic acids solutions with their solution 

conductivity. We obtained chitosan nanofibers and particles when electrospun a chitosan concentrated 

solution (4 wt%) in concentrated acetic acid (90 vol%) and obtained submicron particles with a more 

diluted solution (1 wt%) in concentrated acetic acid (90 vol%). We also obtained chitosan particles 

from formic acid solutions and completely different ordered and elongated particles with citric acid 

solutions. Getting insight into the organic acid-chitosan interactions will help improve the 

electrospinning process to obtain fibers, particles, or both in a controlled fashion and may help design 

tailored materials. 

Keywords: acetic acid; formic acid; lactic acid; citric acid; chitosan; electrospinning; impedance 

spectroscopy; equivalent circuit fitting; conductivity 
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1. Introduction 

Nanomaterials are materials within the nanometer scale, at least in one dimension. Particles, 

sheets, tubes, and fibers can be produced at the nanoscale. A wide variety of materials can form fibers 

for several industrial applications (catalysts [1], filters [2], energy storage [3], capacitors [4], and 

optics [5]), consumer goods (food packaging [6] and personal healthcare [7]), or biomedical 

applications (tissue engineering [8], immunosensing [9], dialysis membranes [10], wound     

healing [11], or drug delivery [12]). Different techniques can produce fibers, and electrospinning is a 

relatively low-cost fiber production technique and straightforward to produce fine fibers. A typical 

electrospinning setup includes a dosing pump with a syringe with a polymer solution inside that is 

injected into a high-voltage electric field formed between the syringe needle and a collector plate (or 

collector drum). A drop of the polymer solution forms the so-called Taylor cone at the tip of the needle, 

which is distorted under the electric field’s action, which draws the droplet towards the collector plate, 

the solvent evaporates, and the fibers form as the polymer solidifies [13]. 

Chitin (CTN) and chitosan (CTS) are well-known biopolymers widely used in different areas 

such as water purification [14], biosorbent [15], catalysis [16], fuel-cells technology [17], sensors[18], 

and biomedicine. Biomedical chitosan-related papers include drug delivery [19], hydrogels [20], tissue 

engineering [21], wound healing [22,23], and mats [24]. Chitosan is a natural, non-toxic, 

non-expensive, biocompatible, and renewable material found in the exoskeleton of crabs and  

shrimps [25], or even from some insects [26]. It is classified as GRAS by the FDA [27] and is soluble at 

acidic pH; the most common solvent used is aqueous acetic acid 1.0 vol% [28]. 

Until now, it has not been reported a successful electrospun of chitosan fibers from dissolution in 

diluted acetic acid (i.e., at 1.0 vol% acetic acid). There are only reports of chitosan fibers obtained by 

mixing CTS with polyvinyl alcohol (PVA) and graphene oxide for advanced biocompatible and 

antibacterial biomaterials for cell culture [29], CTS with polylactic acid (PLA) for improving 

mechanical properties for surgical sutures or implantable devices [30]; CTS with nylon-6 for papain 

purification from raw papain as opposed from solubilized papain extracts[31]; CTS with PVA and 

carbon nanotubes (CNT) as scaffolds for cardiomyocytes differentiation in tissue engineering[21]; or 

CTS with polyethylene oxide (PEO) for novel biomaterials for drug dosage [32], non-woven fiber mats 

for air and water filtration systems [33], and biomedical, food, pharmaceutical, and other toxic-free 

solvent applications [34]. Also, there are reports of pure CTS fibers obtained by diluting CTS in 

special solvents such as trifluoroacetic acid (TFA) [35,36,30]; mixtures of trifluoroacetic acid and 

dichloromethane (TFA/DCM) [37]; concentrated formic acid [38]; hexafluoroisopropanol mixed with 

formic acid (HFIP/FA) [31]; or concentrated acetic acid (> 70 vol%) [39,40]. However, such solvents 

may be toxic and require a subsequent solvent-removal process that might affect the obtained 

nanostructure. 

A recent review on electrospun polymeric nanofibers indicates that polymer solution conductivity 

influences the fiber formation; as conductivity increases, the fiber diameter decreases and vice versa [41]. 

Solutions with low conductivity, however, will not have enough charge to be electrospinnable [13]. Our 

interest is to study chitosan dissolution conductivity when dissolved in different organic acid solvents at 

different concentrations. This work aims to study chitosan-organic acid solutions’ conductivity using 

electrochemical impedance spectroscopy and equivalent circuit fitting to understand this parameter’s 

influence in the electrospinning process for fiber formation comparing different organic acids (acetic, 

formic, lactic, and citric) as solvents for dilute and concentrated acid solutions. 
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2. Materials and methods 

2.1. Reagents 

Glacial acetic acid (Fermont), formic acid (88% JT Baker), anhydrous citric acid (JT Baker), and 

lactic acid (85%, Karal) were used without further purification. Low molecular weight chitosan was 

purchased from Sigma-Aldrich (MW = 50,000–190,000 g/mol; DD = 94.3%; Batch No. 

MKBL7900V, CAS 9012-76-4). The intrinsic viscosity of 390.11 mL/g was measured using the 

Mark-Houwink relation with constants reported by Rinaudo et al. [42] in a mixture solvent of 0.3 M 

acetic acid/0.2 M sodium acetate to avoid aggregate formation; the viscous average molecular weight 

is 68,968 g/mol. The degree of deacetylation was determined as 90.4% measured by UV-Vis first 

derivative method. 

2.2. Intrinsic viscosity 

Intrinsic viscosity was determined using a Cannon-Fenske routine viscometer (Cannon, USA) in 

a water bath (Polyscience, AP29VB5R, USA) with a controlled temperature of 25 ± 0.02 ºC. Viscous 

average molecular weight is determined using K = 0.082 mL/g, and a = 0.76. Chitosan was dissolved 

into a mixture of 0.3 M acetic acid/0.2 M sodium acetate to obtain 0.5, 0.4, 0.3, 0.2, and 0.1 g/dL 

dissolutions. 
 

2.3. Degree of deacetylation 

The degree of deacetylation was determined using the first derivative method of Tan et al. [43] 

using D-glucosamine and N-acetylglucosamine as references and measuring UV-Vis absorption  

from 190 to 250 nm with a spectrophotometer (Perkin Elmer, Lambda2, USA). 

2.4. Conductivity measurements 

We measured conductivity and pH of chitosan solutions (see Figure S-1) at a fixed organic acid 

concentration (1.0 M) and different chitosan concentrations (0, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 3.0, 4.5, 7.5, 

9.0, and 15 mg/mL) with a Horiba (Laqua F-74BW, Japan) conductometer at 25 ºC using an electrode 

with a measurement range of 1–100 mS/m. Conductometer calibration was done according to 

American Society of Testing Materials D1125-95 [44] using KCl solutions prepared in our laboratory. 

2.5. Electrochemical impedance spectroscopy 

The impedance of solutions of the experimental design was measured using a 

potentiostat/galvanostat (Ametek Princeton Applied Research, model 263A, USA) coupled with a 

Lock-in amplifier (Ametek Signal Recovery, model 5210, USA) in a typical three-electrode glass cell 

with a copper working electrode with a surface area of 0.126 cm
2
, a platinum counter-electrode, and a 

calomel reference electrode in a frequency range from 0.1 to 10 kHz with an amplitude voltage      

of 10 mV. Similar procedures have been applied but to chitosan solid films [45,46]. 
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2.6. Equivalent circuit 

The complex electrical impedance results of the solutions are fitted using the equivalent circuit 

shown in Figure 1, which consist of a resistance, Rs, coupled in series with a constant phase    

element (CPE) in parallel with a second resistance, Rpol, element. A complex fitting was performed 

with the Zview software. 

 

Figure 1. Equivalent circuit proposed to describe experimental impedance data of acetic 

acid-water solutions. 

The first resistance, Rs, is the high-frequency resistance associated with solution resistance. The 

second resistance, Rpol, is associated with the electrode polarization resistance. However, a resistance 

and a capacitor in parallel do not describe the system’s behavior; hence a CPE is used in place of a 

capacitor defined by two values, τ0, and n, to compensate for non-homogeneity due to working 

electrode roughness, porosity, and geometry. If n = 1, then the equation is that of a capacitor; if n = 0.5, 

then a 45º line is produced in the Nyquist plot and describes a diffusion mechanism. The following 

complex relation gives the impedance of the equivalent fractional-order circuit 

 

where Z is the complex impedance, Rs is the resistance of the solution, Rpol, is the polarization 

resistance, τ0, is the relaxation time, and n, the parameter that accounts for the deformation of the 

semicircle or the effects associated to the constant phase element, such as interfacial ion mobility 

features. For example, the non-ideal double layer’s capacitance due to non-homogeneous adsorption in 

a rough or porous electrode surface will appear as a CPE with n values between 0.9–1.0. Cell constant 

determination was performed by calibrating the cell using KCl solutions at three different 

concentrations 0.01 M, 0.1 M, 1.0 M. Our setup is not temperature controlled, and all the experiments 

were done at room temperature. 

2.7. Electrospinning 

We performed electrospinning experiments using the in-house made apparatus of Figure 2, 

following similar procedures previously reported [10,47] with a dosing pump that pushes polymer 

solution contained in a syringe through a 0.500-micron needle. The electric field is formed between 

two circular copper plates connected to a high-voltage supply. Voltage was set to 18 kV, with a plate 

distance of 12.5 cm, and a polymer solution flow of 1.5 mL/h for three hours. Temperature and relative 

humidity are not controlled, but we recorded these two variables (Table S-1). 

Rs

Rpol

CPE
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Figure 2. In-house made electrospinning apparatus. 

We proposed two factors for each organic acid with two levels: acid concentration and chitosan 

concentration. The low level of organic acid concentration was decided regarding the most common 

concentration, i.e., the usual solvent for chitosan is acetic acid at 1.0 vol% concentration. For the high 

level of organic acid concentration, we decided to use 90 vol% since there is evidence of chitosan fiber 

formation using this solvent [39]. Low (1.0 vol%) and high (4.0 vol% ) chitosan concentration levels 

were decided as the typical values for chitosan dissolution (low) and to cover most of the possible 

dissolution range (high). Design of experiments consist of sixteen samples, each experiment was 

performed by duplicate. 

2.8. Characterization 

Fiber morphology is evaluated using a Scanning Electronic Microscope (JEOL, JSM-6510LV, 

Japan) at a constant voltage of 20 kV. Samples were sputter-covered with a gold film with a coating 

system (DentonVacuum, Desk V, USA) at 0.1 mbar and 28 mA. 

Statistical analysis was performed using the DoE analysis function of Minitab and surface 

contour plots for conductivity, polarization resistance, relaxation time, and parameter n of the 

equivalent circuit fitting results. 

3. Results 

3.1. Conductivity 

Figure 3 shows conductivity behavior as a function of chitosan concentration in different organic 

acids (1.0 M). As chitosan concentration increases, conductivity first decreases until reaching a 

minimum value and then increases with a linear behavior. The overall behavior of chitosan 

conductivity in formic, acetic, and lactic aqueous solutions is very similar. The minimum conductivity 

value for acetic acid is reached at about 0.6 mg/mL, while the minimum for formic acid is reached at 

about 2 mg/mL, for lactic acid at about 3 mg/mL, and the minimum conductivity for the citric acid 

solvent is reached at about 9 mg/mL chitosan concentration. Li et al. [48] already observed this 

behavior for weak acids, and our results for acetic and formic acids are in good agreement with theirs. 

Aqueous organic weak acids dissociate into carboxylic acid ions (RCOO
–
) and hydrogen ions (H3O

+
), 
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but there are also acid molecules (RCOOH) and water molecules (H2O) in solution. Chitosan dissolves 

into the aqueous acid by binding to the hydrogen ions, as depicted by Rinaudo et al. [42]. 

 

where CTS stands for the glucosidic residue of chitosan chain. pH increases monotonically as 

chitosan concentration increases for all organic acids (Figure 4). 

 

Figure 3. Conductivity of chitosan solutions for different weak organic acids at 1.0 M. 

It is attributed to the dissolution mechanism by protonation of chitosan amino groups, which will 

decrease the hydrogen ions in the solution causing an increase in pH. The counterion formed depends 

on the acid used (i.e., acetate, formate, lactate, or citrate ion), and chitosan acts as a polyelectrolyte.  

Li et al. [48] explained the minimum in conductivity as follows: first when chitosan binds to hydrogen 

ions, conductivity decreases slightly (the first decrease at low chitosan concentration) because the free 

ions are responsible for charge transport, and the chitosan chains tend to conform in an extended chain 

because of electrostatic repulsion of the positive charges along its backbone. When dissociated 

hydroniums are bound completely at increasing chitosan concentration, more chitosan begins to 

interact with undissociated carboxylic acid molecules by which charges are transported and 

conductivity increases. They also explained that, at plateau concentration of            

conductivity (concentration of conductivity minimum), chitosan interacts with carboxylic acid 

molecules and form stable and ordered complexes through cross-linking bonding of chitosan’s amino 

groups with the carboxylic acid and hydrogen bonds between hydroxyl groups on chitosan chains with 

carboxylic acid molecules. They propose that carboxylic acid ions and hydronium move orderly along 

this complex and transport charge, which causes conductivity to increase as chitosan concentration 

increases (which promotes the formation of more complexes). This explanation should be carefully 

analyzed since they do not provide experimental evidence of the complex formation. This behavior has 

not been studied by anyone else to date. 
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Figure 4. pH of chitosan solutions for different weak organic acids at 1.0 M. 

4. Impedance measurements 

We measured pH and electric conductivity to the sixteen solutions (Figure S-2) of the design of 

experiments, and results are shown in Table S-2. Acetic, formic, and lactic acids decrease their 

conductivity as their concentration increases, whereas citric acid increases its conductivity as its 

concentration increases. Another feature is that when increasing chitosan concentration, conductivity 

increases in all organic acids except for citric acid. Hence, citric acid behaves differently from acetic, 

formic, and lactic acids, probably due to the presence of three acid functional groups in citric acid. pH 

behaves as expected, it increases as chitosan concentration increases due to the binding of hydronium 

with amino groups, and it decreases as acid concentration increases. 

Impedance results can be plotted in a Nyquist plot of the real part of the impedance, Zre, versus the 

imaginary part of the impedance, –Zim, usually in the positive y-axis. Figure 5 presents the Nyquist plot 

of all the experiments, and we can observe that all the samples’ behavior is a depressed semicircle, and 

we fitted this behavior with the equivalent circuit of Figure 1. Acetic acid solutions at 1 vol% show a 

lower resistance than solutions at 90 vol%, and the diameter of semicircle is about 1000 Ω compared  

to ~1500 Ω, respectively. When increasing chitosan concentration, solution resistance decreases. 

Formic acid solutions at 1 vol% show a smaller semicircle diameter of about 600–700 Ω, while 

solutions at 90 vol% have diameters of 1500–1800 Ω, which is twice that of the lower concentration. 

Solution resistance, however, has similar values for all samples between 100–300 Ω. The formic acid 

samples’ impedance plots are in the 2000 Ω range, and its behavior can be compared to that of the 

acetic acid at 1 vol%, where solution resistance decreases when increasing chitosan concentration. 

Lactic acid solutions at 1 vol% showed a lower resistance than solutions at 90 vol%. The 

semicircle diameter is variable from 1200 Ω for the solution at 1 vol% lactic acid with 1 wt% chitosan 

to 4100 Ω for the solution 90 vol% lactic acid with 1 wt% chitosan, and solution resistance decreases as 

chitosan concentration increases. Finally, we found a completely different behavior for citric acid 

solutions. The solution with citric acid at 1 wt% and 4 wt% chitosan shows the highest semicircle 
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diameter value of ~6800 Ω and it is also the highest value of all the samples, while the solution with 

citric acid at 90 wt% and 4 wt% chitosan is the sample with the smallest diameter of about 900 Ω. 

Contrary to the other organic acids, solution resistance of citric acid solutions at 1 vol% is higher than 

solution resistance at 90 vol% citric acid concentration, and solution resistance increases when 

increasing chitosan concentration. Citric acid is a tricarboxylic acid with chelating properties, which 

might cause this utterly different behavior compared to the acetic, formic, and lactic acids. 

 

Figure 5. Nyquist plots for all the samples. Each plot corresponds to a different organic 

acid as solvent.  

5. Electrospinning of chitosan 

Electrospinning of chitosan solutions was performed in the in-house made apparatus shown in 

Figure 2, and electrospun fibers were taken from the collector plate using an aluminum foil previously 

attached to it. Electrospun samples were dried in an oven at 60 ºC for 24 h to remove any remaining 

solvent. 

We want to evaluate the electrospinnability of chitosan dissolved in different organic acids. We 

measure the area covered by the electrospun polymer’s membrane over the aluminum paper to assess 

the solutions’ fiber formation capability. Table 1 shows the membrane area measured, and it is possible 

to see that not all the samples form fibers. In particular, we did not obtain fibers from lactic acid 

solutions (not shown in the table). We observed that the droplet exiting the needle traveled through the 

electric field until the collector plate without evaporating the solvent and finally was deposited over the 

aluminum foil, forming a film. This experiment does not necessarily rule out the fiber formation using 

lactic acid as solvent. 
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Table 1. Membrane area obtained after electrospinning for different solutions. 

Organic acid Acid concentration, vol% Chitosan concentration, wt% Membrane area, cm
2
 

 1 1 NA 

Acetic acid 1 4 NA 

 90 1 17.77(2.64) 

 90 4 53.90(13.75) 

 1 1 NA 

Formic acid 1 4 42.59(20.03) 

 90 1 20.13(18.46) 

 90 4 48.40(21.52) 

 1 1 NA 

Citric acid 1 4 NA 

 90 1 7.37(7.91) 

 90 4 58.90(0) 

*Note: Standard deviation in parenthesis. 

The fiber mat formed over the aluminum foil showed different geometrical forms depending on 

the organic acid. Acetic and formic acid yielded circular mats of different diameters, while citric acid 

yielded ellipsoidal fiber mats. Figure 6 shows photographs for the mats obtained from acetic, formic, 

and citric acid solutions in frontal and lateral views. The ellipsoidal mat obtained from citric acid 

suggests that solution properties might influence Taylor’s cone geometry, and more experiments 

should be done to elucidate this phenomenon. 

Chitosan solutions in acetic acid 1 vol% were not apt for electrospinning; the solution at 1 wt% 

CTS had very low viscosity that the droplet traveled to the collector plate without forming fibers. The 

solution at 4 wt% was so viscous that the needle clogged at the beginning of the experiment. It is 

important to note that solution viscosity depends upon average molecular weight and distribution 

molecular weight, and it seems that a dilute acetic acid solution can dissolve less chitosan than 

concentrated acetic acid solutions, which are the reasons that other works can dissolve up          

to 7–7.5 wt% chitosan [39,40]. The morphology of the mats at the microscopy level formed from 

chitosan solutions in 90 vol% acetic acids are shown in Figure 7-A1-F1. There are agglomerated 

spherical particles at chitosan concentration of 1 wt% (A1-B1), while chitosan solution at 4 wt% yields 

fibers and beads with a significant formation of micron-size spherical particles (C1–D1) bonded 

together by nano-size fibers (E1–F1). 

Chitosan solution at 1 wt% in formic acid 1 vol% was not electrospinnable because of its very low 

viscosity. Although the other three formic acid solutions were electrospinnable, they did not form any 

fiber. Chitosan solution at 1 wt% in formic acid 90 vol% yields different particle sizes, particularly 

Figure 7-A2 shows a big particle of size greater than 5 microns and multiple sub-micron particles 

around. Chitosan solutions at 4 wt% in formic acid 90 vol% and 1 wt% in formic acid 1 vol% yielded 

sub-micron particles with no evidence of fibers (Figure 7-B2–C2). 
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Figure 6. Fiber mats obtained from: (A) acetic acid frontal view, (B) acetic acid side view, 

(C) formic acid frontal view, (D) formic acid side view, (E) citric acid frontal view, and (F) 

citric acid side view. Note the elliptical form of the later. 

Chitosan solutions in citric acid at 1 wt% were not electrospinnable either because the viscosity 

was very low for chitosan concentration of 1 wt%, or because chitosan did not completely dissolve   

at 4 wt% (Figure S-2). We discovered that mats obtained at a citric acid concentration of 90 wt% are 

neither fibers nor spherical particles. Figure 7-A3-B3 shows a morphology that resembles some 

ordered tiles, made of elongated particles. We could not get a closer zoom because the electron beam 

caused degradation of the samples. It is possible to observe some degradation in Figure 7-A3, when 

attempting to magnify the sample view. This result, along with the formed elliptical membrane, is 

characteristic only to citric acid samples. 
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Figure 7. Micrographs from acetic acid solutions: (A1–B1) acetic acid 90 vol% and 1 wt% 

chitosan, (C1–F1) acetic acid 90 vol% and 4 wt% chitosan; formic acid solutions: (A2) 

formic acid 90 vol% and 1 wt% chitosan, (B2) formic acid 90 vol% and 4 wt% chitosan, 

and (C2) formic acid 1 vol% and 4 wt% chitosan; and citric acid solutions: (A3) citric acid 

90 wt% and 1 wt% chitosan, and (B3) citric acid 90 wt% and 4 wt% chitosan. 

6. Discussion 

Solution conductivity can be determined by fitting solution resistance from the Nyquist plot and 

the cell constant. Contour plots of the factors analyzed for solution’s conductivity are shown in  

Figure 8, where it can be seen that conductivities of acetic, formic, and lactic acids solutions are higher 

when organic acid concentration is low, and chitosan concentration is high; while is completely 

opposite for citric acid solution, where conductivity is higher when citric acid concentration is high, 

and chitosan concentration is low. There is no direct correlation between the electrospinnability of the 

different organic acids’ solutions with their solution’s conductivity. 

Figure 9 shows contour plots of the factor analyzed with respect to polarization resistance. It 

increases as the acid concentration increases and increases as chitosan concentration increases for 

acetic and formic acid solutions. Lactic and citric acids have different behavior, lactic acid show higher 

values from low acid concentration and high chitosan concentration to high acid concentration and low 

chitosan concentration (with a saddle point at around 60 vol% lactic acid and 3.5 wt% chitosan). Citric 

acid solutions show a higher polarization resistance at low citric acid concentration and high chitosan 

concentration; however, chitosan was not entirely dissolved at these conditions. This experiment’s 

lowest polarization resistance goes from low citric acid concentration and low chitosan concentration 

to high citric acid concentration and high chitosan concentration (with a saddle point at around 70 vol% 

citric acid and 1.5 wt% chitosan). 
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Figure 8. Contour plots for solution conductivity as a function of organic acid 

concentration and chitosan concentration for: (A) acetic acid solutions, (B) formic acid 

solutions, (C) lactic acid solutions, and (D) citric acid solutions. 

 

 

Figure 9. Contour plots for polarization resistance as a function of organic acid 

concentration and chitosan concentration for: (A) acetic acid solutions, (B) formic acid 

solutions, (C) lactic acid solutions, and (D) citric acid solutions. 
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Figure 10 shows contour plots of the analyzed factors for parameter n of the equivalent circuit 

model. Parameter n is used to compensate for the non-homogeneity of the working electrode. If n = 1, 

the solution behaves as a capacitor, but if n = 0.5, then it describes a diffusion mechanism. Following 

this concept, acetic and lactic acids solutions show a n value between 0.67–0.74, meaning that 

solutions show a diffusion character. On the other hand, formic and citric acids solutions show values 

of 0.75 < n < 0.86, meaning that solutions behave more like a capacitor. 

Figure 11 shows contour plots of the factor analyzed with respect to relaxation time. The highest 

relaxation time for all organic acids occurs at low acid concentration and high chitosan concentration. 

Citric and lactic acid relaxation times are one magnitude order greater than formic acid values and 

twice the acetic acid values. The overall behavior is similar for acetic, lactic, and citric acid relaxation 

times as a function of acid and chitosan concentration, whereas formic acid behaves differently. The 

lowest relaxation time value of formic acid solution occurs at low acid concentration and low chitosan 

concentration. 

Figure 12 shows contour plots of the factor analyzed for membrane area. Membranes were 

obtained for acetic acid at high acid concentration and high chitosan concentration, for formic acid at 

high chitosan concentration and low and high acid concentration, for lactic acid, no membranes were 

obtained, and for citric acid at high acid concentration and high chitosan concentration. 

 

Figure 10. Contour plots for parameter n as a function of organic acid concentration and 

chitosan concentration for: (A) acetic acid solutions, (B) formic acid solutions, (C) lactic 

acid solutions, and (D) citric acid solutions. 
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Figure 11. Contour plots for relaxation time τ as a function of organic acid concentration 

and chitosan concentration for: (A) acetic acid solutions, (B) formic acid solutions, (C) 

lactic acid solutions, and (D) citric acid solutions. 

 

Figure 12. Contour plots for membrane area as a function of organic acid concentration 

and chitosan concentration for: (A) acetic acid solutions, (B) formic acid solutions, (C) 

lactic acid solutions, and (D) citric acid solutions. 

We were able to obtain some fibers at high concentration acetic acid and high concentration 

chitosan, which is in good agreement with the work of Geng et al. [39] and Homayoni et al. [40]. 

Homayoni et al. [40] proposed to treat chitosan with alkali to reduce molecular weight through 

hydrolysis. They tried electrospinning with chitosan molecular weights from 1,095,000 down       
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to 294,000 g/mol and formed fibers dissolving 5 wt% chitosan of viscous average molecular    

weight 294,000 g/mol in acetic acid 90 vol% and at 7.5 wt% CTS in acetic acid 70 vol%. They 

explained that fiber formation at this molecular weight might be due to chains at this low molecular 

weight are below the threshold required for entanglement coupling formation. However, this is 

opposed to the concept that electrospinning can only occur with moderately concentrated solutions, as 

the process of jet formation relies on the entanglement of the chains [49].  

Geng et al. [39] successfully electrospun chitosan dissolved at 7 wt% in acetic acid 90 vol% with 

an average molecular weight of 106,000 g/mol. They formed fibers and beads even at acetic acid 

concentrations of 30 vol%, indicating that the electric field should be higher than 3 but lower   

than 5 kV/cm. They consider that surface tension depression produced by the increase in acetic acid 

concentration is the most important solution factor that influences chitosan electrospinning. They also 

used chitosan with average molecular weights of 30,000 and 398,000 g/mol, and state that when  

using 30,000 g/mol chitosan, only fragile fibers with several droplets were obtained; we used here    

a 69,000 g/mol chitosan and probably have the same behavior as them. 

We attempted to correlate the solution’s conductivity with electrospun’s ability but did not find 

any correlation. Acetic acid 90 vol% had very low conductivity and formed fibers and beads. However, 

lactic acid 90 vol% and citric acid 1 wt% also had low conductivity (below 150 mS/m) and were not 

able to electrospun due to the solutions’ low viscosity or the inability of the solvent to evaporate. In the 

electrospinning apparatus, we used two circular plates to produce uniform and parallel field lines of the 

electric field as a new feature instead of using the tip of the needle and the collector plate, as is more 

commonly reported. We believe that the parallel plates reduce the needle tip’s charge density and 

uniformly distribute the field lines over the circular plate. However, the electrospinning process may 

take advantage of the high charge density at the needle tip to form Taylor’s cone in the traditional 

set-up. More experiments are needed to understand that phenomenon. 

7. Conclusions 

Conductivity at a very low chitosan concentration of all organic acids showed a minimum value 

that is still not completely understood. It is necessary to perform more experiments to elucidate this 

behavior. 

We measured solution resistance using electrical impedance spectroscopy and adjusted 

experimental data with equivalent circuit modeling. Solution conductivity, polarization resistance, n 

parameter, and relaxation time can be calculated from the equivalent circuit fitting and can provide 

more information about the electrical interactions between all solution components: water, acid, and 

polymer. There is no direct correlation between the electrospinnability of the different organic acid 

solutions with their solution’s conductivity. 

We obtained chitosan nanofibers and particles when electrospun a chitosan concentrated   

solution (4 wt%) in concentrated acetic acid (90 vol%) and obtained sub-micron particles with a more 

diluted solution (1 wt%) in concentrated acetic acid (90 vol%). We also obtained chitosan particles 

from formic acid solutions. A completely different ordered and elongated particles were obtained with 

citric acid solutions. Getting insight into the organic acid-chitosan interactions will help improve the 

electrospinning process to obtain fibers, particles, or both in a controlled fashion and may help design 

tailored materials, such as non-woven fiber mats for air and water filtration systems, advanced 

biocompatible and antibacterial biomaterials for cell culture, improved mechanical properties for 
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surgical sutures or implantable devices, scaffolds for tissue engineering, or novel biomaterials for drug 

dosage, and other toxic-free solvent applications. 
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