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Abstract
We have carried out the synthesis of a series of chitosan-based membranes by casting solution method. The membranes were
synthesized from commercial chitosan and glycerin as a plasticizer, varying the concentration of glycerin to determine the
concentration that allows the formation of membranes with the best physicochemical properties to retentate permeating test
molecules. Formed membranes were cross-linked with sulfuric acid, and tested in the permeation of sodium chloride, saccharose
and a whey protein. The physicochemical characteristics of the membrane were evaluated by the water swelling factor, viscous
molecular weight and DSC. The passage of the tested molecules through the membrane and other characteristics were modified
with glycerin content in the forming solution.
Keywords: Chitosan, membrane, glycerin, cross-linking, permeability.

Resumen
Llevamos a cabo la preparación de una serie de membranas a base de quitosano mediante el método de evaporación de la solución.
Las membranas fueron formadas a partir de quitosano comercial y glicerina como plastificante, variando la concentración de
glicerina con objeto de determinar la concentración que permita la formación de membranas con las mejores características
fisicoquímicas para retener las moléculas estudiadas. Las membranas formadas fueron reticuladas con ácido sulfúrico, y
evaluadas en la permeación de cloruro de sodio, sacarosa y un lactosuero. Las características fisicoquímicas de las membranas
fueron evaluadas mediante el factor de hinchamiento en agua, el peso molecular viscoso y DSC. El paso de la molécula en
evaluación a través de la membrana y otras características fueron modificadas con la concentración de glicerina usada en la
solución formante.
Palabras clave: Quitosano, membrana, glicerina, reticulación, permeabilidad.

1 Introduction

Membrane separation technology has attracted the
attention to solve the growing demand of high-
quality products thanks to its high performance in
fluid phase separation (Scott, 1995) (Shahidi et al.,
1999). This technology has low energetic and process
requirements as well as low environmental impact
making it suitable to separate a wide spectrum

of fluids. Polymer materials have increased the
applicability of the technology due to the facility
to form membranes of a wide variety of porous
structures. In fact, the membrane is designed as a
function of the separation requirements of the fluid.
Thereby, microfiltration, nanofiltration, pervaporation
(Han et al., 2014) forward and inverse osmosis are
outlined by structural characteristics of the membranes
where separation is carried out by size exclusion of the
penetrants.
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Process like the inverse osmosis are utilized
to desalinate sea water; the purification of
biotechnological products, such as pharmaceutics
or therapeutics, are carried out from ultrafiltration
or microfiltration (van Reis & Zydney, 2007).
It is worth mentioning that conventional process
exhibit disadvantages due to high operating costs
or high quantity of separation stages, that cannot
be outperformed (González-Valdez et al., 2014).
Instead, the technological development was oriented
to membrane process like ultrafiltration, that does
not requires chemical additives or heat, which
guaranties the integrity of the raw mater, increasing
the applicability of the technology (Carmona-Gómez
et al., 2018).

Considering polymer materials to train
membranes, the biopolymers such as chitosan (Xin-
Ping et al., 1996) are preferable over synthetic
ones due to its biodegradability. Chitosan is a
polysaccharide derived from partial deacetylation
of chitin, containing β(1 → 4) glycosidic 2-amino-
2-deoxy-d-glucopyranose units, where the amino
groups of chitosan allow its solubility in weak acidic
media (Sivashankari & Prabaharan , 2017). Chitosan
based membranes can be utilized to separate several
solutes in food industry (Chaudhary et al., 2011),
pharmaceutics, medical use in drug administration,
orthopedics, dentistry and cosmetic encapsulation
(Tharanathan, 2013). When chitosan is utilized to form
membranes, its permeability is affected by factors such
as the swelling factor (S f ), the deacetylation degree
(DD) and the molecular weight (MW). This variables
have been studied in the extraction of chitosan from
chitin, and is well accepted that MW is not affected
by DD, but the S f increases when MW decreases (Xi-
Guang et al., 2002). It is worth notice that permeability
is strongly linked to those variables that fall upon
the membrane performance. In fact, the −OH groups
gives the hydrophilic character to chitosan (Zhu et
al., 2015), making the swelling of the membrane in
aqueous medium possible.

Chitosan has been recommended for several
applications, particularly to train the chitosan as
a membrane, a plasticizer is necessary in order
to increase the flexibility. The plasticizer reduces
the intermolecular forces, smoothing the strength of
the polymeric membranes, allowing the increase of
the chain mobility, and performing its mechanical
properties (Srinivasa et al., 2007). Some plasticizers
reported in literature includes glycerin, sorbitol,
polyethylene glycol, which are used in chitosan
membranes preparation. For example, when glycerin

is used as plasticizer, the chain flexibility increases
compared to sorbitol or PEG. Different research has
demonstrated that glycerin is an efficient plasticizer
to chitosan, because allow to modify its macroscopic
properties. It has been reported that chitosan
membranes with 25% wt glycerin increases its
ductility, hydrophile properties and 40% of elongation
at break (Epure et al., 2011). The interaction between
glycerin and chitosan impacts in the increase of the
free volume, causes a strong decrease of the glass
transition temperature (Tg), increase in the elasticity
and permeability to water vapor (Rivero et al., 2016).
Chitosan and glycerin interactions are evidenced by
−CH and −OH groups. It is reported that increasing
glycerin concentration increases the −OH groups to
interact with chitosan (Liu et al., 2013). Another
example of plasticizer is the use of lipids, added
to biodegradable films based on chitosan, used as
additives to modify the mechanical properties and
strengthen its water barrier. For this, it has been
reported the naturals extracts as Moringa oleifera leaf
(Núñez-Gastélum et al., 2018) and lemon essential oil
(Ramos-García et al., 2017).

Biopolymers exhibit a high sensibility to humid
environments due to its hygroscopic nature. For
that, the use of chitosan membranes involves a
technological challenge to operate in aqueous phase,
due to the plasticized effect of the water molecules
or the erosion of the functional groups of the
polymer, modifying the physical properties of the
membrane (Bergo et al., 2012). Besides that, to limit
the swelling of the membrane and to increase its
mechanical resistance, the membranes are modified
cross-linking (Sajjan et al., 2015). The cross-link
reaction is the most viable way to reinforce the
chemical structure of chitosan based membranes and
to limit the swelling factor, due to the formation
of links between the polymeric chains with the
consequently delimitation of the chain mobility and
increase of the packing density. The cross-linkers
reported for chitosan includes sulfuric acid, poly
triphosphate, glutaric aldehyde, diglycil glycol ether.
In the cross-linking reaction with sulfuric acid, the
formed membrane is immersed in a sulfuric acid
solution, where sulfate anions (SO−2

4 ) interacts with
the amine groups (NH2) of chitosan to protonate
(NH+

3 ) and link the polymeric chains (Cui et al., 2008)
(Marques et al., 2016). This means that sulfuric acid
cross-link the polymeric chains by ionic interactions.
In the same way has been reported the chitosan cross-
linking by short wave UV radiation in edible films
(López-Díaz et al., 2018).
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The permeability of the membrane is also a
function of the permeating molecule. The permeability
take place according to the molecular size of
the penetrant, inter alia. Thus, big size molecules
are retained in one side of the membrane while
biggest ones are retained (Bullón et al., 2001). The
molecular affinity of the membrane to the penetrant
have also a direct influence over the membrane
permeability, and chitosan membranes exhibit high
affinity toward organic molecules (Kolesnyk, et al.,
2020). In order to obtain membranes useful for the
aqueous phase permeation, in this work a series of
chitosan membranes were trained. From glycerin as
plasticizer at different concentrations keeping constant
the cross-linker concentration and immersion time.
The membranes were characterized and evaluated in
NaCl, saccharose and whey protein permeation in
order to determine the effect of the cross linked
chitosan and the plasticizer over the structure of the
membrane.

2 Materials and methods

2.1 Reactive

Chitosan low molecular weight (98%, Sigma-
Aldrich), acetic acid glacial (98%, Meyer), sodium
hydroxide (98%, Meyer), sulfuric acid (98.4% J.T.
Baker), glycerin (99.59% QCA).

2.2 Training membranes

Chitosan powder was dissolved in a 0.1 M acetic acid
solution at 1%w/v, 90 °C and magnetic stirring for 24
hours. Then, the solution was filtrated, and glycerin
was added and keep stirring for 4 hours more at
90 °C. Flat membranes were formed with 20 mL of the
chitosan solution at different glycerin concentration in
a 10 cm diameter Petri dish.

Table 1. Synthesized samples.

Sample Glycerin,%w/v S f Thickness, mm

M1 0.1 1.28 0.02625
M2 0.3 1.52 0.05775
M3 0.5 2.10 0.10325
M4 0.7 2.39 0.2465

*All the samples were cross-linked in a 0.5M sulfuric
acid solution

Finally, the solvent was slowly evaporated at room
temperature for 24 hours and 60 °C for 72 hours. Table
1 indicate the glycerin content of each membrane.

2.3 Chemical cross-linking

The formed membranes were immersed in a 0.5 M
sulfuric acid solution for 24 hours to cross link
the polymeric chains. After this, membranes were
washed several times and neutralized in a 2 M
sodium hydroxide solution for 5 minutes. Finally, the
membranes were washed until pH 7 was reached. The
codification for the synthetized samples is indicated in
Table 1.

2.4 Characterizations

The viscosity of chitosan in a 0.1M acetic acid
(CH3COOH) solution was determined in an
Ubbelohde viscometer at 25 °C, and the relative
viscosity (ηrel) was calculated from Equation 1:

ηrel =
ηsol

ηdis
(1)

where ηsol and ηdis are the solution and dissolvent
experimental viscosities, respectively. The average
molecular weight (Mw) of the chitosan was calculated
from the Mark-Houwink-Sakurada (Equation 2), in
which the constants are a function of the degree of
deacetylation (DD), and were calculated as proposed
by Wang et al. (1991), Equations 3 and 4.

[η] = K
(
Mw
)a

(2)

K = 1.64 ∗ 10−30 ∗DD14 (3)

a = −1.02 ∗ 10−2 ∗DD + 1.82 (4)

where constant a is related to the solvent quality
and K is the intrinsic viscosity. To determine the
swelling factor (S f ), a dry cross-linked membrane
was immersed in an excess of bidistilled water for 24
hours. The S f was calculated as indicated by Equation
5. The experimental data were carried out by three in
order to assure the reproducibility.

S f =
Ws −Wd

Wd
(5)

where Ws and Wd is the weight of the swollen and dry
membrane, respectively.

The membrane thickness was measured to the
cross-linked samples with a micrometer Metrology
EM-9001N. The thickness measurements were carried
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out in several parts of the membrane, and the reported
data is the average of 20 measurements.

The functional groups where identified by FTIR −
ATR in a Perkin Elmer FTIR spectrometer. Hence, the
DD was calculated from the absorption ratio between
the tertiary amine at 1376 cm−1 and secondary amine
at 1571 cm−1, according to Equation 6:

DD(%) = 100− 31.94
A1376

A1571
− 12.2 (6)

The glass transition temperature of the cross-
linked membranes was measured in a Mettler Toledo
Star System DSC operating at 30 ml/min of N2 flux.
The measurements were carried out in two steps. In
the first one, heating from 30 − 150 °C and 10 °C/min.
The second one was carried out from 30-200 °C at a
heating rate of 40 °C/min.

2.5 Permeability

The cross-linked membranes were utilized to
determine the permeability in liquid phase in a batch
system, operating at 25 °C. The device consists of two
sections joined by a flange where the membrane is
hold by a porous support. The mass transfer area is
4 cm2.

The permeation device was placed in horizontal
position, keep at ambient temperature and
magnetically stirred in both cameras. Three model
solutions were utilized to characterize the membrane
permeability, placed in one side of the device, and the
collecting camera was filled with bidistilled water in
all the cases. The first solution was 1%wt NaCl where
the concentration was determined by conductimetry
in the first five hours. The mass transport through
the membrane can be described by a semiempirical
model, in which the mass balance for the system
relates the flow of permeating molecules normalized
by the membrane area, in the direction of diffusion (x)
to accumulation in the receiving area. The model is
based in the Fick’s law for the diffusivity and Henry’s
law for the solubility.

Table 2. Whey protein composition.

Parameter measuring range

Fat 0.01 - 25%
Density 1000 - 1150 kg/m3

Protein 2 - 7%
Lactose 0.01 - 20%

Salt 0.4 - 4%

The upstream concentration must be constant over
time (for this, a high concentration is utilized), then
the mass balance can be solved with the following
boundary conditions: C(0, t) = C0 and C(L, t) = Ci.
Thus, the permeability can be calculated as indicated
in Equation 7:

P =
276 V L
A TC0

∗
dC
dt

(7)

where V is the chamber volume (cm3), L the
membrane thickness (cm), A the effective membrane
area (cm2), T the temperature (K), C0 the
initial concentration (mol/L). The variation of the
concentration as a function of time was determined
from the slope of the concentration at initial times.
In the reception chamber, the concentration of the
solute was measured at the beginning and end of the
permeation experiment.

The second solution was a 1% saccharose utilized
to determine the passage of a bigger molecule through
the membranes. Thus, the variations in concentration
were quantified in both sides of the membrane by
polarimetry at 24, 48 and 72 hours.

The third solution was a 1% whey protein
solution where the concentration was determined
in a Lactoscan Milkotronic Ltd, after 72 hours of
experimentation. The whey protein composition was
determined at the beginning of the test and the ranges
reported by the lactoscan are resumed in Table 2.

3 Results and discussion

Concerning the chitosan reactive, the molecular
weight and the DD are fundamental properties of
the polymer determining the applicability. From the
FTIR-ATR spectra and Equation 6, the DD of the
commercial chitosan was calculated as 80.26%. The
acetylene groups make the structure stiff by steric
hindrance; by removing this groups, the ionizable
NH2 stay exposed becoming the molecule soluble in
light acidic aqueous solution, and then is considered
chitosan (Zhao Wang et al., 2006). With the calculated
constants (K = 7.54e−4 mL/g and a = 1.001)
from the FTIR-ATR spectra, the molecular weight
is 8,674 g/mol, which is considered as low in the
literature. Once evaporated the solvent the membranes
are removed from the Petri dish. The uncross-linked
chitosan membrane can be dissolved when immersed
in water.
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Fig. 1. Viscosity of the chitosan − glycerin
dissolutions.

However, after immersed in the cross-linking
solution, the membranes can no longer dissolve due to
the formation of ionic interactions between polymer
chains. In the same way, the viscosity of the chitosan
solution can be measured only before the cross-
linking reaction. The viscosity increases as glycerin
is added to the dissolution as exhibited in Figure 1.
The viscosity of the polymer in solution is directly
related to its molecular weight. However, the observed
increase is better related to the viscosity of the
mixture and reflects a uniform integration of the
chitosan and glycerin, assuring uniform properties in
the membrane. Consequently, the formed membranes
are no brittle, rather the pliability and malleability
increases adding glycerin.

The membranes exhibit a notably increase in the
thickness, associated to the glycerin addition reported
in Table 1. The plasticizer do not creates chemical
bonds rather increases the interchain space due to the
reduction of the interaction van der Waals attractive
forces polymer − polymer, increasing the free volume
(Godwin, 2011). The free volume is a measure of the
internal space available in the membrane. As the free
volume increases, a wider space available allow the
chain movement, making the polymer network more
flexible.

3.1 Swelling factor (S f )

The calculated swelling factor in water is reported in
Table 1. The S f increases as glycerin concentration
increases in the membrane composition. The
plasticizer has three −OH polar groups, which
interacts with the polymer due to its cationic
polyelectrolyte nature. Hence, a polar part of

the glycerin interacts with the chitosan, while
the rest of the polar part contributes to the free
volume and to the hydrophilic character of the
resulting polymer, according to the plasticizer
theory (Buszard, 1984). Therefore, at low plasticizer
concentration, the polymer-plasticizer interactions
are dominant while at high plasticizer concentration,
the plasticizer−plasticizer interactions are dominant
allowing the swelling of the membrane (Godwin,
2011). It is worth notice that the highest S f is a little
more than two, indicating a limited S f compared
to hydrogels or chitosan mixed with hydrophilic
polymers, possibly due to the cross-linking degree of
the membranes which counteracts the osmotic forces
described previously (Bocourt-Povea et al., 2008)
(Chaudhary et al., 2011).

3.2 Thermal analyses

Membranes were analyzed by Differential Scanning
Calorimetry (DSC). A first heating was carried out at
10 °C/min from 25−120 °C, to eliminate low boiling
point solvents. Figure 2a) shows the thermograms
where a wide absorption zone at low temperatures
indicates the water evaporation. This endothermic
zone associated to the water evaporation indicates the
water retention by the membrane. A second heating
at 40 °C/min from 30−200 °C allows to identify the
structural transformations in the temperature range.
Figure 2b) exhibit the thermogram where the different
transitions can be observed, being the higher Tg in
membranes lower than Tg of chitosan (Tg = 151.5 °C)
except for sample M4. This is due to the plasticizer
penetration to the bundles of the polymer, changing
the structure from glassy to rubbery (Buszard, 1984).

Fig. 2. DSC thermogram: a) first heating and b) second
heating of the membranes.
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It is worth notice that the cross link prevents
the reduction of the Tg, as reported in plasticized
uncross linked membranes, which reports the Tg
in the range from 20 to 93 °C, depending of the
glycerin concentration (Rivero et al., 2016). The
several thermal events in the membranes are indicating
a heterogeneous structure from the cross-linking
reaction, because the thickness of the membrane
prevents the cross-linker from reaching the deeper
sites. These results agree the literature reports where
chitosan Tg is a function of molecular weight and
the deacetylation degree (Neto et al., 2005). However,
there are two facts in a thermal characterization of a
polymer; the first one, is that thermostable polymers
do not exhibit glass transition temperature. Then,
formed membranes do not form covalent links in the
cross-linking reaction. The second fact is related to
the several thermal events, revealing the existence of
polymeric chains of several size.

3.3 Permeability

3.3.1 NaCl permeation

To determine the conductivity variations as a function
of time, the electrode was fixed to the pure
water camera. Figure 3 shows that conductivity
increases suddenly in the first hours, with a slightly
different slope for each membrane. Conductivity
reach an equilibrium concentration between cameras
depending of the membrane characteristics. It is worth
notice that samples M2 and M4 exhibit the best trend
to equilibrium between the cameras.

Fig. 3. Conductivity variation as a function of time in
the membrane cell permeation.

Table 3. Calculated kinetic constants from
concentration experiments.

Sample Lagergren model
k1 (1/h) Ccal

1 (mol/L) R2

M1 0.0250 5.7190 0.9874
M2 0.0378 5.9576 0.9982
M3 0.0412 5.1360 0.9968
M4 0.0274 5.7334 0.9995

3.3.1.1 Kinetic analysis

The variation of the concentration as a function of
time was analyzed with the pseudo first order model
of Lagergren (Ho & McKay, 1998). The lineal form of
the kinetic model is indicated by:

ln
Ce −C

CR
= ln

Ccalc

CR
− k1 ∗ t (8)

where Ce, C, Ccalc and CR are the concentration at
equilibrium, at time t, calculated from the model and
reference (1 mol/L), respectively (mol/L) and k1 is the
rate constant of pseudo-first order (h−1). It is worth
notice that the linearized form of equation involves
the logarithm in both sides. The division between CR
makes the argument of the logarithms in equation 8
the ratio of two variables having the same units, as
indicated by Matta, to solve the dimensional analysis
(Matta et al., 2011).

Table 3 resumes the calculated values for the
kinetic constants from the first order model. The
correlating coefficient (R2) was used as fitting
parameter, indicating a high response with the first
order model. Worth mentioning that first order model
involves two zones, a first one indicating a rapid
increase, in this case, of the concentration in the
water camera, and a second one, forming a plateau
associated with an equilibrium zone, as exhibited in
Figure 3. Finally, the rate of passage of the molecule
through the membrane is affected by the increase of
the thickness, as observed by other authors (Mu et al.,
2019).

3.3.1.2 NaCl permeability

From the solute concentration, the permeability
was calculated as indicated in Equation 7. At
low experimentation time, a transitory state was
observed, but when time increases a steady state is
identified where the slope determine the variation of
concentration with the time.
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Fig. 4. a) Variation of the concentration as a function of time and b) calculated permeability of the membranes with
NaCl as permeating molecule.

Figure 4a shows the data of concentration as a
function of time for the synthesized membranes. The
permeability was plotted in Figure 4b. It is worth
notice that the permeation time is high enough to
reach the steady state, once this, the concentration
increases linearly with time, exhibiting a different
rate as a function of nominal glycerin concentration.
Then, membrane M4 exhibit the highest permeability,
which agrees with the highest swelling factor, hence
it is possible that the increase of the chain separation
allows to increase the membrane permeability.

3.3.2 Saccharose permeation

Figure 5 shows the variation of the saccharose
concentration as a function of time for the membranes
in both cameras. The concentration varies with
the glycerin concentration utilized in the membrane
preparation, being membrane M1 and M4 the
samples with lower oscillations in the measured
concentration. Sample M1 exhibit a sharp decrease in
concentration in the camera charged with saccharose
and a low increase in the water camera, indicating
that the penetrating molecule cannot diffuse through
membrane, remaining possibly adsorbed in the
membrane. With sample M4 the concentration
decreases to reach an equilibrium between the
cameras, indicating that the membrane has higher
spaces to allow the mass transfer. This result indicates
that the cavity size in the membrane increases
with glycerin addition to the membrane. Finally,
the saccharose permeation is slower than NaCl
permeation, due to the difference in molecular size of
the studied molecules.

Fig. 5. Saccharose concentration data as a function of
time: a) M1, b) M2, c) M3 and d) M4.

3.3.3 Whey protein permeation

The whey protein was diluted at 10% v/v with water
and introduced to the permeation cell. The cell was
tightly closed and remained at this condition for 72
hours, then the whey protein analyzed in both cameras.
Figure 6 exhibit the concentration of the components
of the whey protein in each side of the membrane. The
camera I charged with water was free of any whey
protein component (Figure 6a), excluding membrane
M4, where parameters such as density, lactose and salt
were increased. Figure 6b exhibit the composition of
the camera II charged with the whey protein, where
the grass content increases in all the membranes.
Parameters such as density, lactose, salt and protein
increase according to the type of membrane.
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Fig. 6. Comparative composition of the whey protein
determined by Lactoscan, and after 72h of contact with
the membrane, a) Camera I charged with water and b)
Camera II charged with whey protein.

For example, membrane M2 and M4 exhibit
higher levels in the parameters mentioned above, but
membrane M1 and M3 increases its level just for the
grass content. Since in camera I those parameters were
not detected, only water goes through the membrane,
consequently, the density, lactose content, salt and
protein are increased compared to the reference whey
protein.

Finally, it is worth mentioning that whey protein
has the lowest rate of passage of through the
membrane of the tested molecules. This could be due
to the complexity of the whey protein composition
and the size of the molecules due to steric factors
(Perez-Escobar et al., 2020). Similar trends have been
reported for bovine serum albumin, which is slowest
to lower size penetrants (Chen et al., 2016) (Chen et
al., 2002).

Conclusions

Flat membranes from chitosan with different
glycerin concentrations were formed by solution
evaporation method. Membranes were cross-linked
and consequently, they were insoluble in any solvent.
However, the hydrophilic character was modified
by the glycerin content utilized in the membrane
formation, as revealed the swelling factor. The
membranes exhibit a heterogeneous structure as
revealed the multiple glass transition temperatures,
indicating different chain size. Concentration
determinations with NaCl, saccharose and whey
protein allow to identify the structural changes of the
membranes regarding the glycerin content. Hence,
sample M1 synthesized with the lowest glycerin
concentration in the series, exhibit the higher retention
of the penetrant molecule, particularly, the whey
protein.
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